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Abstract

Background: Diabetes mellitus is linked to hepatic dysfunction, requiring effective therapeutic
strategies. Metformin (MET), a standard antidiabetic agent, and naringenin (NAR), a citrus
flavonoid, have shown complementary actions in enhancing insulin sensitivity and reducing
oxidative damage through activation of AMP-activated protein kinase (AMPK). This study explores
the dose-dependent effects of MET and NAR combinations on liver function and antioxidant status
in diabetic rats.

Methods: Sixty male wistar rats were divided randomly into six groups: G1, normal control; G2
vehicle control (MET 50 mg/kg + NAR 50 mg/kg); G3, diabetic group (injected ip with nicotinamide
(230 mg/kg) followed by streptozotocin (65 mg/kg), and three diabetic treated groups G4, G5 and
G6 received MET (50 mg/kg) with NAR at 25, 50, or 100 mg/kg. respectively. Treatments were
administered orally for five weeks. Body weight and fasting blood glucose (FBG) were recorded
weekly, along with biochemical liver function parameters and total antioxidant capacity at the end
of the experiment.

Results: Diabetic rats showed significant weight loss, elevated FBG, liver enzymes (ALT, AST),
and bilirubin, alongside reduced total protein and total antioxidant capacity (TAC). Treatment with
MET plus NAR significantly resulted in body weight increase, FBG, liver enzymes and TAC
normalized compared to untreated diabetic rats.

Conclusion: These findings suggest that the combination of metformin and naringenin exerts
synergistic antidiabetic and hepatoprotective effects. At the same time improve the antioxidant status
in diabetic rats.
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Diabetes mellitus is a long-term

metabolic disorder marked by persistently high

Introduction blood glucose concentrations. This condition
arises either due to insufficient insulin
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production by the pancreas or due to impaired
cellular responsiveness to insulin. Over time,
such dysregulation in glucose homeostasis may
result in significant health complications
(Saeedi et al., 2019). Among its different types,
type 2 diabetes is the most prevalent form.
Type 2 diabetes (T2D) represents the most
prevalent form of diabetes, constituting more

than 90% of cases worldwide (Rob et al., 2025).
It is a chronic metabolic condition marked by
sustained hyperglycemia, which stems from
both insulin resistance in peripheral tissues and
an insufficient insulin secretion by pancreatic
beta cells. This dysregulation disrupts normal
metabolism of carbohydrates, fats, and proteins.
The disease progression involves a decline in
beta-cell function which disrupts the body's
capacity to regulate blood glucose levels
effectively, leading to elevated blood glucose
levels and associated metabolic complications
(Galicia-Garcia et al., 2020, Reed et al., 2021).
According to previous studies which reported
that diabetes mellitus induces a significant
imbalance in the liver's oxidative status,
characterized by elevated reactive oxygen
species (ROS) production and diminished
activities of key antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx). This
oxidative stress in the liver contributes to
cellular damage, lipid peroxidation, and
impaired hepatic function, which may underline
the development of chronic liver disorders
associated with diabetes, such as non-alcoholic
fatty liver disease (NAFLD), steatohepatitis,
and cirrhosis. The hyperglycemia and insulin
resistance in  diabetes disrupt normal
metabolism of lipids, carbohydrates, and
proteins, triggering both oxidative stress and an
aberrant inflammatory response that activates
pro-apoptotic ~ pathways and  damages
hepatocytes. Pro-inflammatory mediators such
as interleukin-1 beta (IL-1B), interleukin-6)
(IL-6), and tumor necrosis factor alpha (TNF-a
)exacerbate this oxidative damage, further
promoting liver injury and progression to severe
liver pathology (Lucchesi et al., 2013,
Mohamed et al., 2016, Zahran et al., 2024).

As a first-line oral antidiabetic medication,
metformin is extensively utilized in treating
patients with type 2 diabetes mellitus due to its
effective glucose-lowering properties and
favorable safety profile (Pernicova and
Korbonits, 2014, LaMoia and Shulman, 2021).

Metformin  primarily acts by inhibiting
gluconeogenesis in the liver, leading to a
reduction in hepatic glucose production,
thereby lowering blood glucose levels (LaMoia
and Shulman, 2021). Metformin is transported
into hepatocytes through the organic cation
transporter 1 (OCT1), where it inhibits complex
I of the mitochondrial respiratory chain. This
disruption alters the cellular energy balance,
thereby stimulating AMP-activated protein
kinase (AMPK), a central regulator of both
glucose and lipid metabolism (Rena et al.,
2017). This activation suppresses
gluconeogenic gene expression and improves
insulin  sensitivity, contributing to better
glycemic control (Pernicova and Korbonits,
2014).

Beyond its glucose-lowering effects,
metformin exerts protective effects on the liver.
It reduces hepatic lipid accumulation,
inflammatory responses, and oxidative stress,
which serve as major contributors to the
development and progression of hepatic
disorders, particularly nonalcoholic fatty liver
disease (NAFLD) commonly associated with
diabetes (Apostolova et al., 2020). By
modulating AMPK  activity, metformin
improves lipid metabolism and inhibits
pathways leading to liver fibrosis and injury,
thus offering hepatoprotective benefits in
diabetic patients (Rena et al., 2017).

Naringenin is a naturally occurring
flavonoid predominantly found in citrus fruits,
noted for its multifaceted biological activities,
encompassing antioxidant, anti-inflammatory,
antifibrogenic, and tumor-suppressive effects. It
has attracted attention for its potential
therapeutic role in various liver diseases caused
by oxidative damage, inflammation, and tissue
fibrosis (Hernandez-Aquino and Muriel, 2018).

The mechanism of action of naringenin
involves inhibition of oxidative stress and
various  signaling  cascades, including
transforming growth factor-beta (TGF-B) and
the mitogen-activated protein kinase (MAPK)
pathway, and toll-like receptor (TLR)
pathways. This leads to reduced stimulation of
hepatic stellate cells (HSCs) alongside a
reduction in extracellular matrix (ECM)
production, which are key processes in liver
fibrosis (Naeini et al., 2021). Additionally,
naringenin enhances the cellular antioxidant
defense by upregulating enzymes like
superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx), thus
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protecting liver cells from oxidative damage
(Xu et al., 2024).

Naringenin’s protective effects on the liver
include prevention of lipid peroxidation,
reduction of inflammation, and inhibition of
fibrogenesis. It has demonstrated efficacy in
experimental models of liver injury caused by
toxins, alcohol, and metabolic disorders,
improving liver function and histology.
Furthermore, naringenin  modulates lipid
metabolism, which helps in managing
nonalcoholic fatty liver disease (NAFLD) and
prevents progression to more severe liver
conditions (Mansour et al., 2023).

Streptozotocin  (STZ) is a standard
diabetogenic agent extensively utilized in
preclinical models to simulate diabetes mellitus
due to its selective cytotoxicity on pancreatic 3-
cells, leading to their necrosis and resulting in
hyperglycemia similar to human diabetes
(Ghasemi and Jeddi, 2023). At appropriate
doses, STZ impairs insulin secretion by
destroying p-cells and disrupting glucose
metabolism, which can model both type 1 and
type 2 diabetes depending on the dose and
protocol(Rehman et al., 2023). To induce type
2 diabetes specifically, nicotinamide (NA) is
administered prior to STZ. Nicotinamide
partially protects B-cells from STZ-induced
damage Dby inhibiting poly(ADP-ribose)
polymerase-1 (PARP-1) activity, preventing
NAD+ and ATP depletion, and thus allowing
some B-cells to survive and respond to glucose
stimulation(Yan, 2022) (Szkudelski, 2012).
This combination produces a model of type 2
diabetes characterized by partial B-cell
dysfunction and reduced insulin sensitivity,
mimicking the pathophysiology of human type
2 diabetes more closely than STZ alone (Alenzi,
2009, Elamin et al., 2018).

The present study aims to evaluate the
combined effects of metformin and differetnt
concentrations of naringenin on liver function
and metabolic parameters in a rat model of type
2 diabetes established by STZ and
nicotinamide. This combination therapy is
hypothesized to provide synergistic benefits by
improving glycemic control and exerting
hepatoprotective and antioxidant effects,
potentially offering approach for managing
diabetes-associated liver complications.

Methods

Chemicals

Metformin  hydrochloride  (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan),
naringenin were purchased from Glentham Life
Sciences Ltd., England. Streptozotocin (Sigma
Chemical Co., St Louis, MO, USA).
Nicotinamide was purchased from Fluka AG,
Switzerland. Sodium citrate dihydrate from
Glentham Life Sciences Ltd., England. Portable
glucometers and glucose test strips (perfecta
Bianca, Italy) were purchased from a local
pharmacy. All kits were procured from
Biodiagnostic Company, Egypt.

Animals

Sixty adults male wister rats weighing
(180-200 g) were obtained from the regional
center for mycology and biotechnology, Al-
Azhar university, Cairo, Egypt. The rats were
housed in steel wire cages with mesh walls,
which allowed for temperature control set at (22
+ 3) °C. The cages also had adjustable lighting
to create a 12-hour cycle of darkness and light.
The relative humidity in the cages was
maintained at (80 + 4) %. The rats were
provided with free access to food and water.
Prior to the experiments, the rats were placed in
a standard laboratory setting for acclimation,
two weeks in advance.

Experimental induction of diabetes mellitus

All rats were fasted for six hours prior
to diabetes induction. To establish a non-obese
type 2 diabetes model with residual B-cell
function, nicotinamide was administered
intraperitoneally at 230 mg/kg 15 minutes
before injecting freshly prepared streptozotocin
(STZ) at 65 mg/kg body weight dissolved in
citrate buffer (50 mM, pH 4.5). This protocol
partially protects pancreatic B-cells from STZ
toxicity, allowing for a model of type 2 diabetes
characterized by partial B-cell damage.
Following diabetes induction, a combination of
treatments was applied to the animals.

Estimation of blood glucose

Fasting blood glucose levels were
measured 72 hours post-diabetes induction
using a portable glucometer. Blood samples
were collected by clipping the tip of the rat’s tail
to collect a drop of blood (Togashi et al., 2016).
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Inclusion criteria required blood glucose values
greater than 180 mg/dL to confirm diabetic
status. Following confirmation of diabetes
induction, combined treatment protocols were
initiated.

Experimental design

The rats were randomly assigned into
six groups each of ten rats. Following the
experimental induction of diabetes, treatments
with MET and NAR were administered daily
via oral gavage for 5 weeks.

Experimental design

The present study includes the following six
groups:

Control group: untreated healthy rats.

MET + NAR group: healthy rats were
administered with metformin (50 mg/kg) and
naringenin (50 mg/kg).

Diabetic (NICO/STZ) group: diabetes was
induced in rats using nicotinamide (230 mg/kg)
and streptozotocin (65 mg/kg), without
treatment.

METs, + NARgzs group: diabetic rats were
treated with metformin (50 mg/kg) and
naringenin (25 mg/kg) daily for 5 weeks.
METs, + NARsy group: diabetic rats were
treated with metformin (50 mg/kg) and
naringenin (50 mg/kg) daily for 5 weeks.
METs, + NAR1g group: diabetic rats were
treated with metformin (50 mg/kg) and
naringenin (100 mg/kg) daily for 5 weeks.
Weekly assessments of body weight and fasting
glucose levels were recorded throughout the
experiment. At the end of Met andNAR
treatments, the rats were subjected to an
overnight fast before being euthanized using
CO2 for sample collection.

Blood sampling

At the end of the experiment, rats were
euthanized using CO2, followed by careful
opening of the peritoneal cavity to collect blood
samples from the inferior vena cava. Blood was
drawn into vacuum tubes to facilitate serum
separation for subsequent biochemical analysis.

Estimation of liver function

Serum levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT)

were assessed according to the method of
(Reitman and Frankel, 1957). The protein
concentration was determined according to the
method of (Kemp et al., 1961). The total and
direct bilirubin in the sample were determined
according to the method of (Walter and Gerade,
1970) .

Estimation of total antioxidant capacity (TAC)

The serum antioxidant capacity is
measured by adding a known amount of
hydrogen peroxide (H,O,) to the sample, where
antioxidants reduce its concentration. The
remaining H,O, is then  quantified
colorimetrically through an enzymatic reaction
that produces a colored product from 3, 5-
dichloro-2-hydroxybenzenesulfonate. The
assay involves mixing the serum with diluted
H,O, substrate, incubating, adding a
chromogen-enzyme mixture, further
incubation, and measuring absorbance at 505
nm. TAC is calculated using the difference in
absorbance between a blank and the sample,
multiplied by a factor of 3.33. This method
described by Koracevic et al (Koracevic et al.,
2001)

Statistical analysis

All data are expressed as mean =
standard error (SE). Statistical evaluation
was performed using SPSS version 25.
Group comparisons were made through
one-way ANOVA, and a p-value less than
0.05 was

significant.

considered  statistically

Results
Effects of treatments on body weight

Normal rats treated with NAR +MET
showed an insignificant change in body weight
(p = 0.068) versus normal group. Additionally,
diabetic rat ...exhibited a significant reduction
in body weight. (p < 0.001, Figure 1) compared
to normal group. In contrast, diabetic rats
treated  with (M ET 5 + NAR 25) ,
(MET50+NAR50) and (MET 50 + NAR 100)
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displayed significant increases in body weight

relative to diabetic group (p < 0.001).

Table 1: Mean Levels of ALT, AST, Total protein, Total Bilirubin and Direct bilirubin for all groups.

MET METso+ METso+ METso+

Control  {NAR NICOSTZ  NARss NARso NAR100
ALT (U/mL) 492+00 508+32  148.7+38  53.1+35°  657+12° 527425
AST (U/mL) 741+11 868+2.3°  1468+33°  77.0£0.6° 1117 £05°  113.1£0.9°
Total Protein(g/dL) 159+04 156305  88%05° 15,5 £ 0.5° 14.7 £0.5° 15,5 % 0.5°
Total Bilirubin 0.44:0.3  1.07x01°  1.1420.12 0.46+0.04° 0.43+0.03° 0.450.07¢
(mg/dL)
Direct

0.27+0.03  0.28+0.04 0.48+0.03? 0.34+0.02¢ 0.27+0.01°¢ 0.36+0.01°¢

bilirubin(mg/dL)

TAC(mM/L) 025+0.01 025+0.01 0.21+0.012 0.26 £0.01°¢ 0.25+0.002¢ 0.24+0.003¢

Data represented as mean + SE, a =significant when compared with the control rat group, ¢ =significant when compared with
nicotinamide/streptozotocin injected rat. NICO: nicotinamide, STZ: streptozotocin, MET: metformin, NAR: naringenin,
METso: metformin administered at 50 mg/kg, NAR2s: naringenin administered at 25 mg/kg, NARso: naringenin administered
at 50 mg/kg and NAR1o0: naringenin administered at 100 mg/kg. TAC: total antioxidant capacity.

Table 2. Pearson correlation between laboratory parameters in all studied groups

body weight FBG ALT

AST T.ptn T.BIL D.BIL TAC

body weight r -.993™ -.952™ -.890™ 881" -.586" - 783" 714
p 0.000 0.000 0.000 0.000 0.035 0.002 0.001™
FBG r -993" .993™ 881" -.959™ 0.472 .864™ -.819-**
p 0.000 0.000 0.001 0.000 0.168 0.001 0.002
ALT r -952" 993" .889™ -.951™ 0.509 .829™ - 747
p  0.000 0.000 0.000 0.000 0.076 0.000 0.000™
AST r_ -.890™ 881" .889™ 745" 0.294 690" -.953
p 0.000 0.001 0.000 0.021 0.330 0.013 0.000™
T.ptn r  .881” -.959™ -.951™ -.745" -0.504 -.813™ .697
) p _0.000 0.000 0.000 0.021 0.166 0.004 0.003™
TBIL r -586" 0.472 0.509 0.294 -0.504 0.437 -0.334
' p 0.035 0.168 0.076 0.330 0.166 0.080 0.379
DBIL r  -783" .864™ .829™ 690" -.813" 0.437 -.809 _
) p 0.002 0.001 0.000 0.013 0.004 0.080 0.005
TAC ro 714 -.819™ =747 -.953™ 697" -0.334 -.809"
p 0.001 0.002 0.000 0.000 0.003 0.379 0.005

** Correlation is significant at the 0.01 level
* Correlation is significant at the 0.05 level
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Figure 1. Effect of metformin and Naringenin on
body weight.VValues are expressed as mean +SE.*
significant when compared to control group,®
significant when compared to NICO/STZ group.

Effects of treatments on fasting blood glucose

Normal treated rats with MET + NAR
exhibited insignificant changes in FBG
compared to normal group (p =0.78, Table 1
and Figure 2). Meanwhile, diabetic group
exhibited a significant elevation in fasting blood
glucose (FBG) levels relative to the normal
group (p < 0.001). In contrast, diabetic rats
treated with (MET 50 + NAR 25), (MET 50 +
NAR 50), and (MET 50 + NAR 100) had a
significant reduction in FBG compared to
diabetic group (p < 0.001).

Effects of treatments on liver function tests

In Table 1, Normal treated rats with MET +
NAR showed no significant change in ALT
activity compared to normal group (p = 0.677).
In contrast, ALT and AST activities in diabetic
rats were significantly elevated compared to
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normal group (p <0.001, Figure 3a and Figure
3b), whereas Diabetic rats treated with (MET so
+ NAR 25 ), (MET 50 + NAR 50 ), and (MET s
+ NAR 100 ) demonstrated substantial
reductions in these enzymes relative to diabetic
group (p <0.001).

FBG (mg/dL)

250

150
50
o-é‘} gﬁ \é"\' & & s

I \S\é ‘\\@ 8“9 <& ‘;‘rq\

Figure 2. Effects of metformin and Naringenin on
FBG. Values are expressed as mean +SE.*
significant when compared to control group, *
significant when compared to NICO/STZ group.

Similarly, normal rats treated with
MET + NAR experienced an insignificant
decrease in total protein level compared to
normal group (p = 0.642, Table 1). While total
protein levels in diabetic group were lower than
those in normal group (p < 0.001), but whereas
diabetic rats treated with (MET 50 + NAR 25),
(MET 50 + NAR 50), and (MET 50 + NAR 100)
exhibited significant increases in total protein
level compared to diabetic group (p < 0.001,
Figure 3C). Regarding bilirubin levels, normal
rats treated with MET + NAR experienced a
significant increase in total bilirubin (p < 0.05)
with no change in direct bilirubin compared to
normal group (p = 0.874). Additionally,
diabetic rats had a significant rise in total and
direct bilirubin compared to normal group (p <
0.01 and p <0.001, respectively). Meanwhile,
diabetic rats treated with (MET 50 + NAR 25),
(MET 50 + NAR 50) and (MET50+NAR100)
showed a significant reduction in total bilirubin
(p < 0.01, Figure 3d). Notably, Diabetic rats
treated with (MET 50 + NAR 25), (MET 50 +
NAR 50), and (MET 50 + NAR 100) all displayed
significant reductions in direct bilirubin
compared to diabetic rats (p < 0.01, p < 0.001,
and p < 0.05, respectively) as shown in Figure
3e.
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Figure 3. Effects of metformin and naringenin on a)
ALT, b) AST, c) Total protein, d) Total bilirubin and
e) Direct bilirubin. Values are expressed as mean +
SE. * significant when compared to control group.”
significant when compared to NICO/STZ group.

Effects of treatments on TAC

Normal rats treated with the
combination of MET+NAR showed no
significant change in total antioxidant capacity
(TAC) compared to the normal group (p =
0.856, Table 1 and Figure 4). In contrast,
diabetic rats displayed a significant decrease in
TAC (p < 0.01) compared to normal rats.
Diabetic rats were treated with (MET 50 + NAR
25), (MET 50 + NAR 50) and (M ET 50+ NAR 100)
significantly increased TAC (p < 0.001, p =
0.001, and p = 0.023, respectively) compared to
untreated diabetic rats.
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Figure 4. Effects of metformin and naringenin on
TAC. Values are expressed as mean = SE. *
significant when compared to control group.”
significant when compared to NICO/STZ group
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Discussion

Diabetes mellitus is a long-standing
metabolic disease marked by elevated blood
glucose levels resulting from inadequate insulin
secretion, impaired insulin action, or both
(Ehsan et al., 2025). Effective diabetes
management frequently requires combination
therapy, integrating two or more treatments to
address the multiple pathways implicated in
chronic hyperglycemia and its associated
complications. (Nankar et al., 2017). This
investigation focused on assessing the effect of
naringenin (a citrus flavonoid) and metformin
(a standard antidiabetic drug) on STZ-induced
diabetic rats by comparing liver function. The
findings highlight the therapeutic potential of
these compounds, particularly in diabetic
conditions, while also revealing dose-
dependent variations in efficacy. The results
showed a marked increase in serum levels of
blood glucose, ALT, AST, total and direct
bilirubin, with a concomitant decrease in total
proteinand body weight secondary to induction
of diabetes in rats. These results align with other
studies that have observed increased serum
levels of blood glucose, ALT, AST, total and
direct bilirubin (HJ, 1970, Zulkifle et al., 2024,
Kakkar et al., 1998, Kumar et al., 2011).

In this study, the changes that occur in body
weight may be a consequence of energy
imbalance between intake and expenditure may
lead to the utilization of alternative energy
sources, primarily through increased lipid
metabolism, reduced glucose utilization, and
the breakdown of structural proteins (Ojo et al.,
2017, Wilson and Islam, 2012). Additionally,
an elevation in body weight was observed
across all diabetic groups receiving treatment
may be due to that naringenin enhances insulin
sensitivity, promoting energy expenditure, and
improving lipid metabolism thereby reducing
weight loss (Coulter et al., 2023).

Notably, the reduction in fasting blood
glucose levels in treated groups relative to the
diabetic control supports the idea that
naringenin improves glucose metabolism by
modulating organic cation transporter 1 (OCT1)
expression, enhancing metformin’s hepatic
uptake and subsequent glucose-lowering effects
(Mato Mofo et al., 2020).

Diabetes mellitus is often associated with
elevated levels of liver enzymes such as alanine
aminotransferase  (ALT) and  aspartate
aminotransferase (AST), which serve as

biomarkers of hepatic injury and dysfunction
(Targher, 2010). The persistent hyperglycemia
characteristic of diabetes induces oxidative
stress and inflammation in hepatic tissues,
leading to hepatocellular damage and
subsequent leakage of these enzymes into the
bloodstream (Fang et al., 2019). In this study,
all three treatment combinations significantly
reduced ALT and AST levels compared to the
untreated diabetic group, indicating improved
liver function. Metformin’s hepatoprotective
effect is largely attributed to its activation of
AMP-activated protein kinase (AMPK), which
suppresses hepatic glucose synthesis and lipid
accumulation, thereby mitigating oxidative
stress and inflammation (Foretz et al., 2014).
Conversely, naringenin exerts its protective role
by scavenging free radicals and modulating
inflammatory pathways, which helps restore
liver integrity and enzyme levels (Assini et al.,
2013).

Diabetes-induced reductions in total serum
protein reflect underlying hepatic dysfunction
caused by persistent hyperglycemia and
oxidative injury, which impair the liver’s ability
to maintain normal protein  synthesis
(Dharmalingam and Yamasandhi, 2018). In this
study, the three treatment combinations
significantly increased total protein levels
compared to the diabetic group, indicating
improved liver function. Metformin acts
primarily by activating AMPK, which reduces
gluconeogenesis and  improves insulin
sensitivity, thereby decreasing metabolic
burden on the liver and supporting protein
synthesis (Nyane et al.,, 2017). Naringenin
enhances hepatic function by promoting AMPK
phosphorylation and providing antioxidant
protection, which together restore hepatocyte
metabolic balance and protein production (He et
al., 2022).

Diabetes is often associated with impaired
liver function, reflected by increased levels of
total and direct bilirubin, which serve as
important biomarkers of hepatic injury and
cholestasis. The elevated bilirubin levels in
diabetic patients arise from oxidative stress and
inflammation-induced hepatocyte damage,
disrupting bilirubin metabolism and excretion
pathways (Ramirez-Mejia et al., 2024). In our
study, all three treatment combinations
significantly reduced total and direct bilirubin
compared to the diabetic group, indicating
improved liver function. The hepatoprotective
mechanism of metformin is largely dependent
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on the upregulation of AMPK activity, which
reduces hepatic glucose production and
oxidative stress, thereby mitigating liver injury
and normalizing bilirubin metabolism (Zhou et
al., 2001). Meanwhile, naringenin acts as a
potent antioxidant and anti-inflammatory agent,
enhancing bilirubin conjugation and excretion
by upregulating detoxifying enzymes such as
UDP-glucuronosyltransferase (UGT1A1) and
improving bile flow (Mulvihill et al., 2016).

In the present study, diabetic rats exhibited
markedly lower TAC than the control group.
Kawabhito, et al, Inoguchi, et al and Nishikawa,
et al., illustrated that, hyperglycaemia is known
to induce oxidative stress and suppressing
endogenous antioxidant defence systems
(Kawahito et al., 2009, Inoguchi et al., 2000,
Nishikawa et al., 2000). Nevertheless, diabetics
treated with all combinations demonstrated
substantial improvements in TAC levels
compared to diabetic group, with the
combination of (MET s + NAR 25) being of
significant.

In summary, the co-administration of
metformin and naringenin represents a
promising therapeutic approach against
diabetes-induced metabolic and hepatic
dysfunction. This combination effectively
reverses weight loss, normalizes fasting blood
glucose, and significantly improves liver
function markers in diabetic rats. These
findings highlight that metformin plus
naringenin holds great promise as an adjuvant
treatment to mitigate diabetes-related hepatic
complications, leveraging their complementary
mechanisms to enhance glycemic control.
These findings highlight the potential for
tailored dosing to address specific diabetic
complications.

Conclusion

This study underscores the efficacy of
combining metformin with moderate doses of
naringenin  for managing diabetic liver
dysfunction while providing insights into dose-
dependent responses critical for optimizing
treatment regimens.
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Abstract

The objective of this study was to assess the antimicrobial potential and biosafe dose of Chinese
cassia essential oil (CCEO) to be biocompatible for dental applications. CCEO extract was obtained
by soaking Chinese cassia sticks in 3 solvents: petroleum ether, chloroform, and methyl alcohol.
FTIR and GC-MS spectrometry investigations were used to study the chemical composition of
CCEO extract. FTIR showed the presence of O-H functional group that is related to phenols and
alcohols, C-H stretching for alkane, C =0 bond for aldehyde of saturated fatty acids, C=C bond for
alkenes, C-OH bending vibration of alcohols, and C-O-C for aromatic acid esters. The GC-MS
results indicated the presence of 36 diverse compounds. Amongst these, E-cinnamaldehyde
(38.08%), (7.99%) of carbohydrates (D-Talofuranose, D-Talopyranose, D-Mannopyranose and D-
Glucopyranose), p-Coumaric alcohol (7.44%), Cinnamyl alcohol (6.15%) and Cinnamic acid
(6.11%) were the most plentiful compounds. The antimicrobial action of the CCEO was tested
against Candida albicans, methicillin-resistant S. aureus (MRSA), and Enterobacter aerogenes
which displayed memorable antimicrobial activity against all tested microorganisms. CCEO
revealed minimum inhibition concentration values of 15 pl/ml, 5 pl/ml, and 25 pl/ml against C.
albicans, MRSA, and E. aerogenes, respectively. In addition, the biocompatibility of CCEO was
evaluated on the oral cells. Biosafe dose analysis highlighted the necessity of carefully evaluating
oil biocompatibility for dental applications, as excessive concentrations may compromise cell
membrane integrity, induce oxidative stress, and trigger inflammatory responses. CCEO displayed
to be a highly promising supplementary additive to improving antimicrobial and biosafe properties.

Keywords: Chinese cassia, antimicrobial, biocompatibility, dental, inflammatory, oral

Antimicrobial resistance (AMR) refers

to the defense mechanisms that microorganisms

Introduction have developed to fend against the effects of
antibiotics or medications (Amaratunga et al.,
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2016). Numerous microorganisms, including
bacteria and yeasts, are capable of becoming so
resistant to antimicrobial treatments that they
lose their effectiveness. The various strategies
by which microbes resist the available
antibiotics include ribosome recycling and
splitting, inactivating a drug, altering a drug
target type, restricting drug uptake, and active
drug efflux (Seely et al., 2024). AMR was
responsible for about 3.57 million of the 4.95
million deaths that took place worldwide
(Michael et al., 2014). AMR is estimated by the
UN and WHO to have a far greater global
impact than the 700,000 deaths per year that
would lead to 10 million deaths per year by
2050 (WHO, 2023).

One of the most frequent infectious
agent-related causes of morbidity and mortality
in the globe is Staphylococcus aureus. These
sphere-shaped, Gram-positive bacteria are the

most dangerous of the many common
staphylococcal bacteria. They can cause
nosocomial bacteremia, cardiovascular

infections, prosthetic joints, surgical sites, and
acute skin infections that are the main cause of
pneumonia and other respiratory tract infections

(Gordon et al., 2021). It was estimated that
20,000 people died from S. aureus bacteremia
each year in the United States. Because
methicillin-resistant S. aureus (MRSA) is the
most significant clinically, S. aureus infections
are particularly worrisome because S. aureus
isolates frequently exhibit drug resistance.
(Fayed et al., 2024; Nicholas et al., 2019). S.
aureus has acquired determinants by horizontal
gene transfer of mobile genetic elements, which
has led to the evolution of resistance to many
drugs. Antibiotic manufacturers may have
developed these determinants to protect
themselves against potentially inhibiting
compounds or their competitors. Mutations that
alter the locations of drug binding on molecular
targets and an increase in the production of
endogenous efflux pumps can also result in
resistance. In principle, a set of inhibitors that
target different locations can reduce the
development of resistance by mutation, or two
or more mutations can be wanted for resistance
to pass the MIC breakpoint (Timothy, 2017).
Enterobacter aerogenes belongs to the
Enterobacteriaceae  family ~ which  were
originally  divided into three genera:
Escherichia, Enterobacter, and Klebsiella,
where the Enterobacter genus included E.
aerogenes and E. cloacae (Wesevich et al.,
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2020). E. aerogenes is a Gram-negative,
electively anaerobic, rod-shaped bacillus, and it
is motile by peritrichous flagella (Anne et al.,
2019). It is found in the human gastrointestinal
tract and does not cause disease in healthy
people, but it hits neonates,
immunocompromised patients, individuals that
received antibiotic therapy, and old people
(Abou-Dobara et al., 2024).

Another serious infection known as
invasive candidiasis affects the eyes, heart,
blood, bones, brain, and/or other bodily
components and is brought on by the yeast, a
type of fungus, Candida (El-Zahed et al., 2023).
Candida albicans is a commensal fungus that
colonizes the surface of the oral mucosa and
that is normally harmless in healthy persons.
Under particular conditions, this opportunistic
microorganism can cause a superficial infection
called candidiasis (Mohamed & El-Zahed,
2024). C. albicans have well-documented
pathogenic features, involving its ability to
adhere to epithelial cells, and the hyphae
formation that infiltrates epithelial cells
(O'Donnell et al., 2015). The most popular oral
infection is denture candidiasis, which mainly
derived from C. albicans in patients that wear
polymethylmethacrylate (PMMA) dentures
(Yeon et al., 2020). Oral candidiasis is
characterized by pain when eating or
swallowing and by the emergence of white
plagues on red, inflamed mucosa (throat, inner
cheeks, and tongue) (O'Donnell et al., 2015).

Recently, researchers have focused
their research on discovering and developing
alternative medicines from medicinal plants in
order to prevent the serious side effects that are
frequently connected to traditional
pharmaceuticals (El Sadda et al., 2025; Fayed
et al., 2025). One of these alternative medicines
that has an important consideration is
cinnamon, a frequently used cooking spice with
a safety profile and remarkable features related
to the regulations of blood sugar and its
antimicrobial potential (El-Gohary et al., 2024;
El Sadda et al. 2024). The dried bark of several
species of the Cinnamomum genus, such as C.
zeylanicum, C. verum, and C. cassia, is used to
make cinnamon. Because different species of
cinnamon in the genus Cinnamomum are
produced under varied geographical and
environmental conditions, there are notable
differences in their chemical composition.
These differences are mostly represented in the
composition of the primary Dbioactive
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components. The plant's branches, bark, and
leaves are among the parts from which
cinnamon oil can be produced; each part
contributes a somewhat distinct chemical
composition (Jiageng et al., 2024).

Moijtaba et al., (2022) documented that

CCEO have powerful antibacterial and
antifungal activity due to their major
component cinnamaldehyde. The study

documented their bactericidal action against S.
aureus and Escherichia coli. Roberto et al.

(2023) reported that C. cassia, called Chinese
cassia or Chinese cinnamon, essential oil
(CCEOQO) has displayed potent antimicrobial
activity against Candida species. In addition,
Chen et al., (2019) explained that CCEO shows
anti-inflammatory properties by preventing the
formation of inflammatory mediators. It has
been shown that CCEO can decrease pro-
inflammatory cytokine expression and thereby
relieve inflammatory responses, suggesting that
CCEO holds promise as a natural anti-
inflammatory agent. Hesham et al., (2022)

displayed the biocompatibility of,
antibacterial formulations based on
cinnamon oil that were efficient
against Culex pipiens adults and

pupae. Warunya et al. (2020) showed that
cinnamon essential oil at each potent
concentration did not display any toxicity when
examined on normal human fibroblast cells. So,
this essential oil could be a potential candidate
for pharmaceutical and cosmetic and
product. Thus, this study was aimed at
extracting of CCEO, assessing its antimicrobial
effect against three organisms (C. albicans,
MRSA and E. aerogenes), and investigating its
biocompatibility behavior on oral human cells.

Materials and methods

Sample collection

Chinese cassia sticks (C. cassia,
100% organic, origin: India, Organic
Way LLC, USA) were purchased from the
market that in Damietta city, Damietta, Egypt,
and taken to the Analytical Laboratory at the
Faculty of Science, Damietta University, for
extraction. They were oblong, rolled shapes,
rough and thick sticks, 8-15 cm long, and had a
dark brown-red color (Figure 1). The sticks
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were washed to eliminate any dirt, and any
damaged sticks were discarded.
——— T

Figure 1. Chinese cassia StiCKS.
Extraction of CCEO

200 grams of Chinese cassia sticks
were soaked for 3 weeks in the dark bottles at
room temperature (25°C) with 330 ml of
solvents (petroleum ether, chloroform, or
methyl alcohol). Then, the extracted oils were
placed in a rotary evaporator for an hour at a
temperature of 55°C until the solvents
evaporated from the extracted essential oils
(EOs) (Singh et al., 2007).

Chemical profile and constituents’
identification of the extracted EOs

GC-MS spectrometry (TSQ 9000 triple
guadrupole mass spectrometer, Thermo
Scientific™ TRACE™ 1310 Gas
Chromatograph, Center for Excellence in
Research of Advanced Agricultural Sciences
(CERAAS), Damietta University, Egypt, and
FTIR (FT/IR-4100type A, Central Laboratory,
Faculty of Science, Damietta University,
Egypt) were used to identify the
phytochemicals in the extracted EOs.

Biosafety assessment of CCEO on oral
epithelial cells

The oral epithelial cells (OECs, Nawah
Scientific Inc., Mokattam, Egypt) and were
used during the biosafety assessment of CCEO
according to the method provided by Diaa et al.
(2025). DMEM, which was enhanced with 10%
heat-inactivated fetal bovine serum, 100 mg/ml
streptomycin, and 100 units/ml penicillin, was
used, and the incubation occurred in an
incubator with 5% (v/v) CO:. at 37°C. The
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sulforhodamine B (SRB) test was used to assess
cell viability.

Antimicrobial activity of CCEO using agar
well diffusion method

The CCEOQ's antimicrobial activity was
investigated based on the Clinical and
Laboratory Standards Institute (CLSI) protocol
(CLSI, 2017). 0.5 MacFarland (1-2x108
CFU/ml) from C. albicans ATCC10231,
MRSA ATCC 43300, and E. aerogenes
ATCC13048 were kindly provided from the
Microbiology Lab, Botany and Microbiology
Department, Faculty of Science, Damietta
University, prepared and added separately
under aseptic conditions on the surface of
Muller-Hinton agar (MHA) plates. CCEO and
standard drugs (penicillin G and miconazole)
were added into 5 mm wells. Plates were
incubated at 37°C for 48 hours for bacterial
strains or at 28°C for 48 hours for yeast. After
the incubation, inhibition zone diameters (1ZD)
were recorded in millimeters.

Minimum inhibitory concentration (MIC)

The MICs of CCEO, penicillin, and
miconazole were studied according to the broth
microdilution method (CLSI, 2000; 2012).
Serial  dilutions  (0-100 ul/ml) of the
antimicrobial agents were prepared and tested
against 0.5 McFarland standard of each
microbial strain that was sub-cultured in
Mueller-Hinton broth medium (MHB). After
the incubation at 37°C for 48 hours for bacterial
strains or at 28°C for 48 hours for yeast,
microbial growth was assessed
spectrophotometrically at 600 nm.

Statistical analysis

Statistical analysis of the data was
administered using SPSS version 18 software.
Experimental values are demonstrated as the
mean + standard deviation (SD) for each
outcome were given (O'connor, 2000). The
ANOVA test was used for the analysis at a
significance threshold of 0.05. Three iterations
of the experiments were conducted.

Results

FTIR spectra (Figure 2) were employed
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to identify the obvious functional groups of the
CCEO samples (crude and fractions A & B).
Consecutive absorption bands at 3389.28 cm™,
3406.64 cm™ and 3416.28 cm™ assigned to (O-
H), H- bonded for phenol and alcohol. Peaks at
2941.88 cm™, 2957.3 cm®, 2835.81 cm?,
2840.63 cm™ and 2841.6 cm™ assigned to (C-H)
vibration for alkane. 1719.23 cm™ is due to (C
=0) bond for aldehyde of saturated fatty acids.
Absorption bands at 1670.05 cm™, 1656.55 cm
tand 1630.52 cm™ are implies stretching of
alkenes (C=C) . Bands at 1455.99 cm*-1400.7
cm?® are corresponds to bending vibration of
alcohol (C-OH). 1302.68 cm™ is attributed to
bending (=C-H) and (CH.) alkanes. Absorption
bands at 1266.04 cm®, 1259.29 cm? and
1250.61 cm? indicated to the stretching
vibration of phenols (C-OH) and symmetric
expansion of the aromatic acid ester (C-O-C).
Other peaks at 975.804 cm™-679.785 cm
showed the existence of aromatic (C=C)
(Lixourgioti et al., 2022).

A

3000 2000

Figure 2. FTIR spectra of CCEO crude; (A), fraction
A; (B), and fraction B; (C).

Chemical composition of CCEO using GC-MS
analysis

Table 1 and Figure 3 show 36
different compounds, including E-
cinnamaldehyde (38.08%), 7.99% of
carbohydrates (D-talofuranose, D-
talopyranose, D-mannopyranose, and
D-glucopyranose), p-coumaric
alcohol (7.44%), cinnamyl alcohol
(6.15%) and cinnamic acid (6.11%)


https://onlinelibrary.wiley.com/doi/10.1155/2021/9979419#tbl-0001
https://onlinelibrary.wiley.com/doi/10.1155/2021/9979419#fig-0001
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were the main constituents of the
cinnamon EOs.

Biosafety dose of CCEO for oral cells

Figure 4 illustrates the impact of CCEO
on normal oral epithelial cells. In the control
group (no oil), cells appear intact and densely
packed, indicating healthy growth without any
signs of cytotoxicity. At a low oil concentration
(0.01 pl/ml), a slight reduction in cell density is

Table 1. Chemical composition of CCEO using GC-MS.

observed, though the cells remain largely intact,
suggesting minimal effects on viability.
However, at a higher concentration (100 pl/ml),
clear changes happen, such as cells getting
smaller, coming off their surfaces, and showing
less color when stained, which means they are
being harmed significantly. This suggests that
higher oil concentrations may have a more
detrimental effect compared to lower
concentrations. Figure 5 presents the ICso value
of CCEO, which was determined to be 87.7
ul/ml.

Peak Ret_ention Components Contents Molecular Mole_cular
time (%) formula weight
1 8.773 Glycerol, 3TMS derivative 0.42 C12H3203Si3 308.64
2 9.100 E-Cinnamaldehyde 34.53 CoHsO 132
3 9.557 Copaene 2.97 CisH24 204
4 9.649 E-Cinnamaldehyde 3.55 CoHsO 132
5 9.929 Cinnamyl alcohol, TMS derivative 6.15 CoH100 134
6 10.399 a- Muurolene 5.21 CisH24 204
Naphthalene, 1,2,3,5,6,8a-hexahydro-
7 10.536 4,7-dimethyl-1-(1-methylethyl)-,  (1S- 4.01 CisH24 204
cis)-
8 10.708 Cinnamic acid, (E)-, TMS derivative 6.11 C12H160,Si 220
9 11.085 p-Coumaric alcohol, 2TMS derivative 7.44 Ci15H2403Si2 308.5
10 11.491 Coumarin 1.76 CoH602 146
11 11.715 Coumarin 0.79 CgoHsO2 146
12 11.789 Epizonarene 1.27 CoHisNO:s 183
D-(-)Tagatofuranose, .
13 12.046 perﬁtglkisg(trimethylsilyl) ether (isomer 1) 2.08 CatHs206Sis 541
D-(+)-Talofuranose, .
14 12.241 per(lta?kis(trimethylsilyl) ether (isomer 2) 0.82 CatHs205Sis 541
15 12.498 a.-D(+)Talopyranose, 5TMS derivative 1.33 C21H5206Sis 541
16 12.773 1H-Inden-1-one, 2,3-dihydro-3-methyl 0.60 C10H100 146
17 12.928 a-D-Mannopyranose, 5TMS derivative 0.88 C21H5206Sis 541
18 13.157 Palmitic Acid, TMS derivative 1.15 C19H4002Si 328.6
19 13.483 Ferulic acid, 2TMS derivative 0.28 C16H2604Si2 338.5
20 13.923 9,12-Octadecadienoic acid (2,2)-, TMS 4 4 CatH400:Si 352.6
derivative
21 14.232 1H-Inden-1-one, 2,3-dihydro-2-methyl 0.09 C10H120 148
22 15.016 Silane, diethylnonyloxypentadecyloxy 2.96 HaSi 32
23 15.285 Ssut(e:(;lnlc acid, butyl 3,4-dimethylphenyl 1.70 CirH2404 292
24 15.640 1-Ethyl-4-phosphorinanone 3.40 CaH1sNsPS 217.27
thiosemicarbazone
25 15.840 a.-D-Glucopyranose, 5TMS derivative 1.14 C21H5206Sis 541
26 15.995 1-Monooleoylglycerol, 2TMS derivative  1.40 C27Hs604Si2 500.9
27 16.349 3-Chloro-4-methylphenol 1.53 C/H.CIO 1425
28 16.515 6-I—!ydr_oxyn|cot|n|c acid,  2TBDMS 1.59 Ci8Hs3sNOsSi2 367.6
derivative
29 17.007 Imidazole, 2-bromo-4-methyl-5-nitro- 0.28 C4H41BRN302 206
30 17.128 Fenoprop, TMS derivative 0.29 C12H15CI303Si 154
31 17.585 Erythritol, 4TMS derivative 0.32 C16H4204Si4 410.8
32 18.415 Cholesterol, TMS derivative 0.20 C3oHs40Si 458.8
33 18.587 1-Monolinolein, 2TMS derivative 0.12 Ca7H5404Si2 498.9
Stigmast-5-ene, 3.beta.- .
34 18.970 (tri?nethylsiloxy)-, (245)- 1.35 Cs2Hss0Si 486.8
35 21.104 1-Monooleoylglycerol, 2TMS derivative  0.38 C27Hs604Si2 500.9
36 21.482 Triethylenemelamine 0.15 CoH12Ns 204
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Figure 3. Compounds and their % ratios determined using GCMS analysis of the CCEO.

Figure 4. Effect of CCEO on normal dental oral
cells.  Morphological changes at different
concentrations (low concentration (0.1 ul/ml); (A),
and high concentration (100 pl/ml); (B)) using SRB

stain compared to the oral epithelial cells control;

(©).

@ 1C5,.87.69 ]

Viability (*o)

CCEO (ng/ml)

Figure 5. Dose response curve for CCEO on normal
dental oral cells viability.

Antimicrobial activity of CCEO

The antimicrobial activity of the CCEO
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was evaluated against various organisms (C.
albicans, MRSA, and E. aerogenes), as shown

in Figure 6 and Table 2. CCEQ demonstrated
greater antifungal activity against C. albicans,
exhibiting an 1ZD of 50 mm compared with
miconazole with an 1ZD of 18 mm. Also,

CCEOQO showed strong antibacterial action
against MRSA and E. aerogenes with an 1ZD of
20 mm for both compared with penicillin G,
which showed no inhibition against MRSA, and
an 1ZD of 15 mm for E. aerogenes.

Miconazole

Qoiulm)  ¢cEo
(1015

Figure 6. Agar well diffusion test of CCEO against
C. albicans; (A), MRSA,; (B), and E. aerogenes; (C).

The MIC of CCEO extract against C. albicans,
MRSA, and E. aerogenes was determined
(Figure 7). CCEO completely inhibited C.
albicans at 15 pl/ml, MRSA at 5 pl/ml, and E.
aerogenes at 25 pl/ml.
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Table 2. Inhibition zone in mm of CCEQ against
the tested microorganisms.

Antimicrobial Inhibition zones (mm+SD)

agent .

(100 pl/ml) C. albicans MRSA E. aerogenes
CCEO 500" 20+0° 20+(QP
Penicillin G - -ve 16 +0.142
Miconazole 18+0.03* - -

*Means with common letters are not significantly different
according to Duncan's multiple range test (P < 0.05, n =
3).

08 ——C. albicans

—— MRSA

=
[

—e—L. aerogenes

=)
=

Absorbance (600nm)

30 35 10 15 50
Concentration (jl/ml)

Figure 7. The MIC of CCEO against C. albicans,
MRSA and E. aerogenes.

Discussion

Cinnamon oil is an aromatic liquid
acquired from the bark, leaves, and twigs of C.
zeylanicum (Melyssa et al., 2014). The obtained
results showed that CCEO contains various
bioactive compounds that share in antimicrobial
activity.  Similarly,  several bioactive
compounds such as cinnamaldehyde, cumarin
and coumaric alcohol, cinnamyl alcohol, and
cinnamic acid were previously documented
(Raluca et al., 2024). The main identified
components in GC-MS analysis are E-
cinnamaldehyde (CA) (38.08%), which is in
agreement with (Katarzyna et al., 2016). The
chemical formula for CA, an aromatic
aldehyde, is CgHsO. A benzene ring (CsHs)
connected to a propenyl group (-CH=CH,) and
an aldehyde functional group (-CHO) at the
alpha position make up this compound. CA has
powerful antioxidant action, making it helpful
for medicinal objectives, and is also known for
its capability to inhibit bacteria and fungi
growth (Jiageng et al., 2024).

Numerous pharmacological studies
have also documented the anti-inflammatory,
hypoglycemic, antitumor, antibacterial, and
other pharmacological properties of CA
(Saifudin et al., 2013). Since cinnamon oil
contains cinnamaldehyde, coumaric alcohol,
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cinnamyl alcohol, and cinnamic acid, numerous
studies have documented its anti-inflammatory
and antibacterial qualities. These attributes
demonstrate that cinnamon oil exerts
immunomodulatory activity by inhibiting the
generation  of important  inflammatory
mediators (Aftab et al. 2023; Yi et al. 2024).
Low concentrations of CCEO have little effect
on normal oral cells; higher concentrations may
cause irritation and inflammation. This is
consistent with prior research on the
biocompatibility and cytotoxic effects of
various oils on oral cells. Numerous studies
have investigated the role of oils in dental
applications, such as medicated mouth rinses
and essential oil-based formulations. Some
plant-derived oils, including coconut oil and tea
tree oil, have shown antimicrobial activity
while remaining biocompatible at lower
concentrations (Shekar et al., 2015). However,
at elevated concentrations, certain oils may
compromise cell membrane stability, trigger
oxidative stress, and interfere with metabolic
functions, ultimately reducing cell viability (Ali
et al., 2023). The cytotoxic effects seen at
higher oil concentrations may be linked to
disturbances in cell membrane integrity and
mitochondrial activity. Lipid-based compounds
present in oils can interact with cellular lipids,
altering membrane permeability, increasing the
production of reactive oxygen species (ROS),
and eventually leading to apoptosis or necrosis.
Additionally, cytotoxicity may arise from
bioactive components within the oil that
provoke inflammatory responses or inhibit
critical cellular enzymes (Ali et al., 2023).
Under ordinary immune function, C.
albicans exists safely with the host, but with
weakness in the immune system, it can become
pathogenic, causing grave systemic infections
when it enters the bloodstream (Baka et al.,
2024a; Clarissa & Alexander, 2015). The anti-
candidal activity of CCEO oil against
planktonic and biofilm cultures of C. albicans
has been documented by Yaru et al. (2014). The
current study displayed a good antifungal action
of the CCEO against C. albicans, achieving a
50 mm inhibition zone with MIC at 15 pl/ml.
The result of the present study agrees with Tran
et al. (2020) who showed that 1ZD of bark
CCEO against two strains of C. albicans were
53 mm and 56.68 mm, and MICs for both
strains were below 0.03% (v/v). In addition, the
current result is in agreement with Rym et al.
(2017), who reported that CCEO inhibits
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ergosterol biosynthesis in Candida species and
influence fungal membrane integrity by
permeabilizing the cell. According to
Wijesinghe et al. (2021), CCEO inhibits fungal
growth by disrupting the cell wall, which results
in intracellular leakage. The MIC of CCEO was
determined to be 1.0 mg/ml. According to a
different study, CCEO may cause C. albicans to
accumulate reactive oxygen species (ROS),
which would ultimately lead to cell death. Chen
and associates (2019). Additionally, the
antifungal properties of cinnamon bark
essential oil were described by Marie & Daniel
(2019), who also found that the oil's MIC values
ranged from 0.039% to 0.078% (v/v). It was
also shown that CCEO permeabilized the cell
membrane of C. albicans, which resulted in
increased uptake of SYTOX Green dye and
ultimately cell death. Additionally, CCEO
demonstrated anti-inflammatory qualities by
lowering the release of pro-inflammatory
cytokines IL-6 and IL-8 from human oral
epithelial cells stimulated with TNF-o. The
secretion of IL-6 and I1L-8 was reduced by 29%
and 57%, respectively, by CCEO at a
concentration of 62.5 pl/ml.

The current findings are explained by
the high concentration of CA, which has
inherent antimicrobial qualities and a special
antifungal effect. It might inhibit microbial
growth through the cell wall that can harm the
fungal cell walls' structural and functional
integrity. The hydrophilic aldehyde group in
CA's structure makes it easy for hydrophilic
radicals on the fungal surface to absorb it, which
breaks down the polysaccharide structure of the
wall to enter the cell wall, affecting cell
biosynthesis and preventing growth and
reproduction (Fugo et al., 2014). Furthermore,
Jie et al. (2022) noted that by CA, the cell wall's
surface was minus, the hyphae and external
layer of the cell wall of C. albicans
disintegrated and dropped off, and the cell wall
barely deteriorated. The CA caused necrosis,
disintegration, denaturation, and cell edema by
directly penetrating the cell membrane and
harming the nucleus and organelles, ultimately
resulting in cell death. With its potent fungicidal
action, CA can eradicate harmful fungi,
improve the recovery rate from invasive
Candida infections, and lower mortality rates.
In another work, Mohd et al. (2013) found that
CA decreased B-1-glucan synthase, which in
turn caused C. albicans cell walls to thicken.
CA has been shown to have antibacterial
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efficacy against a range of fungi in another
study (Hongbo et al., 2015).

The current study showed good
antibacterial action of the CCEO against E.
aerogenes, achieving a 20 mm with MIC at 25
ul/ml, and displayed good antibacterial activity
of the CCEO against MRSA, achieving 20 mm
with MIC at 5 pl/ml. Current results are in
agreement with Rana & Jayashankar (2022), as
they concluded that the inhibition zone of the
cinnamon oil was 23 mm for E. aerogenes and
27 mm for MRSA. According to Chengjie et al.
(2024), cinnamon oil and its constituents have
varying degrees of antibacterial activity against
both  Gram-negative  bacteria, including
Salmonella sp., E. coli, and Pseudomonas
aeruginosa, and Gram-positive bacteria like S.
aureus, as well as yeast such as C. albicans.

Positive findings have also been found
in studies on the antifungal properties of plant
extracts, particularly against Candida species
and other harmful fungus, including Aspergillus
niger and A. fumigatus (Baka et al., 2024b;
Elazab et al., 2024). The major reason for
inhibition attributed to the growth of bacteria is
the active component in cinnamon oil, which
contains CA as the main component responsible
for its antibacterial, anti-inflammatory, and
anti-cancer properties (Raluca et al. 2024). The
MIC results in the current study demonstrated
that MRSA (Gram-positive bacterium) 5 pl/ml
was more sensitive to CCEO than E. aerogenes
(Gram-negative bacterium) 25 pl/ml. This
result agreed with Shareef (2001), who reported
that CCEO gave MIC against some pathogenic
bacteria such as (S. aureus, K. pneumonia, E.
coli, P. aeruginosa, Proteus spp., and Brucella
spp.), and showed that Gram-positive bacteria
were more sensitive than Gram-negative to
CCEO. The obtained study that evaluated the
antibacterial properties of cinnamon oil,
particularly from Chinese cassia, against S.
aureus was also supported by Yunbin et al.
(2016). They specified a MIC of 1.0 mg/ml and
an inhibition zone of 28.7 mm. The bacteria
were immediately cultured in a culture medium
that was identical to a progression concentration
of cinnamon oil. In addition, the current study
agreed with Mahfuzul et al. (2008), who
recorded that CCEO displayed high
antibacterial activity against S. aureus.
Furthermore, Lidaiane et al. (2022) examined
the antibacterial action of cinnamon oil against
S. aureus, which showed antibacterial potential
with an MIC of 1.6 mg/ml. Also, Vinicius &



Chinese Cinnamon Essential Oil as a Potential Dental Additive...Scientific Journal for Damietta Faculty of Science 15(2) 2025, 12-

23

Edeltrudes (2009) evaluated the antimicrobial
activity of 11 essential oils, including
cinnamon, against 10 strains of Gram-positive
and Gram-negative bacteria; the results
concluded that CCEO showed a greater
inhibitory effect. Antibacterial activity of
CCEO occurred by cell membrane degeneration
by damaging the force of protons, flowing of
electrons, active transport, and cell component
coagulation. The active components in the
CCEO, such as cinnamaldehyde, are
responsible for the bacterial cell wall
destruction and have the ability to interfere with
the bacterial enzymes’ synthesis (Matan et al.,
2006). Using the disk diffusion method, Shinta
et al. (2021) examined the antibacterial activity
of cinnamon oil that was steam-distilled from C.
burmannii against MRSA. Cinnamon oil was
made in 1%, 2%, 4%, and 8% concentrations for
the study, and its efficacy against five MRSA
isolates that were obtained from cow's milk was
evaluated. The results showed that 4%
cinnamon oil effectively inhibited all tested
MRSA strains, with inhibition zones exceeding
8 mm, while 8% cinnamon oil produced an
average inhibition zone diameter of 20 mm. The
potent antimicrobial action of CCEO might be
due to the presence of E-cinnamaldehyde
(38.08%) and cinnamic acid (6.11%), with a
total existence ratio reaching to 44.19%, as
recorded by the GC-MS results compared to
previous studies (Katarzyna et al., 2016; Raluca
et al., 2024). In an effort to clarify the
mechanism of action, numerous studies and
reviews have been conducted. The findings
indicate that CCEO breaks down bacterial cell
membranes, increasing membrane permeability
and ultimately causing cell death because of the
presence of the aforementioned bioactive
compounds. Bacterial cell enlargement and
laceration are two major morphological
alterations that might result from high CCEO
concentrations.  Furthermore, intracellular
potassium ion (K*) release signifies membrane
damage, and CCEOQ's lipophilicity makes it
easier for it to penetrate bacterial membranes,
altering their characteristics and enhancing
permeability (Vasconcelos et al., 2018).

Conclusions
CCEO displayed no harmful action on human

cells, proposing its potential as a good
alternative for treating microbial infections. A
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thorough evaluation of oil biocompatibility is
essential, especially for dental applications. The
detected cytotoxic effects could stem from
membrane damage, oxidative stress, or
inflammatory reactions. Understanding the
safety profile and mechanisms of oil-induced
cytotoxicity is key to ensuring its effective and
safe use in oral applications. CCEO showed
anti-candidal properties due to the presence of
CA that might help in the prevention of its
biofilm formation and damage the structure of
the cell wall of the fungal cell. Also, CCEO
showed antibacterial action against MRSA and
E. aerogenes. Future work is required to study
the antimicrobial mechanisms of CCEO against
different microbes.
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Abstract

The inhibition impact of freshly created allyl rhodanine azodye derivatives inhibitors (1-3) on C-
steel and their adsorption patterns in 2 M HCI were investigated were investigated using weight
reduction strategy, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS),
electrochemical frequency modulation (EFM) techniques, and scanning electron microscopy (SEM).
The total resistance of the carbon corrosion process and inhibition efficiency of compounds (1-3)
was increased with the increase of the inhibitor concentration. The corrosion rate reduced as the
percentage of the compounds in the HCI solution increased, according to Tafel polarisation curves..

Keywords: Corrosion prevention, Tafel polarization, Quantum chemical molecular dynamics

parameters, C-steel

Introduction

Owing to its superior mechanical attributes
and affordable price, carbon steel (CS) is
utilised in a large variety of usage in industry. It
is typically utilized in construction and metal
processing equipment, chemical processing,
drums, heat exchangers, tanks, and maritime
applications. In  pickling, manufacturing
scrubbing, and oil-well acidizing, rust is
typically removed with acid solutions, which
causes corrosion process on C-steel. Oxidation
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inhibitors are thus used to reduce or avoid
corrosion as well as to defend against sudden
metal breakdown and acid consumption, mainly
in acidic conditions (Morgan et al., 2017).
Chemical oxidation inhibitors  with
molecules of S, N, and O, and heterocyclic
structures can significantly decrease the
likelihood of corrosion when only extremely
little amounts are added and consider more
efficient inhibitors. 2 The mechanism of
inhibition based on that the hetero atoms such
as N, O or S atoms on the metal's surface
reduced the flow of corrosion products to the
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metal surface by limiting the active sites and
creating a physical border (Abou-Dobaraetal.,
2019a; Diab et al., 2019a; Eldesoky et al.,
2015; El-Sonbati et al., 2019a; El-Sonbati et

al., 2022a).

The research the prevention of corrosion and
the weight reduction technique, tafel
polarisation,  electrochemical  impedance

spectroscopy and electrochemistry frequency
modulation methods were used to investigate
the electrochemical performance of allyl
rhodanine azodye derivatives inhibitors for C-
steel in 2 M HCI solvent. The test coupon upper
layer was examined using scanning electronic
microscopy, Wwhich reported that these
compounds avoided oxidation of C-steel in2 M
HCI by forming a shielding layer on its surface.
That serves as a defence against corrosive
environments.

Experimental
Molecular structure

Software called (Material Studio
Version 4.4) has been used to do quantum
chemical computations (Abou-Dobara et al.,
2019b; Diab et al., 2018; El-Sonbati et al.,
2018a; Mohamed et al., 2016; Refaat et al.,
2016).

Composition of metal coupons and medium

C-steel, was employed for the oxidation
examinations. Its weight percentage is 0.20 C,
0.30 Si, 0.53 Mn, 0.055S, 0.045 P, Fe balance.
In order to create the test sample, which
contains 2 M of HCI, HCI (BDH grade, 37%)
was diluted with dual bidistilled water.

Inhibitor preparation and characterization

The inhibitors (Table 1) used for this
study were derived from the reaction of N-
allylrhodanine and p-aniline extracts bonding
(Abou-Dobaraet al., 2019b; Diab et al., 2018;
El-Sonbati et al., 2018a). The resulting s
inhibitors were characterized and it was found
that, compound (1): brown solid, m.p. 185 + 1
°C, IR (KBr, v cm): 3444 (O-H), 1415 (N=N),
1727 (C=0), compound (2): yellow solid, m.p.
178 + 1 °C, IR (KBr, v cm?) 1490 (N=N), 1724
(C=0), and compound (3): greenish yellow
solid, m.p. 171 + 1 °C, IR (KBr, v cm™) 1334
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(O-N=0)s,, 1496 (O-N=O)as, 1554 (N=N),
1700 (C=0).

Table 1. Investigated inhibitors (1-3).

Compound
No.
=N S,
HO-—< >—N I\C:S
) /
HO N
\
CH,—C==CH,
H
N=N S
@‘ | N
c=S
0] /
HO N
Nery—c—
b~ G=CH,
e S
\
3 c=S
o |9
HO N
ery—c—
,—G=CH,

Measuring Methodologies
Weight reduction technique

Specimens of C-steel coupons as
rectangular with dimensions 20.0 x 20.0 x 2
mm were rubbed with emery paper of varying
grades; Triplicate Coupons were carried out for
same behaviors with various temperatures. The
corrosion proportion (v) was estimated utilizing
the formula (1):

v=W/St 1)
where W represents the three adjacent carbon
steel coupons' approximate amount reduction, S
is the amount of carbon steel coupons' surface
and t is the exposure period. The evaluated
chemicals' IE% protective effectiveness on the
carbon steel oxidation was computed by
equation (1):

IEy, % = (Vo — V) /v. X 100 (1)
where v, and v are the corrosion percentage
readings before and after adding the inhibitor.

Tafel polarization technique

The electrochemical procedure was carried
out (Morgan et al., 2017).

Frequency Modulation by Electrochemistry
procedure

The use of electrochemical modulation
technique can be a nondestructive experiment
and fast technique for measure the rate of
corrosion.
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Electrochemical impedance spectroscopy

The comparable electric connection
modeling within the system uses R to describe
the charge transfer, R to indicate the resistor, Rs
to reflect the solution resistance, and Cgy to
represent the capacity of the dual layer.

Surface morphology

With and without the recommended
dose of the examined inhibitors, the steel's

analysis was submerged in one molar
hydrochloric acid for 12 hours.
Results and discussion
Mass diminution method
As illustrated in Figure 1, the

degradation of C-steel masses in 2 M HCI
decreases approximately linearly as time
without and with varying doses of compound
(1) at 30 + 1 °C. Comparing the rate of
corrosion to that without inhibitors IEw % is
computed using equation (2) (Morgan et al.,
2017):

IEw% = 100 X [1 — (C.Rcorr/C. Reorr) ]

(2)
where C.R’corr and C.Rcorr are the corrosion rates
without and with inhibitor, respectively. The (%
IEw) of the organic inhibitor derivatives listed in
Table 1 obeyed the sequence: compound (1) >
compound (2) > compound (3). Straight line
was obtained by plotting % IE against
Hammett's substituent coefficients (c%) (Figure
2).

I Blank
. 5x10°

[ 7x10°
20| 9x10°
1 11x10°
I 13x10°
115x10°

-
2]
1

Weight loss,mg cm”
s
1

e
o
1

0.0 -

20 40 60 80 100 120 140 160 180

Time,min

Figure 1. Charts demonstrating the mass-reduction
of inhibitor (1).
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Table 2. Variation of indicators of losing the weight
at 60 minutes,

Inhibition efficiency (%IE)

Cone. (M) 3y @ ©)
1x10° 55.0 49.0 37.7
3x10°6 58.4 51.2 42.2
5x 106 60.7 54.3 45.0
7 x 106 62.9 57.9 47.9
9x 106 64.2 59.8 51.7
11 x 10 67.43 62.47 54.52
70 1

65 4

60

55 4

% IE

50 4

45

40

35 T T T T T T T
0.4 0.2 0.0 0.2 0.4 0.6 0.8

Hammett's substituent coefficients (G~)

Figure 2. % IE against o® of the compounds.
Kinetic results

Using the formula: one can determine
the Arrhenius activation energy (E.*) value
(Figure 3).

C.R = Aexp(—E} /RT) (3)
where A is the Arrhenius constant, T is the
absolute temperature, k is the corrosion rate and
R is the universal gas constant. According to
Figure 3, the activation energy for carbon steel
corrosion in 2 M HCI was determined to be 32
kJ mol?, which is consistent with the
information obtained by other researchers
(Eldesoky et al., 2015; El-Sonbati et al.,
2019a; El-Sonbati et al., 2022a). Applying the
transition condition theory using equation (4):

C.R = RT/Nh e(85"/R) g(-AH"/RT) (4)

Straight lines result from the draw of 1/T versus
log k/T; since its interrupt and slope, AS* and
AH* be able to be estimated, one-to-one (Figure
4 & Table 3). Equations were made to
determine the activation enthalpy and entropy
(AH* and AS¥*) of the corrosion process. Given
that there is less disordering occurring as
reactants go from the reactants to the activated
compound, the -ve AS* signals point to an
attachment stage rather than a dissociate stage
being represented by the active site in the rate-
determining stage. The endothermic nature of
the metal dissolving process is shown in the +ve
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Figure 3. log k vs. 1/T curves for C-steel of inhibitor
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Figure 4. log (k /T) vs. 1/T curves for C-steel
dissolution of inhibitor (1).

Obviously, the activation energy (E".) data
using higher than when there are no inhibitors.
Physical adsorption results from the increased
E”"2 measurements when organic inhibitors are
present among the surface of C-steel and
inhibitors molecules. As a result, the E,
increment statistics result in a decreased
corrosion rate.
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Table 3. The dissolution Kinetic factors.

Conc. Ea"  (kJ AH* (kJ -AS* (J
Comp. (M) mol?) mol 1) mol! K1)
Blank 34.285 30.572 175.81
1x10% 59.628 54.704 103.36
3x10% 56.161 51.718 113.53
1) 5x10% 54.307 49.819 120.10
7x10% 54,088 49.641 121.15
9x10® 53777 49,138 123.18
11x10% 52,983 48.456 125.96
1x10%  48.365 43.922 137.06
3x10%  49.020 44551 135.35
@) 5x10° 51204  46.737  128.71
7x10%  54.061 49.386 120.65
9x10% 53943 52.033 112.63
11x10® 57.863 53.014 110.52
1x10% 24701 21.184 211.44
3x10%  26.840 23.230 205.29
3) 5x10% 27970 24.339 202.09
7x10%  28.022 24.347 202.48
9x 106  30.402 26.633 195.54
11x10°% 31.513 27.716 192.51

Theory for adsorption

The following equation (5) was used to
calculate the various concentrations of the
inhibitors of the carbon steel electrode.
0= [1 - (Rcorr/R::orr)] (5)

where R and R° were used to illustrate the
appropriate isotherm to evaluate the process
adsorption. R and R° were the rate of corrosion
in hydrochloric acid as defined before and after
at30°C: 4
OI'g(sol) + X(Hzo)ads « X(HZO)(SOI) +
Org(ads) (6)

Where x is the amount of water
molecules that an inhibitor molecule replaces.
Fitting (©) data to various isotherms has been
attempted. According to the following equation
(7), Temkin isotherm provided the best results
for the adsorption data in the current study:
2a0 = In(CKq4s) (7
Where ais the heterogeneous factor of the
carbon steel surface, C is the dose of inhibitors
and Kas is the equilibrium constant for
adsorption.

With the use of Kads, the Gibbs free
adsorption energies (AGaqs) might be estimated
as follows:

o

AG.gs = —RT In(55.5 Kpgs) (8)

where 55.5 is the concentration of 1L of water
in solution (M/L).

If C is the bulk concentration of the
inhibitor and 1/y is the number of surface- one
inhibitor molecule's participation in the
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effective spots, then K = K' (1/y) as following:
log (6/(1—6)) =log K' +ylogC (9)
Table 4 contains the calculated values for Kags
and AG as.

Table 4. The kinetic adsorption isotherm parameter
after 60 minutes.

Inhibitors Kags (M) -AG’ads  (kJ
mol?)

1) 1.317 10.813

) 1.265 10.712

3) 1.233 10.647

According to the data in Table 4, the
greater-efficiency inhibitor has higher - ve
AG s data, and the adsorption spontaneity for
method and surface stabilization on the exterior
of carbon steel. As a result, the following is the
order of protective effectiveness: compound (1)
follows compound (2), and so on (3). The data
of Kags were obtained to run in parallel to the IE
[K (1) > K (2) > K (3)], and are affected by the
substituent inductive or mesmeric effects.
Figure 5 illustrates a straight line that results
from charting the relationship between
Hammett's substituent coefficients vs. Kags and
-AG s Values.

{a} (L]
132 . K L1084
a o
130 o AG ads 1080 _
§ -
1 B
128 4 10.76 E
2 2
M 426 02 o
: L
2 o
124 106
i
122 ~8 10.64
3
120 . . 1060
05 00 05 10

Hammelt's substituent coefficients (sR)

Figure 5. Hammett’s substituent coefficients vs.
Kads and 'AGoads

Tafel polarization measurements

By using the polarisation method, the
impact of inhibitors on the corrosion of carbon
steel was examined (El-Sonbati et al., 2019a;
El-Sonbati et al., 2022a). The Tafel
polarization charts for carbon steel for different
doses of chemical (1) at 25 °C are shown in
Figure 6.

1. A reduction in the rate of corrosion,
which causes a reduction in the current
intensity (icorr)

2. An growth in the proportion of IE, as a
result of better covering surface
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The corrosion potential values did not differ
noticeably from the blank. Equation (10) was
used to calculate the effectiveness of the
inhibition:

% IEp = [(iz:orr - icorr)/i::orr] x 100 (10)
where i%qr and icor are, respectively, current
corrosion flows without and with different
amounts of compound (1).

Table 5 shows that after the addition of
the organic derivatives. The order of the
effectiveness of inhibitors is: (1) > (2) > (3).

Table 5. Kinetic characteristics.

- Ecorr 3 Be x 10
(mv Pax10® 5
Comp. Conc., M. (mVv % IE
VS. dec) (mVv
SCE) dec?)
Blank 439 8160 2340 —-—--
1x10° 477 88.90 166.8 80.5
3x10° 467 91.70 214.5 80.6
1) 5x10° 478 100.20 158.1 81.1
7 x10° 489 83.60 188.1 81.3
9 x10° 482 49.40 91.7 93.7
11x10° 466 36.70 63.9 96.0
1x10° 479 81.90 166.8 77.9
3x10° 454 71.80 147.7 78.1
) 5x10° 466 7980 1525 784
7 x10° 467 96.50 237.4 79.1
9 x10° 468 91.20 175.2 79.7
11x10°% 466 88.00 204.8 79.9
1x10° 439 78.10 215.4 5.7
3x10° 467 113.50 232.2 50.3
®) 5x10° 453 7430 1582 615
7 x10° 479 89.00 152.7 75.7
9 x10° 467 79.70 147.1 76.3
11x10° 480 106.40 1554 76.8
1.5 4
—=—Blank
——1x10%m
1.0 3x100 M
R ——5x10° M
o 0s- 7x100 M
2 ——9x10%m
E oo 11x10°8 m
w054 — ~¢?ﬁ?:‘;“'mm\
1.0 4 \
10° 10° 107 10° 10° 10* 10® 10 10" 10° 10
l0g igopy (MA cm'2)
Figure 6. Potentiodynamic polarisation of
inhibitor (1).

EFM methods

The optimum solution for online
corrosion monitoring is provided by the EFM
method. The EFM spectra for carbon steel
containing and without distinct chemical
(1) doses are shown in Figure 7. Table 6
includes the Kkinetic characteristics obtained
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from EFM together with the causality variables
(CF-2 and CF-3), corrosion density current
(icorr), cathodic and anodic Tafel lines (a and ¢),
and corrosion density current (icor). The
correlation factors CF-2 and CF-3, which are
quite close to their theoretical values, show the
high quality of the estimated values. Using
equation 11, the inhibition efficiencies % IEgem
were determined.

% IEgrm = [1 - (icorr/iZorr)] x 100 (11)
where the terms i°or and icnr refer to the
corrosion densities of both with and without
them. This experiment's determination of
protective efficiency is as follows:

1) >(2) > @3).

Freq He

Foa e F e

Figure 7. EFM spectra of compound (1).
EIS evaluation

EIS is a potent and well-proven
technology in the corrosion process. Impedance
curves can be used to study Kkinetics of
electrodes, surface properties, and mechanistic
information. Figure 8 displays the (a) Nyquist
and (b) Bode graphs minus and incorporating
different dosages of inhibitors from open-
circuit potential. This instruction was followed
by the loop capacities increasing size (Figure
8a) in relation to a constant inhibitor dose:
Compounds (1) through (3) demonstrate the
higher inhibitory impact of compound (1).
Given the addition of the impedance increase
caused by the addition of dosages of inhibitors,
Bode curves (Figure 8b). This circuit, that
depicts one electron transport reaction, is
entirely according to the results of our
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experiments. For a circuit with a CPE variable
(Yo and n), Cq was determined by applying
equation (12) (Eldesoky et al., 2015; Morgan
etal., 2017):

Cq; = Yow™ 1/sin [n (g)] (12)
where Y, = magnitude of the CPE, ® = 27tfmax,
at fmax, the imagined component of the
impedance oscillates at its highest frequency.
According to the results of the trials, charged
transfer was mostly responsible for influencing
the Nyquist charts for the corrosion reaction

(El-Sonbati et al., 2019a; Morgan et al.,
2017).

Table 6. Electrochemical kinetic characteristics by
the EFM

icorr Ba x 107 Pe x 10

Com &O”C" A (MV (mV CF-2 CF-3 %IE
P ) cm?) dec?!) dec?)
Blank 1415 68.40 219.0 193 281 ----
1x10% 1611 1722 2726 205 3.02 88.6
3x10® 1578 1165 236.6 192 3.21 88.8
(1) 5x10°% 1453 90.94 1343 2.03 298 89.7
7x10° 13.62 85.48 1318 1.82 254 090.3
9x10° 1350 90.68 1491 169 295 0904
11x10° 1262 9956 1505 1.97 2.83 91.0
1x10% 19.72 90.63 1912 189 3.00 86.0
3x10° 1845 11270 189.1 1.96 2.89 86.9
(2) 5x10°% 18.27 80.63 1330 185 3.29 87.0
7x10° 18.00 109.70 180.7 2.00 3.04 87.2
9x10° 17.74 11230 2125 1.89 3.07 87.4
11x10% 1679 6156 9789 157 2.78 88.1
1x10° 4938 80.64 1947 190 291 65.1
3x10° 31.64 88.90 180.7 189 3.40 77.6
(3) 5x10° 2546 76.70 135.0 1.93 290 82.0
7x10° 2401 11550 2422 195 2.88 83.0
9x10° 2228 87.63 1676 1.88 3.04 84.2
11x10° 21.92 13820 2117 199 269 845
| (a)
N; w0 11X10°M > — N
é //:iifl\
~ 600 V) g NN
N 40 / \
200 4 "‘ /\
0 : 860 12‘00 16‘00 20‘00 24‘00 28‘00
Z peql (@ cm?)

10004

5]
Phase angle

Z mode (@ cm?)

Frequency (Hz)

Figure 8. The Nyquist and Bode curves (a) and (b),
respectively of compound (1).
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According to the EIS data in Table 7,
when the concentrations of inhibitors increased,
the R¢ data increased and as a result of the
inhibitors sticking to the carbon steel's surface
and the amount of the dissolving reaction was
reduced, the Cq data decreased. In general, an
increase in R¢ data is accompanied by a
decrease in corrosion, A decrease in Cq could
be caused by a rise in the thickness of electrical
double layers or a fall in the local dielectric
constant (Moretti et al., 1994).
%E=6x100 = [1— (R¢/Ret)] (13)
where R°% and R refer for, respectively, the
resistance to charge transfer with and without an
inhibitor. Tafel polarization fits the percent %E
order of the studied compounds (1 > 2 > 3).

Table 7. Data on the EIS.

Rs R Caix10 o
Comp. Conc., M. (Q em?) (Q em?) (uFcm™) % |IE
Blank 1.19 980 9.07 ---
1x10° 9.44 1825 1.76 46.3
3x10° 11.01 1862 1.73 47.3
(1) 5x10° 950 1892 152 482
7 % 10 1.47 2070 1.37 52.6
9 x 10 1.67 2258 1.02 56.5
11 x 10® 1.62 2803 1.01 65.0
1x10° 10.35 1635 2.64 40.0
3 x10° 9.96 1694 2.60 42.1
) 5x10° 089 1739 252 436
7 x10® 1.36 1777 2.07 447
9 x10° 10.15 1778 1.81 44.8
11 x 10® 1.34 1779 1.77 44.9
1x10° 11.81 1013 1.72 3.2
3x10° 11.08 1253 3.48 21.7
(3) 5x 10° 1.11 1375 3.47 28.7
7 % 10 9.87 1455 2.97 32.6
9 x 10 14.11 1495 2.88 34.4
11 x 10® 9.92 1580 2.73 37.9

SEM investigation and EDX analysis

The surfaces of carbon steel were examined
using SEM prior to and after corrosion in 2 M
HClI in the absence and existence of 11 x 10° M
inhibitors as shown in Figure 10.
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Pure sample

Figure 10. Carbon steel SEM micrographs

When carbon steel was exposed to 11 x 10° M
of the examined inhibitors for three days, Figure
11 depicts the EDX spectrum of a surface made
of carbon steel. A comparable distribution
elemental is given in Table 8.

Pure sample Blank

B on

L]
Ful Scale 3111 cls Cursor 0.000

Figure 11. EDX study for CS containing.

Table 8. Composition of the surface.

Mass % C o Al Mn Fe S

Pure
6.78 -— 029 047 8753 ---

sample
Blank 1058 1484 0.70 040 69.75 ---
1) 10.83 12.02 031 045 7151 ---
(2) 11.14 9.15 0.19 047 7440 017
3) 1145 741 --—- 043 7647 ---

Quantum chemical

Table 9 represents the calculation of a
few quantum properties of the substances under
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consideration in its keto form. Optimal
geometries, HOMO distribution, and Figure 12
display the non-protonated LUMO distribution
derivatives (Diab et al., 2019b; EI-Ghamaz et
al., 2012; El-Sonbati et al., 2018b; El-Sonbati
et al., 2018c; EIl-Sonbati et al., 2022b;
Morgan et al., 2018; Salama et al., 2023). As

Sonbati et al., 2021). Compound 1 has the
most Ewnomo, followed by compound (2) and
compound (3), due to the presence existence of
an electron-donating group (OH) in its
molecular structure.

Table 9. The
characteristics.

estimated quantum chemical

a result, inhibitor molecules can receive

electrons from the metal more readily the lesser — (3})363 (5)333 (3)832
the LUMO potential. As a result, the energy Erone ((ev)) X o T
band gap value, AE = ELumo — Erowmo, reflects AE (eV) 0.415 0.981 2529
the inhibitor's ability to stop reactions; the 1 (V) 3.156 2.843 4568
smaller its value, the greater the effectiveness of o (eV?) 0.208 0.491 1.265
the inhibition (Diab et al., 2019c; Diab et al., Pi (eV) -4.819 -2.039 -0.791
2022; El-Sonbati et al., 2018d; El-Sonbati et S (eV7) 2.409 L0194 039
al., 2019b; El- El-Sonbati et al., 2020; El- © (V) 23993 8.230 8.249
ANmax 15.207 5.795 3.612

HOMO

Inhibitors

()

)

®3)

&_8'(5{&
L
Figure 12. Molecular orbital plots.

Compound (1) has a strong tendency to
donate electrons. Additionally, compound (1)
has a lesser ELumo Vvalue, which confirms
compound stronger corrosion behavior (1).
Another evidence for compound (1) stronger
propensity to adsorb onto the surface of carbon
steel comes from the fact that it has a lower AE
value.

Conclusions

1. All of the studied chemicals are found
to be effective carbon steel corrosion
inhibitors in 2 M HCI solution.

2. The kind and variety of substituents
found in the inhibitor molecule

P
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determine the various levels of
inhibitive activity.

3. EFM was utilized as a quick and non-
destructive method to measure
corrosion.  Adding the inhibitor
increased the resistance to charge
transfer and decreased the double layer
capacitances, raising the IE percentage,
according to the EIS data.

4. Allyl rhodanine azodye compounds are
mixed-type inhibitors, according to the
results of potentiodynamic
polarization.

5. SEM-EDX npictures and analysis
showed that a thin layer had formed on
the carbon steel. The results of the
electrochemical and chemical
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investigations were in good agreement.

6. The active sites of the derivatives of
allyl rhodanine and azodye were
determined by quantum chemistry
calculations to be hetero atoms of both
oxygen and nitrogen (1-3).

Highlights:

The inhibition impact of freshly created allyl
rhodanine azodye derivatives (1-3) on C-steel
(CS) and their adsorption patterns in 2M HCI
were investigated.

The corrosion rate reduced as the percentage of
the compounds in the HCI solution increased,
according to Tafel polarisation curves. On
corrosion inhibition process, the temperature
effect has been studied.
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Abstract

The present study employed six paint furniture workshops; A, B, C, D, E and F, which have small
and different size and types of painting, in close to carpenter workshops at EI-Shoaraa in Damietta
city. The particulate matter of PM1o and PM.s were measured, using Casella device for dust
detective (Casella Cel-712 Microdust Pro Real-Time Dust Monitor). On the other hand, total
suspended particulate (TSP) samples were collected using sampling air pump connected an open
face holder on Whatman glass fiber filter. Metallic constituents of TSP were determined, using
Atomic Absorption Spectrophotometer (A.A.S). The study results indicated that the mean
concentrations of PMio ranged from 26.85 to 44.41 ug/m3, whereas, the mean concentrations of
PM2sranged from 39.5 to 125 pg/m?®. The TSP concentrations ranged from 359 to 410 pg/m?. The
most paint particulate matters (PM) detected have unacceptable concentrations.

The mean heavy metals concentration of Pb, Cd and Zn in paint furniture workshops was (14.59,
7.59, 10.82) pg/md, respectively. Thus, the present study evaluated concentrations of dust that might
generate in the indoor air of workshops involving spray painting and varnishing. Therefore, to
protect air quality and painter’s safety, and health concerns, occupational health and safety
regulations, its implementation and enforcement within spray-painting furniture workshops must be
improved and to ensure greater attention mitigations and management is given.

Keywords: TSP, PM1 and PM2 5, Heavy Metals, Paint, Furniture Workshops

ships and aircraft. Spray painting in furniture
finishing processes is one of the major activities

Introduction of painting. Paint is a mixture of various
chemicals that work together to provide color,

The paints are used as a related activity protection, and durability to surfaces. The

in a variety of industries include motor vehicles, composition of paint can vary depending on the
buildings, furniture, white goods, machinery, type (latex, oil-based, epoxy, etc.) and brand,
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but some common components are pigments,
binder, solvents, additives, extenders, retarders,
driers, fragrances and preservatives (Hussain,
2024). Spray painting is usually a mixture of
resins or polymers which cure or harden to
produce a durable coating on the application
surface, coloured pigments and fillers, and
solvents or water acting as carriers for the resins
that evaporate during application and drying
(Ifjen et al., 2022).

Paint is used to decorate, protect

buildings and other objects, and industrial
coatings, which are applied as finish-
manufactured goods such as cars, vehicle
restoration, wood and furniture, and
prolong the life of natural and synthetic
materials, which acts as a barrier against
environmental conditions (Veleva, 2012).
Spraying is a painting technique that
employs a spraying device, by using a valve
to release chemicals and paintings coupled
with compressed gas, air, allows for easy
and even application over various surfaces,
with a choice of applying coating material
to produce the required thickness film of a
liquid material release in mod of aerosol or
vapour. Coatings can differ between paint,
ink, varnish, and various other materials.
Spray painting is one of the primary
methods of painting besides using a brush
or a roller, because it is quicker, cleaner,
and easier to achieve a uniform coat.
Application may be manual or automatic,
but the majority of spray operate by using
manual finishing techniques. The most of
them is inserted with dry filters to control
particulate; paint droplets, which is
generated by overspray (Sefiane, 2014). A
furniture spray painting is a tool that has
gained popularity for many years with a
professional, to complete the proses faster
with less effort, and with a smooth and
professional finish. (Thorud et al., 2005
and Veleva, 2012). Varnish as a
homogeneous, Transparency or
semitransparent liquid that is converted to a
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solid, after being applied as a thin layer
(Schurr and Allison, 1981). However,
Lacquer is a coating, dries by evaporation
much rather oxidation or polymerization, so
dry very rapidly (Lu et al., 2004). Alkyd is
a prevailing product in the coating painting
surface, since the 1930s. Therefore, they
contend the water-based coatings such as
acrylics and latex, and still make them a
more preferable coating for architectural,
machinery, wood and industrial
applications,  cause  impedance to
environmental factors and almost, the
strong adhesion to all surface (Stoye and
Freitag, 1998; Chong, 2020).

In the wood-furniture industry,
emissions from spray painting comprise
many sources, including operations such as
finishing; spray booths, flash-off areas,
ovens, mixing, touch-up and repair, gluing,
and cleaning. The potential emissions to
atmosphere from spray painting operations
are sanding and blasting dust arising from
surface preparation in some activities, such
as smash repairing or timber painting
(Ratnasingam et al., 2009). Most of the
dust is generated, so fine that literally find
its way out into the work area (NOHSC,
1999; SafeWork, 2022).

There are various types of paints are
based on synthetic paints, with a mixture of
volatile organic solvents such as semi bright
and matt lacquer "varnish", lacquer
polyesters, polyurethane lacquer, acrylate,
synthetic resins that give colour and
appearance, used for surface coating of
wood and furniture (Thorud et al., 2005).

Furniture spray painting is aerosol a
solvent-intensive process, which, forming a
mist of fine liquid paint droplets (10-50
um). During the process, painter is exposed
to the chemicals which are atomized, which
can be absorbed through skin and mucous
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membranes, inhalation route (McKeown,
2011).

Anthropogenic particulate matter (PM)
originates from human activities, such as
construction,  agricultural and industrial
emissions (Liu et al., 2021). Addition to
airborne particulate matter (PMs), exposure to
spray paint PMs (SPPMs) may also be
associated with human health and pulmonary
dysfunction (Lai et al. 2017; Chen et al.,
2019).

In the indoor environment, exposure to
pollutants has increased with reduced
ventilation that making many indoor
environments act as concentrators of emissions
from plastics, paints, and other building
materials. Poor ventilation always increases the
indoor pollutant when outdoor does not go
through to dilute emission from paints and
others (Ruan and Rim, 2019).

The paints contain pigments for opacity
as coloring materials and a variety of additives
as drying materials (tenner) to accelerate
solidification and formation, and organic
solvents to regulate viscosity. Within wood
manufacturing industry, exposure may occur to
solvents, wood preservatives in glues and
surface coating and to engine exhausts.
Furniture painting workers are artisan that could
be occupationally at risk hazardous attributed to
the chemical composition of paints (El
Gammal, 2008; Ratnasingam et al., 2009,
2010). Inorganic pigments are anti-corrosion
coloring components of paint that can influence
and control the corrosion of metal substrates,
known as “inhibitors.” These coating
components are usually introduced into the
primer layer. A variety of metals such as
aluminum, chromium, lead, iron, and zinc are
known as effective anti-corrosive pigments, and
they are introduced into the coating formulation
as finely ground metal or powdered metal oxide
(Veleva, 2012).

Spray painting workers in furniture
workshops are occupationally exposed to
intense painting vapors the inhaled airborne
metal particles, beside other constituents. Data
revealed that occupational exposure to
paintings spray induce several health hazards
related to blood components, as well as liver,
kidney and brain functions (EI-Gammal, 2008;
Abdel maksoud et al., 2018; Abdrabouh et
al., 2023).

The toxic metals; lead, cadmium,
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mercury and zinc are known to promote adverse

health effects, such as carcinogenicity,
nephrotoxicity, neurotoxicity and
cardiotoxicity. Human exposure to these

toxicants is predominantly secondary to
anthropogenic  activities (IARC,  1989;
ATSDR, 2012; Lai et al., 2018; Garaga,
2024). Lead, a heavy metal, has been proven to
influence the ecosystem negatively. Exposure
to lead heavy metal may cause diverse health
problems. It will be absorbed, bound to red
blood cells, and distributed to the main
compartments, bones and soft tissues, liver,
kidneys, bone marrow, and brain (Abdel
maksoud et al., 2018; Abdrabouh et al., 2023;
Halmo and Nappe, 2024). The major sources
of lead are, lead (Pb) smelters, automobile
emissions and pigments and paints (Dara,
1993; Chuitha et al., 2014).

The higher risk priority number in the
furniture painting process, which required
reducing by implementing of the defects and
then improve the painting process quality.
Numerous studies evaluated the exposure of
human to dust in occupational environments by
combining adverse health effects (EI Gammal,
2008; Vergara-Murillo et al., 2022;
Abdrabouh et al, 2023; Garaga, 2024). The
characterization of human exposure is a critical
component of occupational epidemiological
studies and environmental (Berglund, 2001)
and it is an essential step in regulatory processes
(NRC (National Research Council), 1991)

Environmental concerns have led to
changes in the ingredients in spray paint,
moving away from harmful ones to
environmentally friendly options. Moreover,
many studies have been made to produce eco-
friendly exceptional resin compounds from
natural renewable resources, vegetable oils
obtained from various seeds are considered the
best natural sources (Ifjen et al., 2022).

This study monitored the dust
concentrations and metal dust in the most
common work environment; the spray paint and
varnish workshops where the workers exposed
to the adverse health effects due to the exposure
to these compounds.

Materials and Methods:

Physical characteristics and activities in the
workshops.
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The studied environments are
carpentry, varnishing and painting workplaces
and found in a residential area, Al-Shoaraa
which located at the northern direction of
Damietta city, with high population density
(46348 population) (Damietta Governorate,
2023). The study was conducted in six of spray
painting and varnishing furniture workshops
(A, B, C, D, E and F), which are located on the
ground floor of building in very narrow streets.
The selected workshops have a small size; the
areas of the investigated workshops were
limited; varies from 25m2 to about 80m2. The
most painting workshops have poor natural
ventilation through small windows. Almost,
there is no exhaust ventilation in the most of

workshops. The equipment has no fitted
extraction ventilation or was frequently not
working.

It occupies about 4-8 workers per a
workshop, with lack of dust control, or personal
protection. It was noted that the personal
protection was not used appropriately, and filter
respirators were saturated of dust and paint, and
incorrect procedures are adopted. Each painting
workshop different in premises and size of
shop, and a unique environment that work
practices, workload, and in chemical structure
and type and toxicity of the solvent which is
used (Table 1).

Table (1): Characteristics and Activities performed in Paint Furniture Workshops Evaluated.

. A No. of
Workshop Characteristics Products Activities Painters
Varnishing Area: 60 m2 :L/J?rre"r?tri]ﬁe alcohol, furniture surface finishing, such as
(A) No of windows: 3 P K varnishing, lacquering, 6
- solvent, wax and - ;
Height: 4 m . waxing and coloring.
paraffin
Turpentine, solvent,
_ Poly vinyl alcohol Paint wood
. 2 1
Vamishing Area: 75. m . (PVA) paint, polish and touch up painted surfaces
(B) No of windows: 2 - 5
Height: 4 m synthetlc and dry surfaces
) paint, lacquer and
spackling
Varnishing Area: 45 m? ;S?rglr?tri]ﬁe alcohol, Wood and furniture surface finishing, such
© No of windows: 2 P ! as varnishing, lacquering, 4
S solvent, wax and - .
Height: 4 m . waxing and coloring.
paraffin
Spray Painting ~ Area: 25 m? Varnl_sh, alcohol,_ Wood and furniture surface finishing, such
- . gasoline, turpentine, - -
(D) No of windows: 2 as varnishing, lacquering, 4
. solvent, wax and - :
Height: 4 m . waxing and coloring.
paraffin
_— Turpentine, solvent,  Paint wood
. 2 1 1 1
Spray Painting  Area: 80. m . Poly vinyl alcohol  Polish, touch up and dry painted surfaces
(E) No of windows: 3 - o 8
Height: 5 m paint, lacquer and prepare painting
spackling equipment.
Turpentine, lacquer
. ) and spackling.s S o
Spray Painting Area: 55_ m . solvents PVA Poly Po_llshmg and painting wood and touch up
G No of windows: 2 vinvl alcohol  and painted surfaces 3
Height: 5 m y!  aicon and dry surfaces
synthetic paint. ? . i
paint, preparing equipment.

Painting Furniture Particulate Concentration
Measurements:

Sampling

A total of 360 samples were collected
twice a week, from each of the six painting
workshops; Varnishing workshops (A, B, C,)
and Spray paint workshops (D, E and F), along
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the months of March 2021 and June 2021,
through 9 AM and 5 PM, along the period of
day work in paint workshops. One hundred and
ninety-two samples were collected inside each
of the six paint workshops evaluated, and 72
samples were collected in the outside of
workshops, at a distance of approximately 260
m and away from the influence of the paint
workshop activities (Martins et al., 2019).
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Determination of Paint Furniture Dust; TSP,
PMao and PMss

Total dust (TSP), particles of less than
10 um in diameter (PMio) and particulate matter
of less than 2.5 pm in diameter (PM2s) were
measured for each of the six workshops.

PMyo and PM2s Measurements:

Particles of (PMio) and (PM2s) were
measured for each workshop using the Casella
device for dust detective (Casella CEL-712
Microdust Pro Real-Time Dust Monitor)
operated at 1.0 L/min £ 5% constant, along the
sampling period. The time measuring ranged
from 0.25 to 32 mm in 31 channel sizes, each
unit being certified with NIST (National
Institute of Standards and Technology)
monodisperse latex on the size of calibrated
channels. The sampling monitor was mounted
1.5 m high for indoor measurements in the
painting furniture workshops (Ruiz-Jimenez et
al., 2019).

Total Suspended Particulates (TSP)
Measurement:

A total of 192 (TSP) suspended
particulate samples were collected from
painting workshops (A, B, C, D, E and F)
between the months of March 2021 and June
2021, using sampling air pump connected an
open face holder on Whatman glass fiber filter
(pore size 0.454, diameter 47mm), operated at
1.5 L/min for a period of 8h at a height of 1.5 m
above the ground level during workday.

Determination of Metallic dust particles in
paint workshops:

In the present study, heavy metals lead
(Pb), cadmium (Cd), Zinc (Zn), were measured
in the particulate matter in the paint furniture
workshops, for a period of 30 days. Particulate
matter was collected using the filtration
technique. The filters were then extracted using
concentrated HNOs; (86 to 71 %) and the
metallic constituents of TSP were determined

by using Atomic Absorption
Spectrophotometer  (A.A.S).  (Perkin-Elmer
double beam 2380 atomic absorption

spectrometer was used with adapted Perkin-
Elmer hallow-cathode lamps and conventional
10-cm slot burner head for an air-acetylene
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flame).
Statistical analysis:

The results were statistically evaluated
using SPSS (version 22) (Core Team, 2025).
On the other hand, Bray-Curtis cluster analysis
based on general characters, of the workshops
evaluated was performed.

Results and Discussion

Tables (2 and 3) show the results to
represent the monthly concentrations of PMg
and PM,s inside the six paint workshops
evaluated. The mean concentrations of PMyo in
painting furniture workshops (B<A<C<D<
F < E) was 26.85 pg/m?, 32.85 pg/m?, 33.83
pg/md, 34.74 pg/md, 41.55 pg/m® and 44.41
ug/mé, respectively, (Fig. 1). The highest
concentration of PMyo is observed in Spray
paint workshop (D) is 61 pg/m?®, whereas the
lowermost of PMiy was 14.7 upg/m® in
Varnishing paint workshop (B), (Fig. 2).

Whereas, the monthly mean amounts of
particulate matter < 2.5 microns (PM 25) inside
the paint furniture workshop, PM 25 was 39.5
pug/mé, 43.75 pg/md, 70 pg/md, 72 pg/m?,
119.25 pg/m?® and 125 pg/md, respectively (B <
C <A <D< E<F)(Fig. 3). The highest
concentration of PM 25 was observed in Spray
paint workshop (F) was 134 pug/m3, whereas the
lowermost of PM 25was 32 pg/ m? in varnishing
paint workshop (B), (Fig. 4).

As can be observed, the mean
concentrations of PM,s and PMi were
considerably higher than the World Health
Organization’s 24-hour mean PM10 limits (50
png/m3), which resulted in more severe adverse
pulmonary effects. One significant risk factor
for pulmonary epithelial barrier failure was
exposure to PM.s. Chen et al. (2019) provided
evidence that exposure to SPPMs, particularly
SPPM1, may raise the chance of developing
pulmonary dysfunction. Additionally, Yi-Chun

et al. (2019) showed that pulmonary
dysfunction in human normal bronchial
epithelial cells is caused by ambient

concentrations of spray paint particle matter.
Table (4) shows the monthly mean
concentrations of TSP inside the paint
workshops (A< C< B< D< E< F) was 359
pg/mé, 359.41 pg/m®, 362.84 pg/m?, 370.31
pug/mé,  384.88 upg/m® and 410 pg/m?,
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respectively, (Fig 5). The highest concentration
of TSP was observed in Spray paint workshop
(F) was 489 pg/mé whereas the lowermost
concentration of TSP was 229 pg/ m® in
varnishing paint workshop (B), (Fig 6).
Because the coarsest fractions are removed by
gravity, the finest dust size was found when the
compressor was not running, whereas the
coarsest dust size is created during emery
operations (Black, 2015).

The  concentrations of  suspended
particulates measured for paint furniture
workshops exceed the maximum concentrations
recorded at many cities in the world, and also
exceed the ambient air quality standards of the
Egyptian and U.S.A ambient air quality
standard (230 pug/m®) (EEAA, 1994) the U.S.A
standard (260 ug/m?® for 24 h.) (Dara, 1993;
Chuithaetal., 2014), and exceed the WHO Air
Quality guideline (120 pg/m? for 24 h.) (WHO,
2024). PM spray painting particles exposure
enters the human body via respiration, able to
enter the lungs are extremely small, their
incredibly huge surface area makes it easier for
them to interface with the respiratory
epithelium’'s mucosa (Zhao et al., 2015). This
PM may react with proteins, nucleic acids, and
cell membranes, resulting in more severe
pathogenic alterations and a loss of respiratory
function epithelia. Lung cancer, chronic
obstructive pulmonary disease (COPD), acute
respiratory tract infections, and a host of
cardiovascular disorders can result from this.
Because they cause significant oxidative stress
and inflammatory reactions, ultra-fine particles
are particularly harmful (Gao et al., 2015).

For outside samples, the mean
concentrations obtained for each of particulates;
PMi, and PM_s and TSP samples outside the
paint furniture workshop were (39.5, 43.75, 70,
72, 119.25 and 125) pg/md, respectively, (B <
C <A <D< E<F)(Fig.7). These outcomes
indicate that the source, which is likely
vehicular emission and population activities.
These results were confirmed by Martins et al.
(2019) by documenting that it would be better
to spray outside because painting requires
enough ventilation. The painting inside,
however, requires that a well-ventilated
location be selected, that any objects or areas be
taped and covered, and that the following safety
equipment be worn: respirator mask, gloves,
coveralls, eye protection, or at least long sleeves
and pants.

Table (2): Monthly Mean Concentrations of PMig
(ng/md) in the Paint Workshops Evaluated during
the Study Period.

1t Month 29.15 26.83 33.41 32.97 4515 42.63
2nd Month  36.53 24.86 34.63 39.52 46.92 36.13
39 Month 32.88 28.88 33.45 31.73 4116 45091
Mean 32.85 26.85 33.83 34.74 4441 4155
S.D. 843 683 490 793 7.78 10.24
Max. Conc. 51.1 371 421 441 61 56.8

Min. Conc. 198 147 254 209 27.7 19.6

Table (3): Monthly Mean Concentrations of PM. s
(ng/md) in the Paint Workshops Evaluated during
the Study Period.

B C D E F

1t Month 64 32 35 67 123 134

2" Month 79 35 36 78 113 129

3 Month 68 37 45 68 124 110

4* Month 69 54 59 75 117 127

Mean 70 395 4375 72 119.25 125

S. D. 692 9.18 1058 6.19 8.81 11.99

Max. Conc. 79 54 59 78 124 134

Min. Conc. 64 32 35 67 113 110
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Fig. (3): Mean of PM,;s concentrations + standard
deviation in the Paint Workshops Evaluated
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Fig. (4): Mean, Maximum and Minimum
Concentrations of PM_ in in the Paint Workshops
Evaluated.

Table (4): Monthly Mean Concentrations of TSP (ug/m®) in the Paint Workshops Evaluated during the Study

Period.
Workshops
A B C D E F
Monthly Mean
15t Month 294.125 334.125 352.875 412.375 365 434.25
2" Month 341.25 363.375 342.375 397.625 404.75 405.625
3" Month 404.875 390.875 363.125 338.875 389.25 385.375
4™ Month 395.75 363 379.25 332.375 380.5 414.75
Mean 359.00 362.84 359.41 370.31 384.88 410.00
S D 65.78 70.74 53.84 46.44 35.60 46.47
Max. Conc. 477 476 482 455 465 489
Min. Conc. 243 229 232 286 320 328
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Fig (5): Mean of TSP concentrationst standard
deviation in the Paint Workshops Evaluated
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Fig. (6): Mean, Maximum and Minimum
Concentrations of (TSP) in the Paint Workshops
Evaluated.
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Fig. (7): PM Concentrations of TSP, PM1o and PM2 5
Outside of Paint Workshops Evaluated during the
Study Period
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The high variation is explained by the different
activities, and the way that each employee
utilized the products, that every paint shop is a
distinctive setting with varying shop sizes,
locations, and chemical types and structures
(Table 1). It is noticed, the high mean
particulate concentration in spray paint
workshops (E and F) is due to the high density
of painting furniture works, lack of ventilation
and non-using dust control and exhaust
ventilation systems. Whereas, the low mean
particulate concentration which recorded in
varnishing paint workshops (A and B) is due to
good ventilation, also the low density of works
plays a role in the minimizing the concentration
from other workshops (Fig. 8), (EI-Gammal
and Niazy, 2000; Hafez, 2017 and Hagras et
al., 2017).

700
600
500

o

300

PM2.5
== PM10
=TSP

Mean PM Conc.

200
100

Workshops

Fig. (8): Mean Concentrations of TSP, PMj, and
PM; s inside the Paint Workshops Evaluated During
the Study Period.

Table (5) and Figure (9) summarize
the results of the mean, maximum, and
minimum concentrations of TSP, PMy, and
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PM2s was 374.40+19.95, 35.71 + 6.34 and
78.25 + 36.51pug/m?, in paint workshops
evaluated (A, B, C, D, E, F), during study
period.

Table (5): Comparing Mean Concentration of TSP,

PMyo and PM_;s in (ug/m®) during the Study Period
in in the Paint Workshops Evaluated.

Workshop TSP PMao PMz2s
A 359.00 32.85 70.00
B 362.84 26.85 39.50
C 359.40 33.83 43.75
D 370.31 34.74 72.00
E 384.87 4441 119.25
F 410.00 41,55 125.00
Max. Mean 410.00 4441 125.00
Min. Mean 359.00 26.85 39.50
Mean Conc. 374.40 35.71 78.25
S.D. 19.95 6.34 36.51
450
“a 400
2 3%
£ 300
=4—NMean Conc. E 250
~#~Min. Mean E 200
Max. Mean ; 150
100
" /
2 TSP PM10 PM2.5
Fig. (9): Mean, Maximum, Minimum

Concentrations of TSP, PMio and PM_s during the
Study Period.

The application of cluster analysis based
on the different particulates for different pain
furniture workshops (A, B, C, D, Eand F). The
results indicated that the paint workshops (D
and F) form two separate groups left the other
Varnishing paint workshops Varnishing A, B, C
and Spry paint (E) as similar group in evaluated
(Fig.10).  These workshops have similar
characters, which may be the reason to form a

group.

T

Siaiy
o

|

Fig. (10): Bray-Curtis Cluster Analysis Based on
General Characters of Paint Workshops Evaluated
(A, B, C, D, E and F) in a Residential Area, Al-
Shoaraa at Damietta City, Egypt.
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Metallic Constituents of Particulate Matter:

Table (6) provides heavy metals dust of
(Pb), (Cd), and (Zn), inside paint workshops
evaluated (A, C and E) for a period of 30 days.
The results show that the daily mean
concentrations of (Pb) ranged from (19.16
ug/md to 10.89, 13.03 to 7.88, 22.45 to 14.53)
ug/m3, respectively, in the workshop evaluated,
during the study period. The highest daily
concentrations of Pb was 22.45 pg/m?, recorded
in workshop (E) at a highly working day
density, whereas the lowermost amounts of Pb
was 10.23 pg/m? in varnishing paint workshop
(C). (Pb) is a heavy metal commonly found in
the environment and main component of paints.
It is probably the most serious atmospheric
heavy metal pollutant (Martins et al., 2019;
Vergara-Murillo et al. 2022; Abdrabouh et
al, 2023; Simatupang et al. 2024). It is clear
that the levels of lead particulates in painting
furniture workshops in Damietta City were
higher than the recommended air quality
standards of (1 ug/m?for 1 yr) recommended by
Egypt (EEAA, 1994).
For the results of cadmium (Cd), concentrations
show the daily mean ranged from (5.35 t0 11.92
ug/m?®), (4.10 to 7.13 ug/m?®), and (6.88 to 12.6
ug/m®) in workshops evaluated (A, C and E),
respectively, during the study period. The
highest daily concentration of Cd was 12.6
ug/mé, found in workshop (E), while the lowest
concentration of Cd was 4.10 pg/m?, recorded
in workshop (C). For the results of Zinc (Zn),
concentrations show the daily mean ranged
from (13.54 to 6.79 pg/m?®, 8,91 t05.46 pug/m?
and 18.66 to 9.90 ug/m?®), respectively, at
workshops evaluated, during the study period.
The highest daily concentration of Zn was 18.66
ug/mé, found at workshop (E), while the lowest
concentration of Zn was 6.46 ug/md, recorded
at workshop (C). Zinc chromate or zinc yellow
is used widely in the metal and painting
industries (Flyvholm, 1991). As the likelihood
of industrial sources for Zn is not found, so the
high Zn concentration detected at painting
furniture workshops, which emitted Zn from
using chemicals in painting processes. Zinc is
one of the metals whose oxides can result in
acute and reversible syndrome (Plum et al.,
2010; (Akafuah et al., 2016).
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Table (6): Mean Concentrations of Heavy Metals, Pb, Cd and Zn in SPM in Paint Furniture Workshops Evaluated

(A, C and E) in (ug/m®)

Workshops A E
Element
Pb Cd Zn Pb Cd Zn Pb Cd Zn
Sample No.
2 10.89 5.35 6.79 7.88 4.10 5.46 14.53 6.88 9.90
4 13.83 5.87 8.67 9.81 4.84 7.68 16.77 8.61 12.54
7 17.58 7.98 11.98 10.21 6.88 8.78 18.98 8.88 16.87
9 19.16 11.92 13.54 13.03 7.13 8.91 22.45 12.6 18.66
Mean 15.37 7.78 10.25 10.23 5.74 7.71 18.18 9.24 14.49
S. D. 3.73 2.99 3.07 2.12 1.50 1.60 3.38 241 4.00

The metal elements in particles (SPM)
on all sampling days of Pb, Cd, Zn in the
workshop evaluated (A) were 15.37 + 3.73,
7.78 +2.99, 10.25 + 3.07 ug/m?, for workshop
(C) was 10.23 + 2.12,5.74 + 1.50, 7.71 £ 1.60
ug/m3, whereas, for workshop (E) was 18.18 +
3.38, 9.24 + 241, 1449 + 4.00 pg/m?
respectively (Table 7). In comparing of dust
heavy metal; Pb, Cd, Zn Pb concentration for
paint workshop evaluated (A, C, E). The
highest concentrations of Pb were (18.18
ug/md) recorded at workshop (E). However, the
lowest concentrations of Pb were (10.23
ug/m?®), recorded at workshop (C). The highest
concentrations of Cd were (9.24 pg/m®)
recorded at workshop (E), However, the lowest
concentrations of Cd were (5.74 pg/md),
recorded at workshop (C). The highest
concentrations of Zn were (14.49 ug/m?®)
recorded at workshop (E), However, the lowest
concentrations of Zn were (1.60 pg/m?),
recorded at workshop (C). These results were
according to work intensity in painting furniture
workshops. This is confirmed by Pandey et al.
(1998) and Khan et al. (2021). Furthermore,
El-Gammal (2008) who documented, as the
primary source of lead pollution in the Damietta
City area does not appear to be heavy industry
or lead smelters.

Table (7): Mean Concentration of Heavy Metals; Pb,
Cd and Zn (ug/m?3) in SPM in the Paint Workshops
Evaluated (A, C and E)

Workshop Pb Cd Zn
A 15.36 7.78 10.24
C 10.23 573 7.70
E 18.18 9.24 14.49
Max. Mean 18.18 9.24 14.49
Min. Mean 10.23 573 7.70
Mean Conc. 1459 759 10.82
S. D. 4.03 1.76 3.43
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Distribution of the Heavy Metals (%) in SPM
in the Painting Workshops Evaluated (A, C
and E):

The distribution of the mean percentage
amounts of (Pb, Cd and Zn) in the sampling
sites (painting furniture workshops was
evaluated for (A, C and E), as shown in fig.
(11). Results showed that the exposure to spray
paintings in furniture workshops could
participate in significant elevation of Cd and Pb
concentrations in samples obtained from
workshops evaluated. Pb% constituted of SPM
increased by 46%, 43% and 43% for painting
workshops (A, C and E), respectively,
however, Cd % was 23%, 24% and 22 %,
respectively. However, the percent of Zn mean
concentrations was 31%, 33% and 35 %,
respectively.

It was clearly noticed that the Pb
percent was the highest percent between the
evaluated metals (Pb, Cd, Zn) at the paint
workshops (A, C and E). This is due to the fact
that paints are one of the most notable
environmental sources of lead, with the main
source of lead in paints being the usage of lead-
based compounds throughout the
manufacturing process (Yusuf, 2017). The high
occurrence of the three metals (Pb, Cd, Zn) in
the particulates samples due to exposure to
intense painting vapors, consequently, they
represented an integral part of components in
several paints, where Pb has anticorrosive
properties, help in fast drying and increase
durability with fresh appearance, additionally,
pigments containing Cd are characterized by
bright colors (Flora et al., 2012). The
percentage diversity of Pb, Cd, and Zn
concentrations in particulate measurement in
the workshops is associated with differences in
the work environment, including shop size and
location, work practices, workload, and
chemical structure; solvent type and toxicity;
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and the amount, duration, and route of
exposure, all of which are unfortunately
undetectable due to technical limitations.

(Workshop A)
(Workshap C)

Pbh mCd mZn 2% Pb =Cd wZn

(Workshop E)

d =Zn A

Fig. (11): Distribution of the Heavy Metals, (Pb, Cd,
Zn) % in SPM in the Paint Workshops Evaluated (A,
Cand E).

Because of the risks that pollutants pose
to human health and the environment, many
countries have implemented regulations to
control their emissions. These regulations
usually set pollution limits for particular
industries, such as painting (Gupta et al.,
2018).

Conclusion and Recommendation:

The present study focuses on the
evaluated the workshops involving spray paint
and varnishing based on the concentrations of
dust that might generate in paint workshops'
indoor air and the metal elements in particles.
Data revealed the high variation related to the
exposure of spray paintings in furniture
workshops could participate in significant
elevation of Cd and Pb concentrations in
samples obtained from workshops evaluated
was explained by the different activities, and the
method that each worker utilized the products
that every paint workshop is a different setting
with varying sizes, locations, and types of
chemicals used.

To improve air quality and reduce
health impacts in paint workshops, we then
recommend increasing local ventilation,
replacing solvent-based products with water-
based ones, and establishing procedures for
keeping the containers closed after use. Spray
paint's ingredients must be changed from
hazardous to ecologically benign due to
environmental concerns
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Abstract

This study investigates the spatial distribution and land cover utilization patterns of the Egyptian
fruit bat (Rousettus aegyptiacus) across six governorates in the Nile Valley and Delta, Egypt. Using
15 km? buffer zones to represent the average nightly foraging range of breeding colonies, we
analyzed land use/land cover (LULC) composition derived from ESRI 2020 Global Land Cover
Data. Results revealed significant variability in LULC composition among governorates, with
cropland dominating Menoufia and Ismailia, built-up areas prevalent in Giza, and water bodies most
abundant in Damietta. A strong positive correlation (r = 0.995) was observed between mean bat
body mass and the percentage of water bodies, highlighting the importance of water availability for
this species. While the study is primarily descriptive due to limitations such as a single LULC
observation per governorate and a small sample size for body mass analysis (n=6), it provides
valuable insights into the adaptability of R. aegyptiacus to diverse landscapes, mainly agricultural
and urban environments. These findings underscore the potential influence of water resources on
body mass and suggest that cropland and urban areas may serve as important foraging habitats.
Future research should focus on larger sample sizes and multi-year data collection to better
understand the ecological drivers influencing R. aegyptiacus distribution and body condition,
ultimately informing conservation strategies for this ecologically significant species.

Keywords: LULC (Land Use/Land Cover), Rousettus aegyptiacus, Habitat Selection, Buffer Zones,
Foraging Range

ecological significance as a primary seed
disperser and pollinator (Ramirez-Francel et al.,

Introduction

The Egyptian fruit bat (Rousettus aegyptiacus)
is a large, widely distributed bat species native
to Africa and the Middle East, renowned for its
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2022). This species exhibits remarkable dietary
flexibility, feeding on a wide range of fruits,
including cultivated species like figs, dates, and
guavas, as well as nectar and pollen.
Consequently, R. aegyptiacus plays a vital role
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in maintaining ecosystem health, contributing
to forest regeneration and the pollination of
numerous plant species (Del Vaglio et al. 2011,
Luéan et al. 2016).

R. aegyptiacus is known for its adaptability to
diverse habitats, ranging from natural
environments such as woodlands, savannahs,
and forests to anthropogenic landscapes
including agricultural lands, orchards, and even
urban parks (Hulva et al. 2012; Kafash et al.
2022; Majumdar et al. 2016; Roberts et al.
2016). These bats often form large, stable
colonies, roosting in caves, rock crevices,
buildings, and occasionally in dense foliage
(Shehata et al. 2015). Their nightly foraging
flights can extend up to 15 km, representing the
average nightly foraging range and a significant
area of influence on the surrounding ecosystem
(Del Vaglio et al. 2011; Dechmann et al. 2010).
The ability to utilize a variety of habitats and
food sources has contributed to the widespread
distribution of R. aegyptiacus, but it also
exposes the species to a range of environmental
pressures (Ramirez-Francel et al. 2022).
Despite their adaptability, R. aegyptiacus faces
increasing threats from habitat loss and
fragmentation caused by human activities such
as agricultural expansion, urbanization, and
persecution (Aziz et al. 2021; Frick et al. 2020).
The conversion of natural habitats to
monoculture  farming  reduces  foraging
opportunities and disrupts natural ecosystem
processes. Urbanization, with its associated
habitat destruction and light pollution, can
fragment bat populations and alter their
foraging behavior. Additionally, persecution
due to perceived agricultural damage further
threatens local populations (Aziz et al. 2021,
Frick et al. 2020). Understanding the ecological
factors influencing R. aegyptiacus habitat
selection within their normal flight range is
crucial for developing effective conservation
strategies.

Land cover composition is a key determinant of
habitat suitability for many wildlife species,
including bats. The availability and spatial
distribution of different land cover types, such
as forests, agricultural lands, and urban areas,
can directly impact bat foraging behavior,
roosting site selection, and overall population
dynamics (Meyer et al. 2015) ForR.
aegyptiacus, which exhibits a wide dietary
range and adaptability to various landscapes,
the relationship between land cover and habitat
use within their normal flight range is

49

particularly complex. . While previous studies
have documented the presence ofR.
aegyptiacus in diverse habitats (Fleming and
Racey 2010; Hutson et al. 1992), the specific
land cover characteristics influencing their
distribution and habitat selection in Egypt
remain poorly understood.

The Nile Valley and Delta, the study's focal
region, is one of Egypt's most agriculturally
productive and densely populated areas. The
region supports diverse land cover types,
including croplands, urban areas, water bodies,
and fragmented natural vegetation. However,
rapid urbanization and agricultural expansion
have led to habitat fragmentation, posing
significant challenges for wildlife dependent on
these ecosystems. This study aims to fill this
gap by analyzing the land cover composition
within the average nightly foraging range of R.
aegyptiacus breeding colonies and examining
potential factors influencing their body mass.
By doing so, it contributes to a better
understanding of the ecological requirements
of R. aegyptiacus and informs conservation
efforts for this important species in Egypt.

Material and method
Data Preparation

Morphometric and Roost Size Data: Data about
mean body mass, forearm length, and tibia
length were collected from a sample size of 10
bats per colony at each of the six study sites.
Roost size estimates were also recorded.

Occurrence Point Data:

The precise geographical locations of R.
aegyptiacus breeding colonies were determined
using data obtained from previous field surveys,
as detailed in (EI-Gamal et al. 2025) from
November 2022 to March 2024. These surveys,
which covered six governorates across the Nile
Valley and Delta, provided the occurrence
records used in both the present study and our
previous MaxEnt modeling effort. These colony
locations were formatted as a shapefile, with
each point representing a colony and containing
accurate latitude and longitude coordinates. The
occurrence point data was added to ArcGIS
version 10.8.



Land Use- Land Cover Utilization by Egyptian Fruit Bats...

Scientific Journal for Damietta Faculty of Science 15(2) 2025, 48-57

Land Use/Land Cover (LULC) Data:

Land use/land cover data were acquired from
the ESRI 2020 Global Land Cover Data. This
dataset provided a classified representation of
the land surface, categorizing land cover into
six distinct classes: Bare ground, Built areas,
Crops, Rangeland, Trees, and Water. The
spatial resolution of the LULC data was 10
meters. The LULC data was added to ArcGIS
version 10.8 for subsequent analysis.

Create Buffers

To assess the land cover composition within the
average nightly foraging range of R.
aegyptiacus, 15 kmz circular buffer zones were
generated around each documented breeding
colony location. This buffer size was selected to
represent the approximate average nightly
foraging range of R. aegyptiacus (Del Vaglio et
al., 2011; Dechmann et al., 2010). The "Buffer"
tool within the Analysis toolbox of ArcGIS
version 10.8 was used. The occurrence point
layer was selected as the input feature, and a
new polygon layer representing the buffer zones
was created. The buffer distance was set to a
fixed radius of 15 kmz2.

Overlay Analysis

To determine the land cover composition within
each buffer zone, the "Spatial Join" tool within
the Analysis toolbox of ArcGIS version 10.8
was used. The buffer zone polygon layer was
selected as the target feature, and the LULC
data layer was selected as the join feature. The
"Spatial Join" tool was used to add information
about the LULC contained within each buffer
polygon to the buffer layer's attribute table,
ensuring all original buffer polygons were
retained.

Analysis and Interpretation

Calculating Area:

A new field, "Area_sgkm" was added to the
attribute table of the output buffer layer. The
field calculator within ArcGIS version 10.8 was
used to calculate the area of each polygon in
square kilometers.

Summarize by LULC:
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The "Summarize" tool within ArcGIS version
10.8 was used to calculate the total area (km2)
of each land cover class within each buffer zone
and across all buffer zones. The percentage of
each land cover class within each buffer zone
was calculated by dividing the area of each class
by the total area of the buffer zone (15 km?) and
multiplying by 100. The total area and
percentage of each land cover class across all
six governorates were also calculated. Mean
percentages and standard deviations of land
cover classes were calculated across the six
governorates.

Data Analysis and Visualization:

The calculated area (km2) and percentage of
each land cover class were tabulated for each
governorate (Table 1). The total area and
percentage of each land cover class across all
six governorates were calculated (Table 2).
Mean percentages and standard deviations of
land cover classes were calculated across the six
governorates  (Table 3). The mean
morphometric measurements (x SEM) of R.
aegyptiacus and associated land cover
percentages at six colony sites across Egypt
(Table 4). The spatial distribution of land cover
classes was visualized using a land use/land
cover map (Figure 1). A pie chart was created
to visualize the percentage of each land cover
class within each governorate (Figure 2),
facilitating a comparative analysis of land cover
distribution across the study area

In R studio, correlation analysis was conducted
to examine relationships between mean body
mass, forearm length, tibia length, roost size,
and land cover percentages using the cor()
function. Linear regression models were
constructed to assess the predictive power of
morphometric and land cover variables on mean
body mass and forearm length using the Im()
function. Analysis of variance (ANOVA) and
the Kruskal-Wallis test were performed to test
differences in morphometric measures across
governorates. Data was visualized using a pie
chart generated in R using the ggplot2 package.

Results

The spatial distribution and composition of land
cover types within 15 km?2 buffer zones
surrounding R. aegyptiacus breeding colonies
were investigated across six Egyptian
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governorates: Aswan, Damietta, Fayoum, Giza,
Ismailia, and Menoufia. The geographical
locations of these governorates within Egypt are
presented in Figure 1, providing a fundamental

spatial framework for the study. The overall
land use/land cover (LULC) patterns for the
study region are depicted in Figure 1, providing
a spatial context for the subsequent analyses.
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Figure 1: Distribution of land use/land cover types within 15 km? buffers around Egyptian fruit bat (Rousettus
aegyptiacus) maternity roost, illustrating the landscape context of reproductive sites.

Table 2 presents the total area (km?) and
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percentage of each land cover type within the
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combined buffer zones across all six
governorates. Cropland emerged as the
dominant land cover, constituting 65.50% of the
total buffered area (2029.61 km?). Build areas
accounted for 24.70% (766.67 km?), followed
by bare ground at 15.40% (477.30 km?).
Rangeland, water, and trees represented smaller
proportions of the total land cover, at 8.50%,
5.00%, and 0.60%, respectively.

Table 1: Land Cover Composition within 15 km?2
Buffer Zones by Governorate

Bare

Governorate Water Trees Crops Built- Ground Rangeland
(%) (%) (%) up (%) (%) (%)

Menoufia 1.76 0.10 85.62 11.21 0.21 1.09

Giza 1.80 0.00 2297 5157 20.06 3.58

Ismailia 179 126 5574 17.12 10.73 13.36

Fayoum 568 1.04 76.44 12.88 3.52 0.44

Damietta 813 0.00 655 857 1.14 0.85

Aswan 269 0.6 3996 7.16 31.90 18.10

A detailed breakdown of land cover

composition within each governorate is
presented in Table 1. This table provides the
area (km?) and percentage of each land cover
type within the 15 km?2 buffer zone for each
governorate. Figure 2 visually represents the
percentage of each land cover type within each
governorate, allowing for a direct comparison
of land cover distribution among locations.
Figure 2 and Table 1 reveal distinct patterns of
land cover distribution. Menoufia exhibited the
highest percentage of cropland (85.62%),
followed by Ismailia (55.74%). Giza was
dominated by building areas, constituting
51.57% of the buffered area. Aswan showed a
significant proportion of bare ground (31.90%)
and the highest percentage of rangeland
(18.10%). Damietta had the highest percentage
of water bodies (8.13%). Fayoum showed a
moderate percentage of crops (76.44%). The
spatial distribution of these land cover types, as
shown in Figure 1, aligns with the patterns
observed in Table 1.

The overall mean percentage and standard
deviation (£ SD) of land cover types across the
six governorates are presented in Table 3.
Cropland had the highest mean percentage
(28.11%) but also exhibited the greatest
variability (SD = 35.46%). This high variability
corresponds to the distinct differences in
cropland percentages observed across the
governorates in Figure 2 and Table 1, with
Menoufia and Ismailia showing significantly
higher proportions. The mean percentage of
built-up areas (20.10%) in Table 3 reflects the
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dominance of built-up areas in Giza, as
observed in Figure 2 and Table 1. The
relatively low mean percentages of rangeland
and trees in Table 3 align with the low
proportions observed in most governorates in
Figure 2 and Table 1.

Table 2: Total land cover composition within 15 km?
buffer zones surrounding study sites, showing the
total area (km?) and percentage of each land cover
type. Cropland is the dominant land cover.

Type of total ~area of € agh Percentage of

Landcover Landcover type within Total Area
buffer zones km2

crops 2029.61211 65.50%

build areas 766.66714 24.70%

bare ground 477.298427 15.40%

rangeland 264.221532 8.50%

Water 154.444258 5.00%

Trees 18.079252 0.60%

Total 3100.32 100.00%

The dominance of cropland, as shown in Table
2, is further illustrated in Figure 1 and Figure
2, where Ismailia and Menoufia exhibited
particularly high percentages. The spatial
distribution of build areas, as shown in Figure
1, corresponds to the high percentages observed
in Giza, Ismailia, and Menoufia and the overall
percentage in Table 2.

Table 3: Descriptive statistics showing the mean
percentage and standard deviation for each land
cover type across the six study governorates.

Standard
landcover Mean Percentage (%0) Deviation (%)

Bare ground 13.78 12.301738
building 20.104 18.880758
crops 28.106 35.458607
Rangeland 4.94 5.494834

trees 3.2338 3.33817

water 19.104 19.172588

Due to the inherent limitation of having a single
percentage observation per land cover type
within each governorate, further inferential
statistical analyses were not feasible. Therefore,
the results presented herein are primarily
descriptive, focusing on the observed trends in
land cover composition as visually represented
in Figure 1, and Figure 2, and quantitatively
summarized in Table 1, Table 2, and Table 3.
Table 4 presents the mean morphometric
measurements (£ SEM) of R. aegyptiacus and
associated land cover percentages at six colony
sites across Egypt. The data reveals variations
in body mass, forearm length, head, body length
and tibia length among the different
governorates. Notably, Damietta exhibited the
highest mean body mass (152.93 + 3.99 @),
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while Menoufia had the lowest (103.75 + 4.89
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Figure 2 :Percentage of land cover types within 15 km? buffer zones surrounding Egyptian fruit bat (Rousettus

aegyptiacus) breeding colonies.

Table 4: Mean Morphometric Measurements (+ SEM) of Rousettus aegyptiacus and Associated Land Cover
Percentages at Six Colony Sites Across Egypt. Symbol *' indicates that at least one pairwise comparison for that
variable was significant (p < 0.05) based on the post-hoc Tukey's HSD test. Sample size ten individuals at each

site.
Mean body Forearm Tibia
Governo size/mass Length Head (mm) Body Length Length R(_)ost Percentage Perc_en_tage Percentage
rate (mm) size Cropland Building Water
(gm) (mm) (mm)
Damietta 1532§%ii 96.07 £0.8* 47.02+04* 171.2+3.17* 28.16 +3.08* 2500 6.55 8.57 8.13
Menofia 103.75+4.89 79.62+1.36 42.23+0.53 152.88+1.89 33.8+1.95 400 85.62 11.21 1.76
Ismailia 106.3+11.95 89.78 £3.24* 42.85+143 149.3+587 39.66+1.73 3000 55.74 17.12 1.79
Giza  106.11+13.37 89.92+1.66* 4333+0.71 147+346 4054+1.17 1200 22.97 51.57 1.8
Faiyum 135.64 +4.04 95.01+0.61* 459+0.39* 155+222 42.84+0.56* 1400 76.44 12.88 5.68
Aswan 107.75+4.6* 95.04+1* 46.67 £0.43* 162.08+2.97* 19.76 +0.76* 640 39.96 7.16 2.69

Statistical analyses, employing both ANOVA
and Kruskal-Wallis tests, demonstrated a
statistically significant difference in mean body
mass among the governorates (p<0.05; Table
4). Subsequent post-hoc Tukey's HSD tests
indicated that the mean body mass in Damietta
was significantly greater than that observed in
Menofia, Ismailia, Giza, and Aswan.
Furthermore, Faiyum also presented significant
differences in mean body mass when compared
to other governorates.

Contrary to initial hypotheses, morphometric
analyses also revealed statistically significant
differences in forearm length, body length, and
tibia length across the governorates (p<0.05;
Table 4). Post-hoc Tukey's HSD tests identified
significant pairwise differences for forearm
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length in Damietta, Ismailia, Giza, Faiyum, and
Aswan. Similarly, significant differences in
body length were detected in Damietta and
Aswan, and for tibia length in Damietta,
Faiyum, and Aswan, based on the post-hoc
analysis.

Correlation analysis revealed a strong positive
correlation (r = 0.995) between mean body mass
and the percentage of water bodies. A moderate
positive correlation (r = 0.62) was observed
between mean body mass and forearm length.
Weaker correlations were observed between
body mass and other variables, including
cropland percentage and roost size.

Due to the limited sample size, governorate
roost sites (n=6), linear regression models
encountered singularities and zero degrees of
freedom, rendering them unreliable. Therefore,
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regression analysis did not yield meaningful
results in this study.

Discussion

This study investigates the land cover
utilization patterns of R. aegyptiacus across six
governorates in the Nile Valley and Delta,
Egypt, focusing on the relationship between
land cover composition and body mass. The
findings reveal significant variability in land
cover types, with cropland dominating in
Menoufia and Ismailia, built-up areas prevalent
in Giza, and water bodies most abundant in
Damietta. A strong positive correlation (r =
0.995) between mean body mass and the
percentage of water bodies underscores the
importance of water availability for this species
(Adams and Hayes 2021). However, the lack of
a clear relationship between cropland
percentage and body mass suggests that other
factors, beyond land cover composition,
influence body condition.

Cropland and Body Mass

The absence of a correlation between cropland
percentage and body mass may in bat
populations, particularly for  frugivorous
species such as R. aegyptiacus, can be attributed
to a confluence of interacting ecological and
anthropogenic factors. First, the suitability and
quality of cultivated crops as a food source for
fruit bats are highly variable. Not all crops are
metabolically beneficial or palatable to these
species, and even preferred fruits demonstrate
significant regional variation in nutritional
value. Furthermore, the widespread application
of pesticides in agricultural systems introduces
contaminants into the bats' diet, potentially
leading to direct toxicological effects,
bioaccumulation, and subsequent impairment
of physiological functions and energy reserves,
thereby negatively impacting body condition.
The designation of R. aegyptiacus as an
agricultural pest in some regions also leads to

direct  human-induced mortality ~ and
disturbance,  further ~ complicating  the
relationship. Second, seasonal variability in

fruit availability may influence foraging
success, as crops may not be equally productive
year-round. Third, competition among bats or
other frugivorous species in high-cropland
areas could reduce individual access to
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resources (Bachorec et al. 2020; Palmeirim et
al. 1989). Finally, environmental stressors, such
as human disturbance or light pollution, may
offset the benefits of abundant cropland. These
factors highlight the complexity of the
relationship between agricultural landscapes
and bat ecology, warranting further
investigation (Lucan et al. 2016).

Adaptability to Urban and Agricultural
Landscapes

The prevalence of built-up areas in Giza
demonstrates the adaptability of R.
aegyptiacus to urban environments. This
adaptability likely stems from the availability of
artificial roosting sites and alternative food
sources in anthropogenic landscapes. Similarly,
the dominance of cropland in Menoufia and
Ismailia suggests that agricultural areas provide
critical foraging habitats. However, the high
variability in cropland percentages across
governorates indicates that R. aegyptiacus can
thrive in diverse environmental conditions,
further emphasizing its ecological flexibility
(Hulva et al. 2012; Kafash et al. 2022;
Majumdar et al. 2016; Roberts et al. 2016).

Role of Water Bodies

The strong correlation between water body
percentage and R. aegyptiacus body mass
suggests a critical role for water resources.
While direct evidence linking water bodies to
specific life cycle stages of this species in Egypt
is limited, several hypotheses can explain this
relationship. Firstly, water bodies provide
essential drinking sources, particularly crucial
in arid and semi-arid regions. Maintaining
proper  hydration directly  influences
physiological condition and thus body mass.
Secondly, water bodies often support riparian
vegetation, which can serve as foraging sites or
corridors for bat movement. Thirdly, the
presence of water may enhance insect
abundance, providing an additional food source
for R. aegyptiacus or attracting fruit bearing
vegetation (Barclay et al. 2006). Furthermore,
water bodies may influence bat behavior. For
example, bats may concentrate on foraging
activities near water sources to maximize
resource availability. Proximity to water could
also reduce foraging energy expenditure,
allowing for better body condition. It is
important to note that further targeted research
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is needed to definitively establish the specific
mechanisms through which water bodies
influence R. aegyptiacus ecology in Egypt.
However, the strong correlation observed aligns
with broader ecological principles emphasizing
the importance of water resources for bat
populations, particularly in dry regions (Lu¢an
et al. 2016). There are studies that have
investigated methods of controlling populations
of Egyptian fruit bats, due to them being
considered a pest to fruit crops (Korine et al.
1999). These studies have investigated using
water-based baits for population control (Taha
and Soliman 2019). This highlights that these
bats do utilize open water sources. This also
highlights that their presence near water sources
can bring them into conflict with humans, due
to the proximity of farms and orchards to those
water sources. water bodies provide essential
drinking sources, which are crucial for survival
in arid and semi-arid regions like Egypt.
Maintaining proper hydration directly impacts
physiological condition and thus supports
healthy body mass. This need is particularly
acute for lactating females, who have
significantly increased water requirements to
produce milk (Adams and Hayes 2008; Korine
et al. 2004).

Conservation Implications

The findings underscore the importance of
maintaining agricultural and urban habitats
for R. aegyptiacus, particularly in regions
where natural habitats are scarce. Protecting
water bodies and mitigating human-wildlife
conflicts, such as reducing persecution due to
perceived agricultural damage, are critical for
the species' long-term survival. Conservation
strategies should focus on enhancing habitat
guality and ensuring the availability of key
resources, such as water and diverse food
sources(VVoigt and Kingston 2016).

Conclusion

In conclusion, this study provides valuable
insights into the land cover utilization patterns
of R. aegyptiacus in the Nile Valley and Delta,
Egypt. The findings underscore the species'
adaptability to diverse landscapes, particularly
agricultural and urban environments, and
highlight the importance of water availability
for body condition. While the study is primarily
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descriptive due to limitations in sample size and
data replication, it lays the groundwork for
future research on the ecological drivers
influencing R.  aegyptiacus distribution and
habitat selection. These findings have important
implications for conservation strategies,
particularly in regions experiencing rapid land
cover change due to urbanization and
agricultural expansion.
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Abstract

Recently, an accurate monitoring for coastal lagoons becomes an urgent need to protect them from
severe effects of pollution. The present study objects to evaluate the heavy metal pollution in one of
the most important coastal lagoons in Egypt, called Manzala Lagoon (ML). The measured
concentrations of heavy metals (HMs) reflect that Fe > Zn > Pb > Ni > Cu > Co > Cd. To evaluate
the levels of contamination in the studied Lagoon, seven contamination indices are calculated,
including contamination factor (Cf), Degree of contamination (Dc), Geo-accumulation index (lgeo),
Pollution Load Index (PLI), enrichment factor (Ef), Ecological risk factor (Er) and Potential
ecological risk factor (Ri). According to the Cf, the sediments are lowly polluted with Zn, Ni, Co,
Cu and Fe, moderately polluted with Pb, and very highly polluted with Cd. The average value of Dc
(15.96), indicating a considerable level of contamination. Furthermore, the average values of Ef
point to minor enrichment for Ni and Cu, moderate enrichment for Zn and Co, severe enrichment
for Pb, and extremely severe enrichment for Cd. The average value of Ri reaches 676.3, suggesting
that the sediments have very high risk. Consequently, Cd and Pb are the principal contributors for
the ecological risk in ML. Finally, the comparison between the concentrations of heavy metals in
the Manzala Lagoon and other Mediterranean is done.

Keywords: Contamination indices; Heavy metals; Manzala Lagoon; Egypt; Mediterranean

aquatic environment, pollution of coastal
habitats is a global concern. Urbanisation,

Introduction agricultural waste, industrial sewage, and other
human activities can all contribute to pollution
Because of the harmful consequences on the (e.g., Zenina, 2009; Tan et al., 2021; EI Ouaty
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etal., 2024). In this context, the northern coastal
lagoons of Egypt (EI Mariout, Edku, El
Burullus, EI Manzala, EI Bardawil), were
exposed to these stresses (e.g., EI Nemr, 2003;
Masoud et al., 2011; Shalaby et al., 2017; El
Baz and Khalil, 2018; EI-Amier et al., 2023).
Heavy metals like Cd, Hg, Pb, Zn, As, Ni, and
Cr are the most dangerous pollutants (e.g.,
Forstner and Wittmann, 1983; Selvaraj et al.,
2004). Temperature, organic matter, pH,
salinity, and bottom sediment types are some of
the most important determinants of HM levels
(e.g., Galanopoulou et al., 2009; Mallick et al.,
2016).

It is well known that, the concentrations of
metals in sediments are greater than those in
water (Singer, 1977).

In relation to the assessment of
pollution, many investigations pointed to the
importance of evaluating the degree of
contamination in different aquatic ecosystems
in Africa (e.g., Ennouri et al., 2010; Masoud et
al. 2011; Belabed et al., 2013; Abdul et al.,
2019), Asia (e.g., Tan et al., 2021), Northern
America (Alvarez Zarikian, 2000), Europe
(e.g., Ruiz et al., 2004), and Australia (e.g., Roy
and Crawford, 1984).

The current development project, that
have been carried by the Egyptian government,
led to the re-formation of the northern coastal
lagoons, where many island, fish farms and
aquatic macrophytes were removed. So, the
total surface area and the depths of the lagoon
increased (e.g., Abd Ellah, 2022). Thus, there is
an urgent need to make a continuous assessment
for the health of these lagoons during the
different stages of the promising Egyptian
project. The present study concentrates on
assessing the heavy metal pollution in the ML.
This investigation may act as a base for future
comparative studies on ML after and before the
development project. Accordingly, the present
study objects (1) to estimate the concentrations
of heavy metal in the botttom sediments of ML,
(2) to compare these results with those
previously recorded from ML and other aquatic
ecosystems in the Mediterranean region, and (3)
to assess the contamination levels in the studied
sites.

Study area

El Manzala Lagoon (ML) represents one of the
most largest coastal lagoon in Egypt, locating in
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the north-eastern part of the Nile Delta. It is
placed between latitudes 31°07 N and 31°30°N
and longitudes 32°17°'E and31°48°E. In
addition, it is surrounded by four governorates;
Port Said, Damietta, Al Dakahlia and Al
Sharkia (Fig. 1). The northern sector of the
lagoon is separated from the Mediterranean Sea
by a sandbar, which permits the connection to
the sea through artificial inlets. Furthermore,
the entrance of freshwater to the lagoon is
related to three canals (Ratma, Souffra, and
Inaniya) in the western side and five drains
(Hadous, Faraskour, Bahr El-Bakar, Ramsis
and El-Serw) in the southern side. Accordingly,
ML becomes a brackish lagoon due to the
mixing of freshwater with marine water.
Economically, it plays a vital role in the

Fig.1 location map of El Manzla Lagoon shows
sample locations

Many studies the have been done on the
pollution in ML (e.g., Badawy and Wahaab,
1997; Abdel-Satar and Genid, 2009; Shalaby et
al., 2017; El Baz, 2017; Abdel Gawad, 2018;
Redwan and Elhaddad, 2022). In this context,
the study of Badawy and Wahaab (1997)
concluded that, the level of Cr in the sediments
recorded the highest concentration, followed by
Zn, Cu, Ni, Pb and Cd. Morover, Abdel-Satar
and Genid (2009) arranged the order of heavy
metals as follows; Fe (4460 ng/g), Mn (1334
ug/g), Pb (379.4 ng/g), Zn (207.8 ug/g), Ni
(108.14 pg/g), Cu (90.99 ng/g), Co (38.8 nug/g),
and Cd (10.61 pg/g). In addition, EL-Bady
(2016) established that Fe has the highest
concentration (1074.55ug/g), followed by Zn
(39.53pg/g), Cu (31.21pg/g), Ni (30.83ug/g),
Pb (0.077pg/g) and Cd (1.67 pg/g). Goher et al.
(2017) concluded that the sediments of ML
were moderately polluted with Pb, Zn, Cd and
Cu in most stations, but they are lowly
contaminated with Fe and Mn. Abdel Gawad
(2018) indicated that the concentrations of Fe
have the highest concentrations (8342.47 ug/g),
followed by Ni (40.73 pg/g), Zn (30.32 pg/g),
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Cu (26.34 pg/g), Pb (0.244 pg/g) and Cd
(0.0264 pg/g). Redwan and FElhaddad (2022)
concluded that Fe has the highest concentration
(14130 pg/g), followed by Cu, Zn (110 pg/g),
Ni (60 pg/g), Pb (20 pg/g) and Cd (1.8 pg/g).

Materials and methods

The current study was done on twenty Six sites
from ML, Egypt. These sites were chosen based
on the degree of proximity to the drains or the
Mediterranean Sea. Twenty six samples were
collected, in December 2022, using a grab
sampler from the bottom sediments of ML. At
each site, sample was subdivided into two
groups, one for the analysis of grain size and the
second for heavy metals (HMs). These samples
were saved in ice box and transported to the

laboratory. Some ecological parameters
(salinity, depth and pH) were recorded during
sampling. The environmental and geographical
data for each station are shown in Table 1. To
investigate the size of the bottom sediments, the
standard method of Folk (1974) was applied on
26 sites. According to Liao et al. (2014), the
digestion of sediment was done to measure the
concentrations of seven metals (Fe, Cu, Zn, Co,
Cd, Pb and Ni) in 20 sediment samples. The
results of the environmental parameters of the
lagoon and the concentrations of HMs were
displayed on the distribution maps, using Arc
Map. To assess the concentrations of HMs,
some pollution indices, such as Cf, Dc, PLI, lgeo,
Ef, Er, and Ri were calculated. Pearson’s
correlation coefficient was applied to determine
the relationships between the measured metals.

Table 1. Coordinates of the studied sites and their measured environmental parameters.

; Water . .
Sn';e Lat. (N) Long. (E) d(iﬁf)h pH Sf?g/f:;ty Sil/gd So}(l)t COI/:Zy
1 31°21'41" _ 31°56'11" 400 8.80 10.7 46 45 9
2 31°21'19"  31°58'01" 300 8.75 10.2 45 47 8
3 31°21'15" _ 31°59'20" 250 8.86 111 48 45 6
4 31°21'15"  32°1'09" 125 8.70 117 47 46 7
5 31°20° 3202 90 8.88 105 53 38 9
6 31°18' 32°6' 85 8.80 10.8 40 43 17
7 3017 326 150 8.73 72 38 42 20
8 3017 3202 410 8.74 10.4 25 45 30
9 31°19’ 3201°09" 450 8.75 10.1 26 43 31
10 31°20° 31°58'01" 500 8.82 96 25 43 32
11 31°20'5" 31°56'11" 210 8.98 94 22 44 34
12 31°18'46" _ 31°55'56" 200 9.00 75 23 42 35
13 31°19' 31°57' 27" 250 8.81 9.2 25 45 30
14 3017 3202°29" 300 8.79 10.8 23 44 33
15 31°16' 327 200 851 46 25 35 40
16 31°13 37 160 8.65 54 22 33 45
17 31°14'30" __ 32°F 100 852 53 12 38 50
18 314 3203 150 841 43 i 39 50
19 31°14'42" 3207 175 8.86 7.1 10 36 51
20 31°15'10" _ 32°1'36" 200 8.76 6.9 9 37 54
21 31°15'59"  32°0'56" 220 8.78 6.9 11 37 52
22 31°15'59"  31°59'13" 70 8.72 7 9 44 47
23 31°16' 31°58'11" 250 8.88 8.6 10 42 £A
24 31017 31°57°09" 350 8.84 79 12 43 45
25 3017 31°55'35" 150 9.00 5 10 44 46
26 31°18’ 31°54'10" 170 9.04 54 11 46 43
have the greatest depths (Table 1 and Fig. 2.a).
The studied sites display different values of
Results salinity, where the lowest value is 4.3 g/l at site

Environmental parameters

The values of depth vary between the different
sites, where the maximum depth reaches 5 m at
site 10, and the minimum reaches 0.7 m at site
12, with an average of 2.27 m. It is clear that the
central and north western parts of the lagoon
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18 in the southern part, while the highest value
is 11.7 g/l at site 4 in the northern part (Table
1), with an average of 8.21 g/l, indicating that
the ML is brackish water and increased toward
the Mediterranean Sea. In general, the northern
sector has higher salinities than the southern
sector (Fig. 2.b). Relatively small variations in
the values of pH between sites are recorded,
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where the highest value is 9.04 at site 26 in the
western part, and the lowest is 8.51 at site 15 in
the eastern part (Table 1 and Fig. 2.c), with an
average of 8.78 reflecting that the lagoon is
alkaline.

1 @

Fig. 2a shows the depth value of different sites at
study area. a); fig.2b) shows salinity of different sites
at study area; fig.2c) shows pH of different sites at
study area.

The substrate of ML consists of a combination
of sand, silt and clay (Table 1). The highest
portions of sand covered the northern part due
to entrance of sea water through the inlets (Fig.
3.a). The percentage of sand changes from 53%
(site 5) to 9 % (sites 20 and 22). Also, the
percentage of silt increases in the northern and
western parts (Fig. 3.b). Generally, the invasion
of drains, especially in the southern part,
supplies the lagoon with higher portions of clay
(Fig. 3.c). The lowest percentage of clay is 6 %
(at site 3), while the highest is 52 % (at site 21).

Fig.3a) shows the percentage of sand at different
sites of study area.; fig.3b) shows the percentage of
silt at different sites of study area; fig.3c) shows the
percentage of clay at different sites of study area

Concentrations of HMs in the sediments

Concentrations of Fe, Cu, Zn, Co, Cd, Pb and
Ni are clarified in Table 2. For Fe, the maximum
value is 43375.81 pg/g at site 12, while the
minimum is 1395.58 ug/g at site 22 (Fig. 4.a),
with an average of 15223.39 ug/g. For Cu, the
highest level is 48.01 pg/g at site 12, while the
lowest is 1.07 pg/g at site 25 (Fig. 4.b), with an
average of 16.94 ug/g.

For Zn, the maximum level is 188.5 pg/g at site
15, while the minimum is 6.43 pg/g at site 25
(Fig. 4.c), with an average of 67.15 ug/g. For
Co, the maximum is 13.64 pg/g at site 17, while
the minimum is 2.37 pg/g at site 25, with an
average of 8.89 pg/g as shown in Figure 5.a. For
Cd, the maximum level is 9.71 ug/g at site 1,
while the minimum is 0.19 ug/g at site 2, with
an average of 3.88 ug/g (Fig. 5.b). For Pb, the
maximum is 117.15 pg/g at site 5, while the
minimum is 12.48 pg/g at site 11 (Fig. 5.c), with
an average of 20 pg/g. For Ni, the maximum
level is 94.51 ug/g at site 23, while the
minimum is 10.67 pg/qg at site 6 (Fig. 5.d), with
an average of 45.6 pg/g.

Contamination indices

To estimate the degree of pollution in the
lagoon, some indices could be calculated such
as Cf, Dc, lgeo, Ef, Er and Ri (Table 3). Average
shale  (World geochemical  background
concentration) of Turekian and Wedepohl
(1961) is used here.

,,,,, w

Fig. 4a) concentration of Fe in the studied sites.;
fig.4b)concentration of Cu in the studied sites; fig.c)
concentration of Zn in the studied sites
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Table2. Measured heavy metals (ug/g) in the studied site

Site

No. Fe Cu Zn Co Cd Pb Ni

1 8367.42 10.05 13.69 ND 9.71 58.75 305
2 6669.16 ND 10.09 ND 0.19 25.05 ND
3 38620.69 23.84 77.04 ND 197 3.1 80

5 25519.93 37.81 124.37 10.94 2.22 117.15 62.47
6 3946 583 905 ND ND 45.83 10.67
7 13309.98 14.36 135.55 ND 1.05 45.01 21.19
11 18913.1 211 18.14 241 0.83 1248 39.66
1 43375.81 48.01 4192 9.97 2.22 34.9 93.63
15 26181.82 334 1885 7.98 111 62.89 57.51
16 1994.27 2,67 10124 ND ND 45.46 ND
17 3382.34 13.34 108.85 13.64 7.65 69.87 3553
18 5544 72 464 104 76 87.2 27.4
19 15106.86 13.88 45.77 11.96 4.63 57.1 4561
20 7266.73 6.78 50.05 ND 0.92 4198 12,65
21 2505.95 317 20.62 13.01 8.56 58.21 27.12
22 1395.58 115 154 ND ND 34.37 ND
23 42290.2 4333 103.14 6.27 333 52.94 9451
24 3147445 3139 76.82 2.37 2.92 42.88 68.61
25 537143 107 6.43 ND ND 2223 ND
26 3232.00 363 68.58 ND 7.26 64.57 22.54
Max 43375.81 48.01 1885 13.64 9.71 117.15 94.51
Min 1395.58 107 6.43 2.37 0.19 12.48 10.67
Average 15223.39 16.94 67.15 8.89 3.88 50.59 456
Back ground 754, 45 95 19 03 20 68

Shale *

Fig.5a) shows concentration of Co in the studied
sites; fig.5b) shows the concentration of Cd in the
studied sites; fig 5¢) shows concentration of Pb in
the studied sites; Fig 5d) shows concentration of Ni
in the studied sites.

Contamination factor (Cf)

The levels of contamination is categorized by
Hokanson (1980) into the following classes;
low Cf(<1), moderate (1< Cf<3), considerable
(35 Cf < 6), and very high (6< Cf). According
to the values of Cf, it is clear that the examined
bottom sediments of ML, are lowly
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contaminated with Fe (0.02-0.91) and Co (0.12-
0.71) as shown in Table 4. Also, the sediments
are lowly contamination with Cu, except for site
12, that is moderately contaminated (1.98).
Also, most sites are lowly contamination with
Zn, with the exception of sites 5, 7, 15, 16, 17
and 23 that are moderately contaminated.
Similarly, most sites are lowly contaminated
with Ni, with the exception of sites 3, 12, 23 and
24 that are moderately contaminated. On the
contrary, variable values were calculated for Pb,
where site 11 is lowly contaminated, sites 1, 2,
3,6,7,12, 16,19, 20, 21, 22, 23, 24 and 25 are
moderately contaminated, whereas sites 5, 15,
17, 26 are considerably contaminated. For Cd,
most sites are very highly contaminated; sites
11, 15 and 20 are considerably contaminated,
while site 2 is lowly contaminated.

Degree of contamination (Dc)

According to the Dc, values range between 1.31
(site 25) and 48.73 (site 1), with an average of
15.98. Therefore, low degrees are recorded at
sites 6, 11, 16, 20, 22 and 25 , moderate values
at sites 2, 3, 12, and 15, considerable degrees at
sites 5, 19, 23, and 24, and very high values at
sites 1, 17, 18, 21, and 26 (Table 4 and Fig. 6.a).
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Table 3. Contamination indices applied for the evaluation of metals in ML.

Contamination indices Classes

Contamination factor (CF) The contamination factors were divided into four classes by

CF = C metal! C background value Hakanson (1980): Cf< 1 (low Cf), 1< Cf < 3 (moderate Cf), 3< Cf
Where C nerat = metal concentration in polluted sediments < 6 (significant Cf), and 6< Cf (extremely high Cf).

C background vaiue = background value of the metal.

Degree of contamination (Dc) Four classes of contamination were distinguished by Hakanson
The sum of all values of contamination factors. (1980): Dc < 7 (low), 7<dc 28 (extremely high).</dc

Pollution Load Index (PLI) Tomlinson et al. (1980) distinguished two groups:

PLI= (Cf1*Cf2* Cf3*......... Cfin)tn PLI <1 (unpolluted); PLI = 1 ( minimum pollution); PLI > 1
Where n is the number of metals and Cf is the Contamination (polluted).

factor.

Geo-accumulation index (lgeo) lgeo < 0 (unpolluted), Igeo = 0-1 (unpolluted-moderately

lgeo = 1002 (Cy /(1.5 % By)) polluted), Igeo = 1-2 (moderately polluted), Igeo = 2-3

Where C, is the concentration of the element in sediment sample (moderately-strongly polluted), Igeo = 3-4 (strongly polluted), Igeo
and B, is the background concentration of the element. = 4-5 (strong to very strongly polluted), and Igeo > 5 (very strong

polluted) are the seven grades Mller (1969) made of the geo-
accumulation index.

Enrichment factor (Ef) EF < 1 (no enrichment), EF < 3 (little enrichment), EF = 3-5

EF = (M/F€) sampie/ (M/F€) crust (moderate enrichment), EF = 5-10 (moderately severe

Where (M/Fe) sampie IS the ratio of metal and Fe concentrations in enrichment), EF = 10-25 (severe enrichment), EF = 25-50 (very
the sample, and (M/Fe) crust is the ratio of metal and Fe severe enrichment), and EF > 50 (very severe enrichment) are the
concentrations in the earth’s crust. seven classifications that Birch (2003) identified.

Risk factor (Er) Hakanson (1980) distinguished the following classes:

Er=Tr* Cf Er <40 (low), 40 <Er <80 (moderate), 80<Er < 160

Where Tr is the toxic-response factor for a given substance, and Cf  (considerable),

is the contamination factor. 160 < Er <320 (high), Er > 320 (very high).

Potential ecological risk index (Ri) Hakanson (1980) distinguished the following classes:

The sum of all values of risk factors. Ri < 150 (low), 150 < Ri < 300 (moderate), 300 < Rl <600

(considerable ), Ri > 600 (very high).
Table 4. Calculated Cf, Dc and PLI for the measured metals.

Contamination factor (Cf)

Site

Fe Cu Zn Co Cd Pb Ni Dc PLI
1 0.17 0.22 0.14 - 32.36 2.93 0.44 48.73 0.79
2 0.14 ND 0.10 - 0.63 1.25 - 12.43 0.33
3 0.81 0.52 0.81 - 6.56 1.65 1.17 11.55 1.28
5 0.54 0.84 1.30 0.57 7.4 5.85 0.91 17.44 1.45
6 0.08 0.12 0.95 - - 2.29 0.15 3.61 0.32
7 0.28 0.31 1.42 - 3.5 2.25 0.31 8.09 0.82
11 0.40 0.46 0.19 0.12 2.76 0.62 0.58 5.16 0.46
12 0.91 1.06 0.44 0.52 7.4 1.74 1.37 13.47 1.22
15 0.55 0.74 1.98 0.42 3.7 3.14 0.84 11.39 1.18
16 0.04 0.05 1.06 - - 2.27 - 3.44 0.27
17 0.07 0.29 1.14 0.71 255 3.49 0.52 31.02 0.97
18 0.11 0.16 0.48 0.54 25.33 4.36 0.40 31.00 0.80
19 0.32 0.30 0.48 0.62 15.43 2.85 0.67 17.84 0.98
20 0.15 0.15 0.52 - 3.06 2.09 0.18 6.18 0.49
21 0.05 0.07 0.21 0.68 28.53 2.91 0.39 32.86 0.56
22 0.02 0.02 0.16 - - 1.71 - 1.93 0.12
23 0.89 0.96 1.08 0.33 11.1 2.64 1.38 18.41 1.43
24 0.66 0.69 0.80 0.12 9.73 2.14 1.00 15.18 0.99
25 0.11 0.02 0.06 - - 1.11 - 1.31 0.29
26 0.06 0.08 0.72 - 24.2 3.22 0.33 28.63 0.68

63



Heavy Metals in the Bottom Sediments of El Manzala Lagoon ...Scientific Journal for Damietta Faculty of Science 15(2) 2025, 58-

72

Fig.6a) show Dc for the measured metals,
Fig.6b)shows PLI for the measured metals Fig.6c)
shows RI for the measured metals .

Pollution Load Index (PLI)
According to Tomlinson et al. (1980), PLI

reflects the pollution levels in every sites. The
Table 5. lge, for the measured metals.

calculated values of PLI range between 0.12
(site 22) and 1.45 (site 5), with an average of
0.77. Most sites are unpolluted (< 1), whereas
sites 3, 5, 12, 15 and 23 are polluted (> 1) as
shown in (Table 4 and Fig. 6b).

Geo-accumulation index (lgeo)

The geo-accumulation index of Muller (1969)
is followed here. The outputs of lgo, reflect that
the bottom sediments of ML are unpolluted with
Fe, Cu, Co and Ni, where all values are less than
0. For Cd, site 2 is unpolluted (lgeo= -0.374);
sites 3, 5, 7, 11, 12, 15, 20, 23 and 24 are
unpolluted-moderately polluted (0.26-0.86);
while sites 1, 17, 18, 19, 21 and 26 are
moderately polluted (1.01 -1.33). It is noted that
site 1 is the most polluted with Cd. For Pb, sites
2,11 and 25 are unpolluted-moderately polluted
(0.41-0.83), sites 1, 3, 6, 7, 12, 16, 19, 20, 21,
22, 23, and 24 are moderately polluted (1.10-
1.95), sites 15, 17, 18, and 26 are moderately to
strongly polluted (2.09-2.90), while site 5 is
strongly polluted (3.9) as displayed in Table 5.

Geoaccumulation index (Igeo)

Site

Fe Cu Zn Co Cd Pb Ni
1 -0.92744 -0.82714 -1.01741 1.33407 1.958333 -0.5243
2 -1.02596 - -1.14992 -0.37446 0.835 -
3 -0.26321 -0.452 -0.2671 - 0.64124 1.103333 -0.10551
5 -0.44315 -0.2517 -0.0591 -0.41583 0.69314 3.905 -0.21293
6 -1.25388 -1.06364 -0.19717 - - 1.527667 -0.98044
7 -0.72586 -0.67215 -0.02172 - 0.36797 1.500333 -0.68247
11 -0.57327 -0.50502 -0.89518 -1.07283 0.26586 0.416 -0.41025
12 -0.21279 -0.14797 -0.53139 -0.45615 0.69314 1.163333 -0.03719
15 -0.43203 -0.30556 0.121496 -0.55284 0.39211 2.096333 -0.24886
16 -1.55025 -1.40279 -0.14846 - - 1.515333 -
17 -1.32082 -0.70415 -0.11699 -0.32003 1.23049 2.329 -0.458
18 -1.10621 -0.97197 -0.4873 -0.43781 1.22761 2.906667 -0.57085
19 -0.67086 -0.68691 -0.49323 -0.37711 1.01238 1.903333 -0.34954
20 -0.98869 -0.99807 -0.45441 - 0.31055 1.399333 -0.90651
21 -1.45106 -1.32824 -0.83953 -0.34057 1.27921 1.940333 -0.57531
22 -1.70528 -1.76861 -0.96629 - - 1.145667 -
23 -0.22379 -0.19252 -0.14039 -0.65758 0.86922 1.764667 -0.03312
24 -0.35208 -0.33251 -0.26834 -1.0801 0.81217 1.429333 -0.17221
25 -1.11994 -1.79992 -1.3456 - - 0.741 -
26 -1.34055 -1.2694 -0.31762 1.20774 2.152333 -0.65565

Enrichment factor (Ef)

To detect the anthropogenic origin of metals, Ef
was is as introduced by Birch (2003). For Cu,
site 17 is moderately enriched, sites 3, 19, 20,
22, and 25 have no enrichment; while the other
sites have minor enrichment (Table 6). For Zn,
sites 1, 2, 3, 11, 12, and 25 have no enrichment,
sites 5, 19, 23, and 24 have minor enrichment,
sites 15, 18, and 21 have moderate Ef, sites 7
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and 22 are moderately severe enrichment, while
sites 6, 17, and 26 have severe Ef. For Co, sites
11, 12, 15, 23, and 24 have no enrichment, sites
5 and 19 have minor Ef, site 18 had moderate
Ef, while sites 17and 21 have severe Ef. For Cd,
sites 1, 17, 18, 21, and 26 have extremely severe
enrichment, site 19 has very severe enrichment,
sites 5, 7, 20, 23, and 24 have severe Ef, sites 2,
3, 11, 12, and 15 have moderately severe Ef.
For Pb, sites 3, 11, 12, 23 have minor
enrichment, site 24 has moderate Ef, sites 2, 7,
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15, 19, 25 have moderately severe Ef, sites 1, 5,
and 20 has severe Ef, sites 6, 17, 18, and 26 has
very severe Ef, while sites 16 and 22 have
extremely severe Ef. For Ni, sites 1, 3, 5, 6, 7,
11, 12, 15, 19, 20, 23, and 24 have minor Ef,
sites 18 and 26 have moderate Ef, while sites
17and 21 have moderately severe Ef.

Table 6. Calculated Ef for the measured metals.

Enrichment factor (Ef)

Site

Cu Zn Co Cd Pb Ni
1 125 0.81 182.57 16.57 2.53
2 - 0.75 4.48 8.86
3 0.64 0.99 8.02 2.02 1.43
5 155 242 1.06 13.68 10.83 1.69
6 154 1139 - - 27.40 1.87
7 113 5.059 - 12.41 7.98 1.10
11 1.17 047 0.31 6.90 1.55 1.45
12 1.16 0.48 0.57 8.05 1.89 1.49
15 133 357 0.75 6.67 5.66 1.52
16 140 2522 - - 53.79 -
17 413 1598 10.01 355.84 48.75 7.29
18 136 4.158 4.66 215.68 37.11 3.43
19 096 150 1.96  48.22 8.92 2.09
20 097 342 - 19.91 13.63 1.20
21 132 4.08 12.89 537.43 54.81 7.51
22 0.86 5.48 - - 58.1215
23 1.07 121 0.36 12.38 2.95 1.55
24 1.04 121 0.18 14.59 3.21 151
25 020 059 - - 9.76
26 1.17 10.54 35340 47.14 4.84

Table 7. Calculated Er and Ri for the measured metals.

Ecological risk factor (Er) and Potential
ecological risk factor (Ri)

To detect the toxicity of the studied HMs, Er is
calculated based on Hakanson (1980). The toxic
response factors of Cd, Ni, Pb, Cu, and Zn are
30,5, 5, 5, and 1 respectively (Hakanson, 1980).
For Cu, sites 6, 16, 18, 21, 22, 25 and 26 have
low levels of toxicity, sites 1, 7, 17 and 19 have
moderate levels, sites 3, 11 and 24 have
considerable levels, sites 5, 12, 15 and 23 have
high levels (Table 7). For Zn, sites 1, 11, 22, and
25 have low levels, sites 3, 12, 18, 19, 20, 24,
and 26 have moderate levels, sites 5, 7, 16, 17,
and 23 have considerable levels, while site 15
have high level. For Cd, sites 2, 7, 11, 15, and
20 have low levels, sites 3, 5 and 12 have
moderate levels, sites 19, 23 24 have
considerable levels, while sites 1, 17, 18, 21,
and 26 have high levels. For Pb, site 11 has
moderate levels, sites 2 and 25 has considerable
levels, sites 1, 3, 6, 7, 12, 15, 16, 19, 20, 21, 22,
23, and 24 have high levels, while sites 5, 17,
18, and 26 have very high levels. It is noted that
site 5 was the highest value of Er. According to
Hakanson (1980), Ri is identified as the sum of
all of risk factors. These values range between
122.93 (site 25) and 1278.12 (site 5), with an
average of 676.30. Sites 2 and 25 have low Ri,
site 22 has moderate Ri, sites 6, 7, 11, 16, and
20 have considerable Ri, while sites 1, 3, 5, 12,
15, 17,18, 19, 21, 23, 24, and 26 have very high
Ri (Fig. 6 c).

Ecological risk factor (ER)

Potential ecological risk index (Ri)

Site Cu Zn Cd Pb Ni
1 50.25 13.69 2913 293.75 1525 801.49
2 - 10.09 57 125.25 : 14104
3 119.2 77.04 501 165.5 400 820.84
5 189.05 124.37 66.6 585.75 312.35 1278.12
6 29.15 905 - 229.15 5335 402.15
7 718 135.55 315 225.05 105.95 569.85
11 1055 18.14 24.9 62.4 108.3 409.24
12 240.05 41.92 66.6 1745 468.15 991.22
15 167 188.5 333 314.45 287.55 990.8
16 13.35 101.24 - 2273 5 341.89
17 66.7 108.85 2295 349.35 177.65 932.05
18 36 464 228 436 137 883.4
19 69.4 45.77 138.9 2855 228.05 767.62
20 339 50.05 276 209.9 63.25 384.7
21 15.85 20,62 256.8 291.05 1356 719.02
22 5.75 154 - 171.85 - 103
23 216.65 103.14 99.9 264.7 47255 1156.94
24 156.95 76.82 876 2144 343.05 878.82
25 535 6.43 - 111.15 5 122.93
26 18.15 68.58 2178 32285 112.7 740.08
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Discussion

This investigation tries to assess the levels of
pollution in the bottom sediments of ML after
the dredging process that carried out by the
Egyptian government. Moreover, the detection
of the ecological risks that resulted from the
contaminated sediments is another target.
Furthermore, the measurements of some
ecological parameters are essential to realize the
quality of any aquatic environment.

The measured concentrations of HMs
indicate that the average levels of the metals are
arranged as: Fe > Zn >Pb > Ni > Cu > Co > Cd.
It is noted that, Fe fluctuates in a wide range in
the sediments of ML, representing the highest
concentration than any other metal. Similarly,
Zn, Pb and Ni have wide range of variations
between different sites. Pb, Zn and Cd are toxic
elements and they have dangerous effects on
marine fauna (Zahran et al., 2015). Pb possesses
higher concentrations due to different sources,
including phosphate fertilizers, paint factories,
and gas factories (e.g., Hamed et al., 2013;
Redwan and Elhaddad, 2022). The excessive
usage of phosphate fertilizers and pesticides in
agriculture may be the reason for increasing the
levels of Cd (Redwan and Elhaddad, 2022).
Moreover, the sources of Cu and Ni may be
related to the discharges of agricultural drains in
the southern side and industrial wastes in the
eastern side (industrial region in Port Said).

The  comparison  between  the
concentrations of the measured HMs and those
of the back ground Shale (Turekian and
Wedepohl, 1961) is discussed here as follows.
The measured concentrations of Fe and Co in
all the studied sites are lower than those of the
back ground Shale. For Cu, all sites have lower
values, except site 12 (in the south-western part)
has higher value. For Zn, most sites have lower
values, with the exception of sites 5, 7, 15, 16,
17 and 23 that have higher values. For Cd, most
sites have higher values. For Pb, all sites have
higher values, with the exception of site
11(western part) has lower value. For Ni, most
sites have lower values, with the exception of
sites 3, 12, 23 and 24 have higher values.

The present distribution patterns of the
HMs in the lagoon are disturbed, due to the
dredging processes that led to the accumulation
of polluted sediments in many sites in the
lagoon. Therefore, these polluted sediment may
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be easily transported to  different
uncontaminated parts, resulting in high levels of
pollution. Consequently, the concentrations of
the examined metals have no significant trends.

To detect the relationship between the
heavy metals, Pearson’s correlation was applied
on heavy metals. The resulting correlation
matrix is shown in (Table 8). The values are
considered significant if p-value < 0.05,
moderate significant < 0.01, and highly
significant < 0.001. According to Suresh et al.
(2011), the significant positive correlation
between heavy metals reflects their common
sources, and the same behavior during the
transport. It is noted that, Fe has strong positive
correlation with Cu (0.92) and Ni (0.93),
indicating the same geochemical behavior
(Figs. 7.a, 7.b). Also Cu has a strong positive
correlation with Ni (0.93) as shown in Figure
7.c. Also, Pb has a moderate positive correlation
with Co (0.58) and a significant positive
correlation with Cd (0.49) as presented in
Figure 7.d. Moreover, Cd has a significant
positive correlation with Co (0.49). Pb is
signified as an indicator of anthropogenic
source. Consequently, Cd, Co and Zn may have
the same origin. On the other side, Fe and Cu
have no significant relationship with Cd and Pb.

It is necessary to compare the current
results with the former results on ML (Table 9),
to determine the state of the lagoon after the
development processes that carried out by the
Egyptian government. The previous studies
reflected that the southern side is more polluted
than the northern side (e.g., Abdel-Satar and
Genid, 2009; El Baz, 2017; Elmorsi et al., 2017;
Abdel Gawad, 2018; Redwan and Elhaddad,
2022).

Ni
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Fig 7 shows Pearson’s correlation on heavy metals;

(Figs. 7.a, 7.b) Fe has strong positive correlation with Cu
(0.92) and Ni (0.93); Figure 7.c) Cu has a strong positive
correlation with Ni (0.93); Figure 7.d) Pb has a moderate
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positive correlation with Co (0.58) and a significant

In this context, the current
concentration of Fe (15223.39) is higher than
those of the previous studies of Abdel-Satar and
Genid (2009), El Baz (2017) and Elmorsi et al.,
(2017). For Zn (67.15 pg/g), it is lower than that
of Redwan and Elhaddad (2022), but it is higher
than those of EL-Bady (2016) and Abdel
Gawad (2018). For Cu (16.94 ng/g), it is lower
than those of the above-mentioned studies. For

positive correlation with Cd (0.49).

Pb (50.59) and Cd (3.88), they are higher than
those of Abdel Gawad (2018) and Redwan and
Elhaddad (2022), but they are lower than those
of Abdel-Satar & Genid (2009). Also, the
unexpected lower concentrations of HMs in
some southern sites of the lagoon may be due to
the removal of huge amounts of bottom
sediments.

Table 8. Pearson’s correlation coefficients (r) between the measured heavy metals in in bottom sediments of ML.

Fe Cu Zn Co Cd Pb Ni
Fe 1
Cu 0.92*** 1
Zn 0.30 0.45* 1
Co 0.18 0.38 0.19 1
Cd -0.17 -0.08 -0.15 0.47* 1
Pb -0.03 0.19 0.45* 0.58** 0.49* 1
Ni 0.93*** 0.93*** 0.33 0.43 0.13 0.19 1

* ) kxkEE sionificant correlation at P < 0.05, moderate significant < 0.01, and highly significant < 0.001

Table 9. Comparison between the analyzed heavy metals (ug/g) in Manzala Lagoon and those measured in other

localities.
Locality Mn Fe Cu Zn Cd Ni Pb Cr Reference
Abdel-Satar and
1334 4460 9099  207.8 1061 10814 3794 - Cont 2000
Mamala L 72555 107455 3121 3953 167 3083 0077 4095 EL-Bady, 2016
anzala Lagoon, “3g1488 834247  26.34  30.32 0.0264  40.73 0.244 - Abdel Gawad, 2018
Eovpt 880 14130 110 110 18 60 20 Redwan and
' j Elhaddad, 2022
- 15223.39  16.94 67.15 3.88 45.6 50.59 - Present study
E;’;gi’“s Lagoon, 449 17550 30 50 0.2 40 30 ; Melegy et al., 2019
Eg;‘g’;‘w"' Lagoon,  s5o57 20027 4601 5293 1579 3029  29.8 4209  EL-Bady, 2016
'I\E"g";g‘t’“t Lagoon,  ggg 19340 01 139 0.7 40 59 ; EL-Bady, 2020
Mediterranean Soliman et al,
Contt Foynt 381 13256 846 2219 022 2593 1317 8274 SO
Red Sea Coast, 564 7094.4 254 24 1.05 115 8.55 183  ElKahawy et al,
Egypt 2021
Mediterranean Soliman et al,
Const Liba 28.6 571.4 154 201 8.3 222 36.6 187 SOl
Tarut Island,
Arabian Gulf , 752 3447 58 176 0.7 ; 58.7 71 Youssefetal, 2015
Saudi Arabia
Homa Lagoon, 16500- 92-
Turkey 28300 9-24 38-88 0.5-0.8 - 6-30 220 Tas and Sunlu, 2013
%‘:‘Ley"f lzmir, 50543 . 2238 9987 003 10812 4837 10956 Bergin et al., 2006
Is'd' Moussa - 304 498 ; 201 ; 969  Maanan etal., 2004
agoon, Morocco
X%Z‘i'i;a Lagoon, 1343625 2351 8995 0038 10175 21.21 10275 Belabed etal, 2011
132:2@ Lagoon, 4172719 2728 14852 151 7181 10222  99.84  Abidietal., 2022

Risk assessment of HMs

The average values of Cf are arranged as
follows: Cd (12.95208) > Pb (2.529925) > Zn
(0.706895) > Ni (0.680461) > Co (0.468158) >
Cu (0.37662) > Fe (0.322529). These values
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indicate that the sediments are lowly polluted
with Zn, Ni, Co, Cu and Fe; moderately polluted
with Pb; while they are very highly polluted
with Cd. The average value of Dc reaches
15.96, indicating a considerable level of
contamination. According to PLI, most sites are
unpolluted, whereas sites 3, 5, 12, 15, and 23 are
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polluted. Concerning the values of lge, the
bottom sediments of ML are unpolluted with
Fe, Cu, Co and Ni. On the contrary, all sites are
polluted with Pb. For Cd, most sites are polluted
and the highest value reaches 1.33 in site 1. The
average values of Er are arranged as follows: Pb
(252.99) > Ni (228) > Cd (116.56) > Cu (84.73)
> Zn (67.15). Furthermore, the average values
of enrichment factor indicate minor enrichment
for Cu (1.28); moderate enrichment for Zn
(4.96) and Co (3.28); extremely severe
enrichment for Cd (112.51); a moderate Ef for
Pb (21.05) and minor Ef for Ni (2.66).
Consequently, Cd and Pb are the principal
contributors for the ecological risk in ML.
According to Ungureanu et al. (2016), Pb and
Cd originate chiefly from anthropogenic
activities. These results indicate a high Er for Pb
and Ni; a considerable Er for Cd and Cu;
whereas Zn has a moderate Er. Moreover, the
average value of Ri (676.30), suggesting that
the bottom sediments of ML have very high
risk, due to the higher levels of Cd and Pb.

Comparison between the measured HMs and
those from other aquatic ecosystems

The concentrations of the measured HMs are
correlated with those documented from other
sites inside Egypt (Table 9 and Fig. 8) and
outside Egypt (Figure 9), including Libya,
Tunisia, Algeria, Morocco, Saudi Arabia and
Turkey (Table 9).

@Ni 60

“Pb 4 V|
1
Manzala

Bardawil Burullus  Mariout  Egyptian  Egyptian
MS.C RS.C

Fig 8 shows the concentrations of the measured HMs
which correlated with those documented from other
sites inside Egypt
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Manzala LibyanM.C. Guifof ~ Oubeira  Tunis  Tarut Island
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Fig 9 shows the concentrations of the measured HMs
which correlated with those documented from other
sites outside Egypt

Egypt

Many studies have been carried out on the
evaluation of HMs in the surface sediments of
the Egyptian lagoons and coasts, including
Burullus Lagoon (e.g., Masoud et al., 2011; El
Baz and Khalil, 2018; Melegy et al., 2019),
Bardawil, Lagoon, Mariout Lagoon (e.g., EL-
Bady, 2016), Edku Lagoon (e.g., Badr-EIDin et
al., 2022), the Mediterranean Coast (Soliman et
al., 2015a), and the Red Sea Coast (El-Kahawy
etal., 2021). In Burullus Lagoon, Masoud et al.
(2011) and El Baz and Khalil (2018) pointed to
the higher concentrations of Cd. In Edku
Lagoon, the investigation of Badr-EIDin et al.
(2022) suggested that, Cd and Pb have severe
effects on the aquatic biota. According to El-
Bady (2016), the highest degrees of
contamination were recorded in the Bardawil
Lagoon, whereas the Burullus Lagoon had the
lowest values. The study of Soliman et al.
(2015a) on the surface sediments of the
Egyptian Mediterranean coast, indicated that Fe
has the greatest concentration followed by Mn,
Cr, Ni, Zn, Pb, Cu and Cd. Moreover, El-
Kahawy et al. (2021) examine the
concentrations of metals in the sediments of the
Red Sea Coast, and concluded that the order of
metals were Fe > Mn > Cu > Zn > Cr > Ni >Pb
> Cd.

Libya

Also, Soliman et al. (2015b) recorded higher
levels of Pb (36.6 pg/g), Ni (22.2 ug/g), Cr
(18.7) and Cd (8.3 ug/g) from the sediments of
the Mediterranean Coast of Libya. They
concluded that, the sediments were polluted
with Cd. Also, Omar et al. (2021) investigated
the metal pollution in the surface sediments
along the northeastern coast of Libya and
indicated that the metals were arranged as Al >
Fe > Mn > Zn > Cu > Pb > Cd. They concluded
that the concentrations of metals have lower
values than those of the background, with the
exception of Cd, that has higher values in some
sites.

Tunisia

Fe has the highest content (41727.19 pg/g),
followed by Zn (148.52 png/g), Pb (102.22
ug/g), Cr (99.84 nug/g), Ni (71.81 pg/g), Cu
(27.28 pg/g), and Cd (1.51 pg/g), according to
a study by Abidi et al. (2022) in the bottom



Heavy Metals in the Bottom Sediments of El Manzala Lagoon ...Scientific Journal for Damietta Faculty of Science 15(2) 2025, 58-

72

sediments of the South Lagoon of Tunis.
Algeria

Belabed et al. (2011) showed that the sediments
of Oubeira lagoon display the following levels
HMS: Fe (13436.25 pg/g), Cr (102.75 pg/g), Ni
(101.75 pg/g), Zn (89.95 pg/g), Pb (21.21 pg/g)
and Cd (0.038 pg/g).

Morocco

Also, many investigations have been carried out
on the assessment of HMs in the bottom
sediments of different Moroccan ecosystems
(Maanan et al., 2004; Ben bouih et al., 2005;
Tnoumi et al., 2022). The study of Tnoumi et al.
(2022), on the sediments of Khnifiss Lagoon
recorded minor enrichments with Ni and Cd.

Saudi Arabia

In the Arabian Gulf, Saudi Arabia, Youssef et
al. (2015) recorded higher values of Pb (58.7
ug/g) from the surface sediments of Tarut
Island.

Turkey

The geochemical analysis of Bergin et al.
(2006) for the HMs in the surface sediments of
the Gulf of Izmir, reflected that Mn had the
highest levels followed by Cr, Ni, Zn, Pb, Cu,
Cd. They observed high values for Cr (109.56
Mg/g), Ni (108.12 ug/g), Zn (99.87 ug/g) and
Pb (48.37 ug/g). Moreover, Tas and Sunlu
(2013), indicated that the concentrations of Fe
in the Homa lagoon ranged from 16500-28300
Mg/g, Cr (92-220 ug/g), Zn (38-88 ug/g), Cu (9-
24 ug/g), Pb (6-30 pg/g) and Cd (0.5-0.8 ug/g).
From the above-mentioned studies, it is
clear that the current levels of Fe in ML is
higher than those recorded in Burullus (Melegy
et al., 2019), Egyptian Mediterranean Coast
(Soliman et al., 2015a), Egyptian Red Sea (El-
Kahawy et al., 2021), Libyan Mediterranean
Coast (Soliman et al., 2015b), Oubeira Lagoon,
Algeria (Belabed et al., 2011); Tarut Island,
Arabian Gulf, Saudi Arabia (Youssef et al.,
2015) and Gulf of Izmir, Turkey (Bergin et al.,
2006), but it is lower than those recorded in
Mariout (EL-Bady, 2016) and the South
Lagoon of Tunis, Tunisia (Abidi et al., 2022).
For Cu, It is lower than those recorded
in the Burullus (Melegy et al., 2019), Bardawil
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(EL-Bady, 2016), Egyptian Red Sea (El-
Kahawy et al., 2021), Gulf of Izmir, Turkey
(Bergin et al., 2006), Sidi Moussa lagoon,
Morocco (Maanan et al., 2004), Oubeira
lagoon, Algeria (Belabed et al., 2011), Tunis
Lagoon, Tunisia (Abidi et al., 2022), but it is
higher than those of the Egyptian
Mediterranean Coast (Soliman et al., 2015a),
Libyan Mediterranean Coast (Soliman et al.,
2015b), Tarut Island, Arabian Gulf, Saudi
Arabia (Youssef et al., 2015) and Homa
Lagoon, Turkey (Tas & Sunlu, 2013).

For Zn, It is lower than those recorded
in Mariout (EL-Bady, 2016), Gulf of Izmir,
Turkey (Bergin et al., 2006), Oubeira lagoon,
Algeria (Belabed et al.,, 2011) and Tunis
Lagoon, Tunisia (Abidi et al., 2022), but it is
higher than those in Burullus (Melegy et al.,
2019), Egyptian Red Sea (El-Kahawy et al.,
2021),Sidi Moussa lagoon, Morocco (Maanan
et al., 2004), Egyptian Mediterranean Coast
(Soliman et al., 2015a); Libyan Mediterranean
Coast (Soliman et al., 2015b), Tarut Island,
Arabian Gulf, Saudi Arabia (Youssef et al.,
2015) and Homa Lagoon, Turkey (Tas and
Sunlu, 2013).

For Cd, it is higher than those recorded
in all the above sites, with the exception of
Bardawil (EL-Bady, 2016) and Libyan
Mediterranean Coast (Soliman et al., 2015b).
For Ni, it is higher than those recorded in all the
above environments, with the exception of Gulf
of Izmir, Turkey (Bergin et al., 2006) and
Oubeira lagoon, Algeria (Belabed et al., 2011).
For Pb, it is higher than those recorded in all the
above ecosytems, with the exception of Mariout
Lagoon (EL-Bady, 2016).

Conclusions

The continuous monitoring for pollution is very
essential for saving the health of ML. Based on
the geochemical analysis of HMs in the bottom
sediments of ML, the metals are arranged as: Fe
>Zn>Pb>Ni> Cu>Co>Cd. Compared with
many other aquatic ecosystems in Egypt, ML
possesses higher concentrations of Fe, Pb, Cd,
Zn and Ni. On the contrary, it displays lower
levels of HMs compared with north African
Lagoons. This study tries to assess the levels of
pollution depending on the contamination
indices. The findings of Cf reflect that the
sediments have high contamination with Cd,
moderate contamination with Pb, and lowly
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contamination with Zn, Ni, Co, Cu and Fe. The
values of lg, indicated that the sediments are
unpolluted with Fe, Cu, Co and Ni; unpolluted-
moderately polluted with Cd; and moderately to
strongly polluted with Pb. Moreover, the
average values of enrichment factor indicate
minor enrichment for Ni, Cu, moderate
enrichment for Zn, Co, severe enrichment for
Pb and extremely severe enrichment for Cd.
The results of risk factors reflect a higher risk
for Pb and Ni; a considerable risk for Cd and
Cu; whereas Zn displays a moderate risk. The
average value of Ri (676.30) suggest that
sediments have very high risk. Thus, Cd and Pb
are the principal contributors for the ecological
risk in ML.
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Abstract

Coastal aquifers are vital freshwater sources worldwide, yet they are increasingly threatened by
seawater intrusion due to over-extraction and climate change. The Nile Delta aquifer, one of the
largest coastal groundwater reserves in the world, is particularly vulnerable to salinization, posing
significant risks to agriculture, industry, and drinking water supplies. This exacerbates land
salinization, infrastructure corrosion, and stresses the local economy. This study aims to explore the
efficiency of the Time Domain Electromagnetic (TDEM) method in delineating seawater intrusion
within coastal aquifers. The time domain electromagnetic method was used to collect 50 data points
along a 50km profile perpendicular to the shoreline towards Mansoura City. Appropriate data
processing techniques were applied to increase the signal-to-noise ratio and enhance the readability
of data as the area has high cultural noise. Geophysical data inversion and interpretation showed the
salt-fresh water boundary. Lithological data from the monitoring well allowed for the calibration of
the geophysical model to ensure better results. TDEM data closely matched well data with an
average error margin of 5%, showing seawater intrusion extending more than 40 km inland with a
gradient nature. Intrusion depth varied between 10 and 20 meters. This confirms TDEM's
effectiveness as a fast, cost-effective tool in mapping the salt-fresh water interface in the Nile Delta
aquifer. While TDEM has been employed in various coastal settings, it hasm’t been employed in the
heterogenic nature of the Nile Delta aquifer. This research suggests integrating TDEM with the
current monitoring network for tracking changes in aquifer parameters, challenging the complex
nature of the area to provide successful results. This approach offers a foundation for improving
groundwater management susceptibility and updating water policy.

Keywords: Groundwater salinization, Environmental Monitoring, Water Resource Management,
Aquifer characterization, Hydrological hazards
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Introduction

Population growth represents increased stress
on water availability. This resulted in a
continuous decrease in the individual share of
water since 1990, placing Egypt with the lowest
individual share of water per person in the
world (Abd Ellah, 2020). Renewable water
resources are limited in Egypt due to the defined
share of Nile water as the main source of water.
According to the FAO AQUASTAT database
SDG 6.4.2 parameter, the level of water stress
in Egypt is 141.17%, meaning freshwater
withdrawals exceed renewable water resources,
causing unsustainable utilization. This creates a
high risk of resource depletion, environmental
degradation, and long-term water scarcity,
urging better water management practices. This
makes the groundwater a precious resource that
acts as a safety net for Egypt (Negm et al.,
2019). The Nile Delta Aquifer is in direct
contact with the Mediterranean Sea, which
makes it subject to contamination with saltwater
(Sefelnasr & Sherif, 2014)

Seawater intrusion is a widespread issue
affecting coastal aquifers all over the world, as
its progression is affected by external factors as
groundwater pumping, irrigation and recharge
operations, land use, and sea level rise, where
the Egyptian coast is most vulnerable (Bear,
1999; El Raey et al.,, 1999). Groundwater
salinity is affected by seawater intrusion,
increasing seaward and depth-wise due to the
increased density of more saline water naturally
sinking due to gravity. (Sefelnasr & Sherif,
2014). This growing need for water is
compensated by the unsystematic pumping of
underground water by the villagers, which
exceeds the replenishment rate of the aquifer.
(Sherif, 1999). This process decreases the
pressure in the freshwater zone and allows for
saltwater to invade the aquifer. (Abd-Elaty &
Polemio, 2023). In addition, the saltwater
creates spikes of saltwater (Figure 1). With
more surface area being mixed with salt water,
the speed at which the saltwater diffuses into the
aquifer increases (Zeidan, 2017).

The United States Environmental Protection
Agency points out that chloride-rich water may
present several issues, such as high blood
pressure, a salty taste, the corrosion of piping,
fixtures, and appliances, with potential
blackening and pitting of stainless steel. (Wiltse
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& Dellarco, 1996). Agricultural land
salinization caused by seawater intrusion poses
a significant threat to food production. Salt can
degrade buildings, roads, and water supply
systems, increasing operational costs and
reducing efficiency. This means saltwater
intrusion places immense stress on the
economic system, food chain and health system
and thus should be considered as a major threat
to our country (Mohamed, 2016). The Nile
Delta represents 40% of crops, 50% of fish
wealth and contributes 60% of industrial yield,
which makes it a major contributor to the
Egyptian economy (El Raey et al., 1999).

Shoreline

s

Fresh water

Figure 1 Illustration of saltwater intrusion in a
coastal aquifer due to over-pumping of groundwater,
altering the subsurface hydrodynamics and water
quality. The fresh-saltwater interface is in a dynamic
balance governed by hydrogeological conditions and
human activities.

Previous studies aimed to determine the
effect and extent of seawater intrusion on the
Nile Delta aquifer using the time domain
electromagnetic method as an efficient, cost-
effective tool. The effect of seawater intrusion
in the area was proven by (Ahmed et al., 2013)
using chemical analysis of water samples
obtained from several wells in the area. (Nofal
et al.,, 2015) suggested the presence of a
complex wedge system of four saline wedges
intruding into the aquifer. The freshwater only
exists in the top two wedges, with the rest of the
reserve in the aquifer being saline and brackish.
Later studies depended mostly on soil samples
represented by Elsaid Saeed (2021) due to
limited accessibility to well data. (Ding et al.,
2020) introduced the possibility of using remote
sensing data to predict seawater intrusion. More
advanced remote sensing techniques combined
with multivariate statistical analysis introduced
by Abd El-Hamid et al. (2023) provided
promising results in the area. These results can
be limited by the capabilities of remote sensing
data, low resolution and inaccessibility to
detailed subsurface data, depending on indirect
indications of seawater intrusion.

This study aims to determine whether the
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time domain electromagnetic method (TDEM)
can be used to determine the seawater intrusion
in this area. The approach is expected to provide
the lateral and depth extent of seawater
encroachment into freshwater based on
previous work conducted in comparable
settings (El-Kaliouby & Abdalla, 2015). The
objective is to realize the efficiency of TDEM
in providing models of the groundwater system
at a site where seawater intrusion has occurred
with accurate results. The results will contribute
to the better management of coastal aquifers
with changing saltwater extent and help and
protect the essential water supplies and local
economy.

Geologic settings

The Nile Delta aquifer is considered one of
the largest groundwater reserves in the world. It
is a coastal aquifer that lies under the delta
region of Egypt, with a thickness ranging from
200 meters in the south to 900 meters along the
shoreline (Sefelnasr & Sherif, 2014) Refilled by
irrigation activities, it is a source of water in
Egypt and a vast storage facility providing
flexibility of management (Elbeih, 2016). The
aquifer occupies the Quaternary and Late
Tertiary deposits with a water table less than 1
meter below the surface, subjecting the water to
various surface contaminants (Sharaky et al.,
2016). Groundwater movement follows the
general topography, moving from south to
north, aquifer recharge sources include the
Damietta Branch, flood irrigation water, and
rainfall (Gamal et al., 2023).

The study area is located in the
northeastern Nile Delta, covering a 50 km
profile from the northwest border of New
Mansoura City towards Mansoura (Figure
2). This region is composed of fluvial-
deltaic deposits represented in thick sand
Bilgas Formation deposited with Holocene
age, topped with silty Bilgas Formation as
valley deposits (Pennington et al., 2017).
Based on this model, the Nile Delta aquifer
has been defined by a simplified model,
treating it as a homogeneous sand-gravel
aquifer capped by a clay layer. This model
divided the aquifer into a three-layered
structure: an upper Holocene aquitard, a
primary  gravel-sand  aquifer  with
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intermittent clay lenses, and a lower
Pliocene clay aquiclude that serves as the
base (Negm et al, 2019). This
representation suggested a continuous,
uniform aquifer, with a gradual southward
homogeneity, dipping at an average slope of
4 meters per kilometre. However, recent
studies challenge this simplicity. The
updated model reveals a more complex,
"finger-like™ configuration, with sand and
clay layers alterations, varying both
laterally and vertically (Nofal et al., 2015).
This complexity in lithology arises from the
dendritic drainage pattern system creating a
multilayer aquifer, allowing the saltwater to
invade some wedges more than others and
creating lenses of salt and fresh water at
various depths. (Nofal et al., 2015;
Pennington et al., 2017).
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Figure 2 Satellite image of a part of Egypt including
The Nilde Delta valley and River. The study area in
located in the northern part of the east and middle
delta within the jurisdiction of Damietta and
Dakahlia Governerates.

The fluvial-deltaic origin of these deposits
means that sedimentation patterns vary
significantly across the profile. Near the
shoreline, deposits are thicker, with sands and
gravels providing primary pathways for
groundwater flow, while inland, the clay
content increases, reducing permeability
(Coutellier & Stanley, 1987). This variability
influences the rate and extent of seawater
intrusion, as the saline front moves more readily
through high-permeability sandy layers and is
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hindered by low-permeability clay zones sand channels or be restricted by clay barriers
(Stanley Andrew G., 1993). (Zeidan, 2017). The aquifer's structure not only

This complex layering and variable limits the predictability of traditional models
lithology make it challenging to accurately but also calls for more sophisticated techniques
predict the movement of seawater intrusion, as to assess the freshwater-saltwater boundary
saline water can bypass certain layers through accurately (Dawoud, 2004).
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Figure 3 A satellite image of The Nile Delta showing the locations of RIGW National monitoring network modified
after (Dawoud, 2004)

heterogeneity of the aquifer, made the model
less reliable. Over time, funding declined. The
network degraded. In many areas, testing
Egypt established the National stopped in most wells. We relied on data from

Groundwater Quality Monitoring Program three:\ nearby wells t.ha.lt still provide recent
(NGQM) in 1998 to monitor both seawater readings. However, this information was clearly

intrusion and point pollution through wells insufficient. As a results, we relied on water

(Figure 3). The design of this program faced a samples collected during recent construction

challenge to cover both problems with limited activities in the area. The data show total
data and budget, adding stress on the model dissolved salts (TDS) ranging from 2,650 ppm
design. to 24,500 ppm. High salinity values were

Due to factors like geographical observed near the coast and at greater depths.

distribution,  hydrogeological  variability, For instance, Point 1 (I5m) recorded the
population density, groundwater usage, and highest Sal!nlty at 24,500 ppm. Deeper wells
projected pollution loads, a relatively small such as Point 7 (250 m) also showed elevated
number of wells were assigned to cover broad TDS (20,000 ppm), while inland and shallower
regions (Dawoud, 2004). Since the monitoring points like Point 8 (30m) had much lower
network was established, measurements have concentrations (2,650 ppm). This pattern points
largely depended on the project’s available towa_rd both lateral _and vertical salinity
budget. That, combined with the natural gradients across the region.

National Monitoring Efforts and Limitations
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Table 1: TDS values of water sample and monitoring
well data showing depth and TDS variation across
the study area. Coastal and deeper points tend to
show higher salinity

TDS
24500

Latitude
31.478699
31.404750
31.421825

31.419531

31.407972
31.369006

31.363056

31.279604
31.201812

31.127372

Point  Type

1 Water sampling
Water sampling 35 6780
Water sampling 40 16200
Monitoring 250 7650

wells
Water sampling 25 4710
7770

Water sampling 25
Monitoring 250 20000

wells
Water sampling 30 2650
7560

Water sampling 35

Monitoring 200 11000
wells

Depth Longitude
15

31.426046
31.499383
31.423809

31.363739

31.364450
31.475753

31.421667

31.298451
31.438938

31.363687

|| N (oo &~ |w|N

=
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Methods
Time Domain Electromagnetic Method

This approach is a non-invasive, cost-
effective method that does not need direct
contact with the ground, which gives it the
advantage of application in different terrain
settings (Spichak, 2015). It can be used to detect
the fresh and saltwater interface (Yang et al.,
1999). The depth of investigation is controlled
by the physical conditions of the area; a 25 m?
square of wire was expected to reach a depth of
75 m (Zhdanov, 2009).Another set of data,
represented in chemical analysis data from both
deep and shallow wells in the area, was
collected to draw a TDS profile. This profile
aimed to investigate the trend in water salinity
in the area shown in Figure 4.

Survey Design and Acquisition

Considering the extent of the saltwater
intrusion, the TDEM stations were spaced at
nearly 1km, avoiding possible obstacles as fish
farms and inaccessible land. The stations were
set to be perpendicular to the shoreline to
guarantee that they cut through the fresh-salt
water boundary. This resulted in 50 stations at a
50km distance from the northwest side of New
Mansoura city to the northern boundaries of
Mansoura city (Figure 5). The device used is a
direct current transmitter and a receiver, both
connected to a wire spread on the ground as a
square with 25m side length that was expected
to reach up to 75m, which may decrease due to
soil salinity. The device used was an AIE-2
Measuring System (TDEM), comprising the
TDEM-200 transmitter, TEM-IP receiver, and a
control unit. This allowed us to record the decay
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western New Mansoura (Station 1), extending
perpendicular to the shoreline ending at Mansoura
city borders (Station 2).
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Figure 5 Shallow water samples collected from
architectural projects in the area with an average
depth of 35m and the deep samples collected from
existing monitoring wells with an average depth of
250m.

Figure 6 Field setup for Time-Domain
Electromagnetic (TDEM) data acquisition. (Top)
Configuring the receiver and connecting the loop.
(Bottom) AIE-2 Measuring System, including a
power source connected to the transmitter, and loop
connections for signal generation. A phone-like unit
controls the survey parameters and operation.
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Data Processing and Inversion

One challenge encountered was
cultural noise due to municipal infrastructure,
which interfered with the recorded decay
curves. Noise distortion was particularly
noticeable in the deep sections at some stations,
necessitating the removal of these segments. A
summation of the three decay curves at different
voltages was calculated at each station,
resulting in a higher signal-to-noise ratio.
Some readings had to be manually adjusted
to guarantee less ambiguities during the
inversion process (Figure 7). According to
the initial investigation of the data, a smooth
inversion algorithm was applied to the
processed data, utilizing a smoothing factor
of 0.01 and a depth smoothing factor of 2,
and an initial 4-layer model, which was
edited whenever necessary. A fitted model
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with an average 5% error margin, which
was supervised to ensure a reasonable
geological fitting model. The resulting
inverted pseudo-section figure (8) showed a
wedge of decreased resistivity that has
maximum thickness at the shore and
decreases gradually as we proceed to the
south with increasing depth. The data
represented in Table 2 shows variation in
resistivity in ohm.m (Q.m) against layer
thickness in meters. Station (1) is the first
station on the seashore towards the north
and Station (50) is the last station towards
the south at Mansoura city. The values show
a general decrease in resistivity with depth,
suggesting increased salinity and increasing
towards the south as fresh water prograde
invading the saltwater zone into the more
brackish layer.

(b)

Figure 7 The TDEM decay curve at different voltages reading showing two station readings of the raw
preprocessed data with cultural noise at (a) and the processed curves at (b). processing techniques includes

removing highly distorted data at the end of profile

Table 2: Variation of resistivity (Q.m) with depth across stations from the seashore to Mansoura city, illustrating

the transition from saline to freshwater conditions.

Station (1) Station (10) Station (20) Station (30) Station (40) Station (50)
Q.m H Q.m H Qm H Q.m H Q.m H Q.m H
Layer 1 35506 1195  6.024 2529 4286 4574 8078 12195 4946 282 52029 6.634
Layer2 1224  0.78 1014 2978 116 3447 4972 5655  3.77 244 13193 19.162
Layer3  0.36 1.989 0339 4.997 0427 34658 2062 13433 13 4663 5377  40.122
Layer4 0467 40859 0.478 33567 00496 17.245 1357 22653 024 2022 2.693  55.842
To further enhance the reliability of the TDEM integration included comparing both

data, the results were cross-valid with well data
obtained from the monitoring network
established by the RIGWA institute. This
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lithological and chemical analysis for the
calibration of the TDEM model to assess the
reliability of the model.



Advancing Aquifer Monitoring: TDEM’s Application in...

Scientific Journal for Damietta Faculty of Science 15(2) 2025, 73-82

Figure 8: Inverted pseudo-section of TDEM data
illustrating resistivity data in ohm.m on y-axis
against distance starting at station (1) to the right
towards the north at shoreline to station (50)
southward to the left. Seawater intrusion shown as a
descending wedge represented with resistivity less
than 1 ohm and colors ranging from dark green to
blue

Results

Based on TDEM data, the observed depth
of penetration varied significantly across the
study area, influenced by local salinity levels. In
more saline areas, the penetration is restricted to
about 60 meters; in less saline zones, this goes
up to 80 meters.

The inverted section (Figure 9) showed
three distinctive layers according to their
resistivity, which was cross-validated with a
geologic section obtained from a nearby well.
The surface sand layer showed high resistivity,
which was either dry or irrigated with fresh
water. This layer increase in thickness towards
the south corresponds to the increase of the
water table depth.

Figure 4: Inverted resistivity section along the
profile, displaying resistivity values (Q'm) with
depth. The X- axis represent the stations from 1 to
50 and the Y-axis represent depth in (m). Warmer
colours indicate higher resistivity zones, while
cooler colours represent lower resistivity regions

Beneath, alternating sand and mud layers
displayed moderate resistivity variations, with
sand-dominant  sections showing higher
resistivity compared to clay-rich areas. The
saltwater intrusion was revealed as a very low
resistive zone with resistivity values between
0.1 and 3 ohm-m, extending inland from the
coastline.

Moving southward from station 29, about
24 km inland, resistivity started to increase,
which showed that the groundwater transitioned
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into the brackish zone, which could potentially
be a water resource. Further to the south, the
apparent decrease in the value of resistivity
would seem to be related to decreased salinity
rather than changes in sediment type, since this
trend was observed from both sandy and clay-
rich sections.

The TDEM profile was compared with
lithological data from wells provided by the
Research Institute of Groundwater (RIGW) to
assess the influence of saline and freshwater on
resistivity measurements. The obtained section
supported the predictions of the TDEM data of
layer stratigraphy, eliminating the possibility
that the resistivity difference is caused by
lithological differences rather than fluid
salinity.

To check this observation, we compared the
TDEM profiles with the lithological data of the
wells of RIGW. The results were quite
consistent, meaning the variation in resistivity
is controlled by the salinity of the fluids rather
than by lithology. This was further supported by
the TDS determinations shown in Figure 10,
giving very high concentrations in the northern
parts of the profile, topping 20000 ppm, while
southward it gradually decreased to about 3000
ppm. This pattern no doubt has shown the extent
of seawater intrusion in the study area.

TDEM profile length, along with
insufficient well control, restricted resistivity-
salinity calibration in the studied locations. As
a result, determining the extent of the fresh-
saline water interface is still debatable due to
the gradual nature of the intrusion, resulting in
a wide area of brackish water.

Figure 10: Total dissolved salts profile along the
study area from the North (right) to the south (left)
perpendicular to the shoreline

Discussion

This paper focuses on the dynamics of
seawater intrusion in the Nile Delta aquifer and
demonstrates the effectiveness of TDEM in
mapping the salt-freshwater  boundary.
Saltwater intrusion is inferred inland,
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transitioning to brackish water and eventually
freshwater further south. The resistivity
variations observed are controlled by salinity
differences rather than lithological complexity,
which has been validated using well data. The
identified brackish zone could support
irrigation or industrial use, reducing freshwater
demand.

While TDEM was successful in defining
these limits, poor conditions such as cultural
noise, sparse well data and insufficient funding
prevented the determination of the freshwater
boundary with enough accuracy. The
transitional nature of the saline-brackish zones
makes it difficult to define a more precise salt-
freshwater interface. Although we managed to
collect data from local wells and some soil
samples, the regulation on water data and the
scares recent well data made it challenging to
validate the model with the expected certainty.
This data could have been enough to conclude a
reliable model, but the area has a high
heterogenic lithology that controls aquifer
parameters and seawater intrusion in the area
which makes it challenging to interpolate data
and calls for further research for specific sites
or projects. The complex lithology of the area,
high power line network and scattered urban
residential complexes created a simple
electromagnetic noise enough to disturb the
data in some stations and prevented readings in
others altogether.

Despite these limitations, TDEM showed a
promising and economically viable non-
invasive technique for coastal aquifer
monitoring, while the characterized brackish
zone provides possible use for non-potable
purposes. This issue is not unique—many
coastal aquifers in Mediterranean countries
experience similar challenges. The outcomes
here could likely be adapted in those regions
with relatively low effort and cost. And beyond
that, the tool helps guide decision-makers as it
offers a practical way to set up a basic, cost-
effective monitoring network—especially in
areas where data is scarce—by mapping the
region and identifying both hazard zones and
preliminary salinity levels.

Conclusion
This study proves that the time domain

electromagnetic method is a cost-effective tool
for delineating seawater intrusion to guarantee
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the continuity of the monitoring process in the
Nile Delta aquifer. We managed to map
seawater intrusion with proximity to what was
determined by well data, showing intrusion
extending landward up to 24km. This survey
extended to 50km and reached a depth of 60m,
which can be increased by increasing loop size,
time and power. These changes to survey
configuration have a small effect on cost but
yield better results. Processing cultural noise
from the data was deemed to be challenging
using traditional software and inversion
techniques, but showed promising potential for
more advanced techniques, such as deep
learning-based noise filtering (e.0.,
convolutional neural networks, CNNs) and
unsupervised clustering algorithms (e.g., K-
means, DBSCAN) for noise identification,
which could enhance signal extraction.
Additionally, Bayesian inversion and physics-
informed neural networks (PINNS)
implemented in Python offer promising
alternatives for improving resistivity inversion
accuracy in complex environments. However,
due to the limitations in computational expertise
at the time of this study, traditional processing
methods were employed. Accordingly, we
recommend the integration of available well
data and TDEM surveys to manage seawater
intrusion with the sustainability of groundwater
resources and using more advanced processing
techniques. based on TDEM survey data,
protected areas where groundwater use is
restricted can be set to protect against further
intrusion.

Data Availability Statement

Well data that was used in this research is a
combination of published data in research and
new updated data that can be requested from the
Research Institute of Groundwater (RIGW) in
Egypt. Time domain electromagnetic data is the
property of the authors acquired through field
surveys. The datasets generated during and/or
analyzed during the current study are available
from the corresponding author upon reasonable
request.
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Abstract

This study focuses on the isolation of enterococci, a subset of lactic acid bacteria (LAB). The study
involves the identification of these isolates through morphological, biochemical, as well as
molecular identification using 16S rRNA gene sequencing methods, alongside an exploration of
their antimicrobial efficacy. Three isolates were obtained from milk and yoghurt samples, identified
as Enterococcus faecium. Tolerance of the isolates to bile salts (up to 40%) and mild acidity
(pH=4.5), makes them survive in guts and thus applicable as probiotics. The cell-free supernatants
(CFSs) derived from these isolates exhibited significant antibacterial activity where inhibition zones
reached 9.3-10.33 mm against Proteus vulgaris, Staphylococcus aureus and Staphylococcus albus;
while zones recorded against Pseudomonas aeruginosa, Serratia marcescens, Klebsiella
pneumoniae and Escherichia coli, reached 3-8.3 mm. By contrast, they showed no efficacy against
fungi. Notably, the antimicrobial activity of CFSs was maintained at various temperatures, including
autoclaving conditions (121 °C). The isolates displayed tolerance across a wide pH range (2.5-9.5),
with enhanced activity observed at acidic pH levels compared to basic ones. Heat and pH stability
of supernatants encourage their use as bio-preservatives.

Keywords: Enterococcus faecium, Biochemical characterization, 16S rRNA, Antimicrobial activity

forming microorganisms with the ability to
produce lactic acid. This bacterial group holds
significant technological relevance, showcasing
features such as proteolytic activity,
polysaccharide production, and remarkable
resistance to freezing and freeze-drying.
Additionally, LAB exhibit probiotic properties,

Introduction

Various genera of cocci lactic acid
bacteria, encompassing Pediococcus,
Leuconostoc, Weissella, Lactococcus,

Enterococcus, and Streptococcus (Whitman et
al., 2015), exhibit distinctive characteristics.
Lactic acid bacteria (LAB) are Gram-positive,
non-motile, catalase-negative, and non-spore-
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including adhesion and colonization in the
digestive mucosa, vitamin production, and the
synthesis of antimicrobial compounds (Ananou
etal., 2007; LeBlancetal., 2011; Oliveiraet al.,
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2008). Notably, LAB demonstrate the
inhibition of various bacteria, such as
Escherichia,  Staphylococcus,  Salmonella,
Shigella, and Bacillus, along with antifungal
activity against Candida sp. (Adikari et al.,
2021; Islam et al., 2020).

The use of probiotic strains in
treatments is considered both safe and stable,
avoiding an increase in the risk of multi-drug
resistance among pathogens (Roghmann &
McGrail, 2006). The antagonistic mechanism
between LAB and harmful genera relies on the
production of metabolites, including organic
acids (such as lactic and acetic acid, leading to
a pH decrease that is unfavorable to some
pathogens and spoilage microorganisms),
bacteriocins, hydrogen peroxide, antifungal
peptides, and competition for nutrients
(Vasiljevic & Shah, 2008; Rahmeh et al., 2019).
LAB coatings present a viable alternative to
chemical compounds, enhancing the shelf life
and safety of fresh-cut fruits, such as pineapple
(Lee et al., 2020 ; Tenea et al., 2020 ; Yang &
Moon, 2021).

Enterococcus faecium emerges as a
potential bio-preservative in dairy and meat
products to control Listeria monocytogenes,
capable of growth at refrigeration temperatures
(4 °C) (Lee et al., 2020). Lactic acid bacteria
find applications in diverse sectors, including
ruminants like cattle, poultry, and beekeeping,
contributing to health, growth, reproductive
success, and protection against diseases (Yang
& Moon, 2021). The supplementation of milk
with probiotic lactic acid bacteria, such as E.
faecium, L. plantarum, and L. acidophilus, has
been linked to increased weight in young calves
(Frizzo et al.,, 2011). In the production of
artisanal cheeses, numerous enterococci (e.g.,
E. avium, E. durans, E. faecalis, E. faecium, E.
hirae, E. lactis, among others) play a vital role
in imparting unique flavors (Dapkevicius et al.,
2021).

Nisin, the widely used bacteriocin as a
food Dbio-preservative, shows decreased
stability and a narrow pH range (5.0 - 7.0), with
only slight effects on gram-negative bacteria.
This prompts the exploration of new
antimicrobial components with a broad
spectrum (Héchard & Sahl, 2002). The safety
and efficiency of antimicrobial compounds
from lactic acid bacteria, have garnered
considerable attention in recent research as
potential natural alternatives to antibiotics and
chemical preservatives in the food industry

84

(Bhakta et al., 2023).

Thus, this study aims to investigate and
characterize the antimicrobial components of
lactic acid bacteria, with a specific focus on
enterococci, to explore their potential as natural
alternatives to antibiotics and chemical
preservatives in the food industry.

Materials and Methods:
Isolation of Lactic Acid Bacteria (LAB):

A 10 dilution of selected food samples
(bovine milk, yoghurt) was prepared in
approximately 10 ml sterile distilled water
(SDW). Each diluted sample (0.5 ml) was
plated on de Man, Rogosa, and Sharpe (MRS)
agar plates (de Man et al., 1960) and incubated
under aerobic conditions at 37 °C for 3 days.

Morphological Characterization:

Colonies with white, convex or raised,
smooth surfaces and diameters (< 2 mm) were
selected for purification (on MRS agar) and
Gram staining (Grange & Lyne, 2004). Gram-
positive cocci isolates were purified through
repeated streaking on MRS agar plates, with
strains isolated from milk and yoghurt denoted
by the letters (M) and (), respectively.

Preservation of Isolates:

Short-term storage (for 1 month at 4
°C) involved three methods: agar slant, stab
inoculation using semi-solid MRS medium
(with 0.3% CaCl, as pH neutralizer) as
described by Bjorkroth and Holzapfel, 2006),
and inoculation of MRS broth with young
bacterial culture. For long-term storage, isolates
were maintained as glycerol stocks at -20 °C
(Spencer & de Spencer, 2008). One isolate were
deposited in the Culture Collection Ain Shams
University (CCASU) of the World Data Centre
for Microorganisms (WDCM) under specific
codes (Enterococcus faecium, CCASU-2023-
62) (https://doi.org/10.12210/ccinfo.1186)
(Table 5).

Motility Test:

Stab inoculation in tubes of semi-solid
MRS medium was performed as described by
MacFaddin (2000), and motility was assessed
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after incubation at 37 °C for 48 hrs.
Biochemical Characterization:

Various  biochemical tests were
conducted in MRS broth (Somasegaran &
Hoben, 2012), including gas (CO-) production
(Schillinger & Lucke, 1987), catalase
production (Kozaki et al., 1992) , gelatin
hydrolysis (Aneja, 2007), starch hydrolysis
(Evans et al., 2004), tryptophanase activity
(Kovacs, 1928), nitrate reduction (Reddy et al.,
2007), citrate utilization (Mithun et al., 2015),
hydrolysis of arginine (Samelis et al., 1994),
NaCl tolerance (Ni et al., 2015), growth at
acidic and alkaline pH (Ni et al., 2015), growth
at different temperatures (Samelis et al., 1994),
Voges-Proskauer  test  (Barritt,  1936),
production of dextran (slime) from sucrose
(Hitchener et al., 1982), production of hydrogen
sulfide (H2S) (Shay & Egan, 1981), methylene
blue reduction (Abanoz & Kunduhoglu, 2018),
carbon source utilization (Abanoz &
Kunduhoglu, 2018), urease test (Steadham,
1979) and bile salts tolerance (Menconi et al.,
2014).

Amplification of 16S rRNA Gene:

Genomic DNA was extracted as
described by Spencer and de Spencer (2008),
and PCR amplification of the 16S rRNA gene
was performed using universal primers 27 F (5'-
AGAGTTTGATCCTGGCTCAG- 3') and the
reverse primer 1492 R (5'-
GGTTACCTTGTTACGACTT- 3’). The PCR
product was sequenced, and BLAST analysis
was conducted to determine sequence
similarities.

£
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Sequence Analysis:

Obtained sequences were edited and
analyzed using Lasergene 7.1.0. A phylogenetic
tree was constructed to assess evolutionary
relationships with sequences from GenBank.

Antimicrobial Activity Test:

Isolates were grown in MRS broth, and
cell-free supernatants (CFSs) were obtained.
The well diffusion method (Sonbol et al., 2020)
was employed to test antimicrobial activity
against various indicator organisms, for
example: Staphylococcus aureus, S. albus,
Pseudomonas aeruginosa, Serratia
marcescens, Klebsiella pneumoniae,
Escherichia coli, Aspergillus niger, Aspergillus
flavus and Candida albicans.

Thermal and pH Stability of CFS:

CFSs were subjected to different
temperatures and autoclaving, as well as
varying pH levels. Staphylococcus albus was
chosen as an indicator to assess supernatant
activity (Oliveira et al., 2008 ; Abanoz &
Kunduhoglu, 2018).

Data statistical analysis:

Data are presented as mean + SE by
applying the SAS program (version 9.4, 2013).
Duncan’s test was used to determine the
significance of the mean differences. The
probability was considered significant at p <
0.05.

Homofermentative

Fig.1: Schematic representation for differentiation between cocci Lactic Acid bacteria (LAB).

*+ = Growth observed, - = No growth, v = variable, Gal=galactose, Fruc=fructose, Glc=glucose, GLY=glycerol, Man=D-mannose, Ara=D-
arabinose, Rib=ribose, LRha=L-rhamnose, Man-ol= mannitol, Lac=lactose, Mal=maltose, CB=cellobiose, Raff= raffinose, Scr=sucrose,
ES=esculin, Arg= arginine hydrolysis, Xyl=xylose, Tre=trehalose, VP= acetoin production
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arginine hydrolysis, and growth in bile salts up

Results: to 40% (Table 2).
Positive carbon source utilization was
Isolation and ldentification of Enterococci: observed for lactose, mannose, fructose,
galactose, cellobiose, mannitol, ribose,
Three isolates of cocci LAB were raffinose, glycerol, and maltose. Negative
successfully obtained, with two originating results were noted for citrate and arabinose;
from milk (4M and 7M) and one from yoghurt while only one isolate utilized rhamnose (7M)
(6Y). Colonies exhibited circular, convex (Table 3). Isolates demonstrated growth at
morphology, ranging from translucent to temperatures ranging from 5 to 45 °C, with
opaque, with off-white to pale-white color, tolerance to salinity up to 6.5 % and pH levels
smooth surfaces, and entire margins. Under between 4.5 and 9.5. None of the isolates grew
microscopic examination, the strains appeared at pH 3 (Table 4).
oval, Gram-positive, and non-spore formers LT e
(Table 1). . e e poeaee e
All  isolates exhibited catalase = oo sratn oo 20477, seq
negativity and acid production from glucose — £ Gurane ram e, sea
without gas formation. Negative results were { € dirans S Jom 6725 e
observed for motility, indole, nitrate reduction, ’ o eI ATEC a7TA0, 200
urease, starch and gelatin hydrolysis, and H,S ot SubstitEns (100 0

production. Positive outcomes were recorded
for acetoin production, slime formation,
methylene blue reduction, milk coagulation,

Fig. 2: Phylogenetic tree indicating relationship
between our isolates and enterococci strains based
on 16S rRNA gene sequence.

Table 1: Colony morphology and microscopic examination of Enterococcus faecium isolates.

Isolate Shape Transparency Color Margin Surface  Diameter Elevation Cell shape

6Y Circular Translucent Off white  Entire Smooth 0.5mm Convex Oval in chains
Opaque with

4M Circular translucent Pale white  Entire Smooth 1.5mm Convex Oval in chains
margin

™ Circular Opaque Off white  Entire Smooth 1 mm Convex Oval in chains

Table 2: Biochemical properties of Enterococcus faecium isolates.

. NO3 . MB  Milk Bile Bile
Isolate  Acid/gas Ct Mot Ind red U St Gel H:S Vp Slime red coag Arg 3% 40 %
6Y +/- - - - - - - - - + + + + + + +
4M +/- - - - - - - - - + + + + + + +
™ +/- - - - - - - - - + + + + + + +

* + = Growth observed, - = No growth, Ct=catalase, Mot=motility, Ind=indole production, NOs red= nitrate reduction, U = urease, St = starch
hydrolysis, Gel = gelatinase, H2S= H,S production, Vp= acetoin production, MB red= methylene blue reduction, milk coag= coagulation,
Arg= arginine hydrolysis

Table 3: Carbon sources utilization of Enterococcus ffaecium\[m] isolates

Isolatet Lac Man Fruc Gal CB Man-ol Rib Raff Mal GLY Ara Cit LRha

6Y + + + + + + + + + + - - -
aM + + + + + + + + + + - - -
™ + + + + + + + + + + - - +

* + = Growth observed, - = No growth, Lac=lactose, Man=D-mannose, Fruc=fructose, Gal=galactose, CB=cellobiose, Man-ol= mannitol,
Rib=ribose, Raff= D-raffinose, Mal=maltose, GLY=glycerol, Ara=D-arabinose, Cit= citrate, LRha=L-rhamnose

Table 4: Effect of temperature, NaCl and pH on growth of Enterococcus faecium isolates

Isolate Temperature NaCl pH

5°C 37°C 40°C 45°C 3% 4% 5% 65% 8% 9% 3 45 72 87 95
6Y + + + + + + + + - - - + + + +
4M + + + + + + + w - - - + + + +
™ + + + + + + + + - - - + + + +

* + = Growth observed, - = No growth, W= Weak growth.
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The amplified 16S rRNA gene, visualized by
agarose gel electrophoresis, exhibited a size of
approximately 1.5 kbp. Sequences were
deposited in GenBank with accession numbers
provided (Table 5). The three isolates were
identified as Enterococcus faecium. A
phylogenetic tree illustrating the relationship
with other enterococci strains in GenBank is
presented in Figure (2).

Antibacterial and Antifungal Activity of
Enterococcus sp.:

The isolated bacterial strains did not
exhibit antagonistic effects against each other
but demonstrated significant antimicrobial
activity against other bacteria, particularly
Gram-positive strains (Fig. 3, Table 6).

Inhibition zones were prominent, reaching 9.3
mm or more in the case of Proteus vulgaris,
Staphylococcus aureus, and Staphylococcus
albus, while the remaining indicators
(Klebsiella pneumoniae, Escherichia coli, and
Pseudomonas aeruginosa) had zone < 5.3. A
similar pattern was observed against Serratia
marcescens (with 4M displaying a 8.3 mm
inhibition zone). However, the tested fungi
(Candida albicans, Aspergillus niger, and
Aspergillus flavus) resisted the effects of cell-
free supernatants from the isolates (Fig. 3, Table
6). Statistical analysis revealed that
supernatants of these isolates weren't
significantly different against S. albus, P.
aeruginosa and E. coli, but had significant
variance against P. vulgaris, S. aureus, S.
marcescens and k. pneumoniae.

Table 5: Isolates' identification (using Bergey's Manual of Systematics of Archaea and Bacteria; and 16S rRNA

similarity).
Accession . Expected Accession .
Isolate Homology Number Identity species Number Deposition Code
Enterococcus faecium strain Entgrococcu_s Entgrococcus
6Y DSM 20477 NR_114742.1 100 % faecium strain  OP648140 faecium, CCASU-
AMA2 2023-62
Enterococcus faecium strain Enterococcus
iM NR_113903.1 99.82% faecium strain OP648141 Not deposited
NBRC100485
AMA3
Enterococcus faecium strain Ente_rococcu§ .
™ NR_115764.1 99.85% faecium strain OP648142 Not deposited
ATCC 19434
AMA4
Table 6: Antagonistic test of Enterococcus faecium against bacteria and fungi.
Indicator; Gram Positive Bacteria Gram Negative Bacteria Fungi
P. S. P. S. k. . A. A. C.
. S. albus . . E. coli . .
Isolate vulgaris aureus aeruginosa marcescens pneumoniae niger flavus albicans
6Y 9.302 10.33*  9.60*  3.00° 4.60° 3.30%® 3.000 - - -
4M 10.03*  10.36* 9.30*°  3.60% 8.30? 4.30% 3.000 - - -
™ 10.03*  10.06° 9.60*  4.60% 3.000° 5.30% 4300 - - -
SE 0.50 0.72 0.344  0.37 0.57 0.60 0.37
p-value <.0001 0.0290 0.9826 0.4442 0.0003 0.0372 0.0539

*Diameter of inhibition zone measured in (mm).

Thermal and pH Stability of CFS:

Figures 4, 5 & 6 illustrate the impact of
temperatures and pH on the cell-free
supernatant (CFS) of our cultures. Supernatants
remained active at temperatures ranging from
50°C to 100 °C, and even after autoclaving (121
°C for 15 min); they produced an inhibition zone
of approximately 10 mm. Though heating
didn’t cause notable decrease of inhibition
zone, statistical analysis showed that inhibitory
effects of supernatants significantly decreased
by increasing temperature with p-value
0.0004 (6Y), 0.0002(4M) and 0.0085(7M). The
final pH of supernatants for Enterococcus
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cultures stabilized at 4.5 after 3 days of
incubation. Following pH adjustment to
different values, supernatants retained activity
within a pH range of 2.5-9.5. Notably, the
cultures exhibited higher activity at acidic pH
levels (2.5, 3.5, and 5.5), with inhibition zones
reaching about 10 mm, compared to alkaline pH
levels (8.5 and 9.5), where the diameter of the
inhibition zone was nearly 5 mm (Fig. 6). These
observations were confirmed by statistical
analysis of data, as increasing pH level of
supernatants  significantly decreased their
activity (p-value=<.0001).
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G6Y/P. aeruginosa ‘ 4MV/A. niger

4M/A. flavus
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Fig. 3: Antagonistic effect of E. faecium
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*The indicator organisms are:
(a) S. aureus (b) P. aeruginosa (c) A. niger
(d) A. flavus (e) Enterococcus isolates used in this study.
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Fig. 4: Effect of heat and pH on activity of Cell-Free
Supernatant (CFS) of E. faecium

(a) At 70 °C, (b) at 121 °C, (c) After exposure to pH 6.5
for 1 h.
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Fig. 5: Thermal stability for Cell-Free Supernatant
(CFS) of E. faecium
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Fig. 6: pH stability for Cell-Free Supernatant (CFS)
of E. faecium
*(a): Yoghurt isolate = 6Y, (b): Milk isolates = 4M & 7M
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Discussion:
Isolation and Identification of Enterococci:

Lactic acid bacteria (LAB) are a well-
defined group of Gram-positive, non-spore-
forming, and catalase-negative bacteria known
for their ability to produce acids from glucose.
The identification of enterococci, a subset of
LAB, was crucial in our study. Our isolates
displayed characteristics consistent  with
Enterococcus, such as Gram-positive cocci
arranged in chains, catalase negativity, and
growth under homofermentative conditions
(Abanoz & Kunduhoglu, 2018; Andrighetto et
al., 2001). The absence of gas production ruled
out membership in heterofermentative genera
like Leuconostoc or Weisella.

Sequencing the 16S rRNA gene
validated the identification of all isolates as
Enterococcus. A schematic representation
based on Bergey's Manual of Systematics of
Archaea and Bacteria provided an insightful
summary of the features distinguishing various
genera of cocci LAB (Fig. 1). Within the genus
Enterococcus, our isolates were identified at the
species level, as E. faecium. The biochemical
characteristics, such as growth conditions,
Voges—Proskauer and arginine dehydrolase
tests, helped differentiate E. faecium strains.
The versatility of E. faecium was evident in its
isolation from diverse sources, including milk,
clinical materials, food, and the environment
(Morandi et al., 2012 ; Yerlikaya & Akbulut,
2020). Other Enterococcus species, such as E.
lactis, E. durans, and E. hirae, were also
discussed, highlighting the variations in their
acidification abilities for different substrates.
The genomic identification through 16S rRNA
sequencing aligned with the biochemical
characterization. The deposition of isolates in
GenBank further enhances the reliability of our
findings. The phylogenetic tree illustrated the
relationship between our isolates and other
members of the Enterococcus genus (Fig. 2).

Antibacterial and Antifungal Activity of
Enterococcus sp.:

Our isolates demonstrated significant
antimicrobial activity, particularly against
Gram-positive bacteria like Proteus vulgaris,
Staphylococcus aureus, and Staphylococcus
albus. This finding aligns with previous
research indicating the antimicrobial potential
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of LAB against various pathogens, showcasing
their role as probiotics and bio-preservatives
(Abanoz & Kunduhoglu, 2018; Abesinghe et
al., 2020; Gaaloul et al., 2015). Similarly,
bacteriocins from E. faecium strain exhibited
antimicrobial activity  against L.
monocytogenes, S. aureus and Bacillus
cereus (Aspri et al., 2017).

Enterococcus faecium LCW 44 also
exhibited antibacterial activity against
Clostridium, Listeria, Staphylococcus, and
Lactobacillus but not against Gram-negative
bacteria (Vimont et al., 2017). E. faecalis
KT11 showed antimicrobial activity against
Gram-negative indicator bacteria, namely,
Pseudomonas aeruginosa, Klebsiella
pneumoniae, Serratia  marcescens and
Enterobacter aerogenes, with inhibition zones
ranging from 14 to 18 mm (Abanoz &
Kunduhoglu, 2018).

Bacteriocins from LAB have been
broadly used as biopreservatives (e.g: Nisin), to
control pathogenic bacteria in food products
including cheese (Khelissa et al., 2021). Several
strains of Enterococcus are applied as starter
cultures (Moreno et al., 2006), and some are
used as probiotics (Holzapfel et al., 2018). The
mode of action often involves the production of
bacteriocins, proteinaceous substances with
broad-spectrum antibacterial properties. The
stability of these bacteriocins in a wide range of
pH and temperature conditions, as observed in
our isolates, adds to their appeal for potential
applications in food preservation.

While our isolates did not exhibit
antagonistic effects against fungi, this aligns
with existing literature (Roy et al., 2009; Roy et
al., 1996), emphasizing the selectivity of LAB's
antifungal  activity.  Understanding  the
mechanisms  behind these interactions,
including the leakage of DNA and proteins from
microbial cells contributes to the broader
understanding of LAB's antimicrobial activity.
The cell-free supernatant (CFS) of the cultures
showed important inhibition zones against
Candida  pelliculosa  (18.2-24.85 mm)
(Abouloifa et al., 2020).This antifungal activity
was noticed against Candida krusei and
Candida tropicalis (Oliveira et al., 2008).
Nevertheless, none of our isolates gave
antagonistic effect against Aspergillus or
Candida. This is in accordance with results of
(Qiao et al., 2020), who mentioned that the
enterocin TJUQL1 did not have inhibitory ability
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against fungi such as Moniliella pollinis
BHO010, Saccharomyces cerevisiae, Botrytis
cinereal, Fusarium oxysporum and Fusarium
graminearum while it could inhibit only the
growth of Zygosaccharomyces rouxii (Qiao et
al., 2020; Liu et al., 2011).

Thermal and pH Stability of CFS:

The cell-free supernatants (CFS) from
our isolates demonstrated remarkable stability
across a wide pH range (2.5-9.5) and even after
autoclaving. This robust stability is consistent
with  previous studies on LAB-derived
bacteriocins,  supporting  their  potential
application as natural preservatives (LU et al.,
2014). The ability of our isolates to maintain
antimicrobial activity under extreme conditions
enhances their appeal for various industrial
applications. Enterocins from E. faecium
(Kumar et al., 2010), E. hirae (Gupta et al.,
2016) and E. faecalis (Khalkhali & Mojgani,
2017) were reported to be stable for 10— 20 min
at 121°C.

Bacteriocin KT11 was stable at pH (2 -
11) for 24 h and showed antimicrobial activity
against the indicator S. aureus ATCC 25923
strain. Maximum bacteriocin activity was
recorded at pH 2-5 that is similar to our findings
(Abanoz & Kunduhoglu, 2018). It has also been
reported that bacteriocins of E. faecium (Kumar
et al., 2010), and E. hirae (Gupta et al., 2016)
were stable in the acidic pH levels. The anti-
listerial activity of a bacteriocin from E. durans
was completely retained in the pH range of 2-8
(Du et al., 2017). Bacteriocins stable over a
wide pH range have a significant advantage and
a potential use as bio-preservatives in food
products and fermented foods (Franz et al.,
1996).

In conclusion, our study unveils three
Enterococcus faecium strains with promising
features, including tolerance to bile salts and
acidity, potent antibacterial activity and
exceptional thermal stability of cell free
supernatants  (CFSs).  Exopolysaccharides
noticed on medium with high concentration of
sugar, are applied in fermented milks to
improve their texture and manufacture of low-
fat cheeses (mozzarella). The application of
both traditional biochemical tests and molecular
tools, such as 16S rRNA sequencing, ensured
accurate identification. These Enterococcus
strains hold potential as natural preservatives,
contributing to the quest for safer and more
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sustainable alternatives to chemical

preservatives in the food industry.
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Abstract

The current study used Pseudomonas aeruginosa isolated from clinical specimens to provide a
simple and cost-effective approach for biosynthesizing selenium nanoparticles (SeNPs). Vitek 2 was
used to confirm the species-level identification of the chosen bacterial isolate after it was recognized
traditionally. The biosynthesized SeNPs were verified and described using a variety of tests,
including TEM, FT-IR, zeta analyses, and UV-Vis spectroscopy. At 330-370 nm, the adsorption
peaks for SeNPs were recorded. The presence of proteins acting as binding and supporting
components during synthesis was verified by the FT-IR spectra. The substantial negative surface
charge of -17.6 mV contributes to its stability. TEM shows the diameters of SeNPs in the 83-91 nm
range. SeNPs had strong antimicrobial activity against Bacillus cereus, Staphylococcus aureus,
Proteus mirabilis, Pseudomonas aeruginosa, and Candida albicans in a dose-dependent manner.
The MICs of SeNPs against B. cereus, S. aureus, P. aeruginosa, P. mirabilis, and C. albicans were
40, 70, 110, 150, and 150 pg/mL, respectively. This study offers safe, effective, and promising
nanoparticles as an alternative for treating some pathogenic microbes in both humans and animals.

Keywords: Pseudomonas aeruginosa, selenium nanoparticles, characterization, antimicrobial activity

surveillance, improved understanding of
mechanisms and drivers at the individual and

Introduction

Antimicrobial resistance (AMR) poses a
significant risk to public health worldwide; in
2019; bacterial AMR was linked to about 5
million deaths (Murray et al., 2022). Combating
AMR necessitates a comprehensive and
integrated strategy that includes improved
infection prevention and control measures,
enhanced global policies and funding, AMR
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population levels, and the development of
innovative antimicrobial therapeutic strategies.
Extreme poverty is made worse in low- and
middle-income countries (LMICs) by the
effects of AMR-related illness or mortality. If
the issue is not resolved, LMICs are predicted
to lose more than 5% of their economy by 2050

as a result of lost revenue from indirect
healthcare costs (O’Neill, 2016).
The effectiveness of almost all known
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antibiotics is impacted by a variety of bacterial
resistance mechanisms, such as decreased
membrane permeability, the use of efflux
pumps, enzyme modification or antibiotic
degradation, alteration of antibiotic targets, and
adaptive mechanisms like biofilm formation.
The majority of AMR usually happens 0-6
months after antibiotic exposure (Poku et al.,
2023), highlighting the enormous issue of
AMR, even if the timing of resistance
development may range across various
antibiotic-bacteria combinations.

Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Streptococcus
pneumoniae, Acinetobacter baumannii, and P.
aeruginosa were the six main causes (73%) of
AMR-associated mortality in 2019, according
to the 2022 Global Burden of Disease research
(Miller & Arias, 2024). One separate group of
pathogens, ESKAPEE, which includes
Enterococcus  species, S. aureus, K.
pneumoniae, A. baumannii, P. aeruginosa,
Enterobacter species, and E. coli is known to
cause drug-resistant infections in hospital
settings. These infections have a wide range of
intrinsic or acquired resistance mechanisms that
allow them to live or flourish in healthcare
settings.

Pseudomonas is a genus of Gram-negative
bacteria. It is a member of the class
Gammaproteobacteria and  the  family
Pseudomonadaceae. While not all strains of this
bacterial species are known to cause infections
(Xiao et al., 2024), some species, such as
Pseudomonas aeruginosa, P. stutzeri, and P.
putida, are known to do so. The bacterium can
usually survive in a healthy body, and since it
doesn't damage anyone, healthy people
frequently carry the bacteria without realizing
it. Sometimes, mild infections might develop,
resulting in problems like hot tub rash or
swimmer's ear. Pseudomonas infections can be
severe or even fatal for people with
compromised immune systems or those who are
already unwell. There are more than 300
Pseudomonas species (Parte et al., 2020).
Opportunistic infections—infections that arise
in persons with compromised immune systems
because of medical illnesses or drugs that
weaken the immune system—are caused by the
majority of organisms that cause disease in
humans. Some strains linked to opportunistic
infections are P. aeruginosa, P. putida, P.
fluorescens, and P. stutzeri. Although the entire
body can be impacted by pseudomonas, the

95

infection and its symptoms are more likely to
occur in specific organs and parts of the body.
These include the urinary tract, ear canal, skin
injuries, and lungs. Studies have shown that up
to 10% of Pseudomonas infections are resistant
to antibiotics. They are hard to cure since they
may avoid drugs and survive. Resistance
mechanisms can be acquired through horizontal
gene transfer (acquiring aminoglycoside-
modifying enzymes and [-lactamases) or
mutations that overexpress efflux pumps or p-
lactamases or decrease expression or change
target sites and porins. External stimuli, such as
antibiotic exposure, activate adaptive resistance
mechanisms, which then become inactive when
the stimulus is removed (Kunz Coyne et al.,
2022).

Currently, improvements in technology, such as
nanotechnology, and nanomaterials are often
utilized separately or in combination with
antibiotics as promising, effective antimicrobial
agents for solving AMR  concerns.
Nanotechnology is a modern science subject
that studies and affects the properties of matter
at the nanoscale. Nanoparticles (NPs) range in
size from 1 to 100 nm and exhibit chemical
stability, antifungal properties, low toxicity, and
low pathogen resistance (Manimaran et al.,
2023). NPs, including Ag, Cu, Au, Fe, and Se,
play important roles in agriculture, food, the
environment, and nanomedicine (Saqib et al.,
2022). NPs can be manufactured in a variety of
ways, including physical, chemical, and
biological techniques. The increasing cost and
toxicity of physical and chemical techniques
has led to an increase in green synthesis of NPs.
It employs biological substances like plant
extracts, fungus, and bacteria.  This
environmentally benign technology provides a
long-term alternative to existing chemical and
physical synthesis methods by decreasing the
usage of harmful chemicals and boosting the
biocompatibility of NPs (Khan et al., 2022).
Green synthesis methods can be divided into
two categories: top-down and bottom-up
approaches. These approaches differ in terms of
nanoparticle formation and control over size,
shape, and characteristics.

Bacteria are recommended for NPs syntheses
because they require minimal conditions, are
easy to purify, and produce high yield. As a
result, bacteria have become the most studied
microorganism, earning the label of "the factory
of nanomaterials. Bacteria can operate as a
biocatalyst for inorganic material synthesis, a
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bio-scaffold for mineralization, or an active
component in nanoparticle formation (Igtedar et
al., 2019). Bacteria can produce nanomaterials
in broth media during an incubation period,
either as extracellular or intracellular. This
characteristic makes the biosynthesis of NPs
using bacteria a feasible, versatile, and
acceptable method for large-scale
manufacturing.

Inorganic NPs of metals such as Ag, Au, Ce, Fe,
Se, Ti, and Zn hold an important place among
NPs due to their distinct bioactivities in
nanoforms. Se is a necessary trace element. It is
integrated into selenoproteins as
selenocysteine, which forms the majority of the
active core of their enzymatic activity. Many
seleno proteins function as oxidoreductases,
regulating the physiological redox balance. Se
has a restricted therapeutic window and
extremely fragile toxicity margins, but Se
nanoparticles (SeNPs) have far lower toxicity.
SeNPs have been studied in a variety of
oxidative stress and inflammation-mediated
illnesses, including arthritis, cancer, diabetes,
and nephropathy, for possible therapeutic
benefits. SeNPs make an appealing carrier
platform for transporting diverse medicines to
the site of action (Khurana et al., 2019). NPs'
antimicrobial mechanisms include membrane
and bacterial cell wall destruction, protein and
internal component damage, ion release, DNA
damage, and oxidative stress (Besinis et al.,
2014).

NPs have a wide range of antibacterial actions,
which means that bacteria are unlikely to
develop resistance to them (Huh & Kwon,
2011). Thus, the current study aimed to
biosynthesize SeNPs using Pseudomonas
aeruginosa isolate and evaluate their
antimicrobial action.

Materials and methods

Sample collection

In April and May 2024, 22 samples (12 females
and 10 males) were obtained from various

private clinics and medical analytical
laboratories in New Damietta City, Kafr
Elbattikh, and Faraskour (Damietta

Governorate, Egypt, 31.4°N 31.72°E). These
samples included urine, stool, and surface swab
samples. The samples were processed using the
previously outlined procedures by Santiago-
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Rodriguez et al. (2015) and Zboromyrska &
Vila (2016).

Isolation and identification of bacterial
isolates

The spread plate method was used to isolate
drug-resistant pathogenic bacteria on a blood
agar basis (Oxoid Ltd., England) supplemented
with 2 mg/l ceftazidime (MCKC) and 5% (wt/v)
defibrinated, sterile sheep blood (Youri et al.,
2007). At 37°C, each plate was incubated for 24
hours. The hemolytic reaction caused by
microorganisms was then noted. For 48 hours,
each bacterial colony from a different bacterial
isolate was transferred and subcultured on
Cystine Lactose Electrolyte Deficient (CLED,
Oxoid Ltd., England) agar plates. Then,
colonial morphological characteristics and
color change of colonies and media were
recorded. The bacterial isolates were
characterized and identified according to
Bergey’s Manual of Systematic Bacteriology
(‘Yahr & Parsek, 2006). The morphological and
cultural characteristics included colony shape,
Gram staining, and endospore staining, and the
identification was done in a systematic manner
as follows: Colonial characters (size, form,
pigment production, elevation, surface, edge,
color, and opacity were recorded. Microscopic
examination included shape, size, Gram stain,
acid fast stain, and endospore formation. The
species-level was identified using the Vitek 2
(BioMerieux, Marcy-1’Etoile, France) (Moore
etal., 1981).

Antibiotic sensitivity test (AST)

The AST of bacterial isolates was evaluated
using the disc diffusion technique (CLSI,
2000a). 50 pL of each bacterial suspension (0.5
MacFarland Standard, 1.5 x 108 CFU/mL) was
separately added to Mueller-Hinton agar
(MHA, Oxoid Ltd., England) flasks, which
were then placed into sterile Petri dishes.
Vanomycin (30  ug/mL),  amoxicillin/
clavulanate (20/10 pg/mL), ampicillin (30
ug/mL), cefotaxime (30 pg/mL), ceftazidime
(30 pg/mL), chloramphenicol (30 pg/mL),
doxycycline (30 ug/mL), levofloxacin (5
pg/mL), nalidixic acid (30 pg/mL) and
amoxycillin/clavulanate (20/10 pg/mL) were
among the antibiotic discs from different
classes that were aseptically applied after
solidification. The diameter of the zones of
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inhibition (ZOI) was measured and recorded in
millimeters after a 24-hour incubation period at
37°C.

Biosynthesis of selenium nanoparticles

The selected bacterial isolate was grown in
nutrient broth medium overnight at 37°C. After
the incubation, the Dbacterial cells were
discarded and the bacterial metabolites were
collected using centrifugation of bacterial
cultures at 4000 rpm for 20 minutes. The
obtained bacterial supernatant was filtered
using a 0.22 pum syringe filter (Millex GV,
Millipore). Sodium selenite solution (1 mM)
was prepared, mixed with the selected bacterial
isolate supernatant at a ratio of 1:1 (v/v%), and
shaken well (150 rpm) at 37°C for 24 hours
(Mohamed & El-Zahed, 2024).

Characterization of selenium nanoparticles

A double-beam spectrum UV-Vis
spectrophotometer V-760 (JASCO, UK) and
Fourier transform infrared spectroscopy (FT-
IR, FT/IR-4100 type A) were two of the
methods used to examine the biosynthesized
SeNPs. Transmission electron microscopy
(TEM, JEOL JEM-2100, Japan) and zeta
potential measurements (Malvern Zetasizer
Nano-ZS90, Malvern, UK) were used for
additional analysis.

Antimicrobial activity of selenium
nanoparticles using agar well diffusion method

Different concentrations (50, 150, and 300
pg/mL) of SeNPs were evaluated for their
antibacterial and anticandidal activities against
Bacillus cereus, Staphylococcus aureus,
Proteus mirabilis, P. aeruginosa, and Candida
albicans using the agar well diffusion method,
in accordance with the Clinical and Laboratory
Standards Institute (CLSI, 2017). Nutrient agar
and yeast extract peptone agar media were
prepared and inoculated with 0.5 MacFarland
standard (1-2x108 CFU/mL) from the microbial
strains. Ampicillin and miconazole were used
as control antibiotics. 100 pL from each
antibacterial agent was added to wells, and the
inoculated plates were incubated at 37°C or
30°C for bacteria or yeast, respectively. Zones
of inhibition were measured in mm.

Minimal inhibitory concentration (MIC)
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The MICs of SeNPs were assessed using the
broth microdilution method in compliance with
CLSI guidelines (CLSI, 2000b; 2008). Standard
antibiotics and serial solutions (0-150 ug/mL)
from SeNPs were made and examined. The test
microorganisms were cultivated for 24 hours at
37°C for yeast and 30°C for bacteria. Following
the incubation period, a spectrophotometer was
used to measure the turbidity of the microbial
growth at 600 nm in relation to the growth
control.

Minimum microbicidal concentration (MMC)

Using the pour plate approach, each MIC
microbiological flask was inoculated into
Mueller-Hinton agar plates, and the bacteria or
yeast were then incubated at 37°C or 30°C,
respectively. The total number of microbial
colonies was expressed in colony-forming units
per milliliter (CFU/mL) (Owuama, 2017).

Antioxidant activity of selenium nanoparticles

According to Turan et al. (2025), the
antioxidant activities of SeNPs were examined
using the in vitro DPPH radical scavenging
technique. At 517 nm, the maximum
absorbance of DPPH radical solutions takes
place. Ethanol was used to reduce the
absorbance of the control sample to 1.5 + 0.5
after a 1 mM DPPH radical solution was
prepared. The results were compared using the
established antioxidant ascorbic acid (vitamin
C). Different dosages of the DPPH radical
solution (10-110 pg/mL) were given to the
samples and standards separately. After the
samples were incubated for 30 minutes at 25°C,
the absorbance values were calculated.
Absorbance at 517 nm decreases when a sample
is able to scavenge DPPH free radicals. The
percentage (1%) of inhibition of DPPH was
determined using the formula % = (Acontrol —
Acompound/Acontrol) x 100, where Acontrol FEpresents
the absorbance in the absence of the compound
and Acompound represents the absorbance in the
presence of the compound.

Statistical analysis

SPSS version 18 software was used to perform
statistical analysis of the data. The analysis was
conducted using one-way analysis of variance
(ANOVA), and each experimental value is
displayed as the mean * standard deviation
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(SD). A significance threshold of p<0.05 was
set. Every experiment was run in triplicate.

Results

Isolation, purification, and characterization of
P. aeruginosa isolates

Sixteen Gram-negative, rod-shaped, positive
citrate and glucose-fermenting bacteria that did
not ferment lactose or form spores were
identified from the 24-hour-developed resistant
bacterial colonies and chosen for subculturing
on CLED agar plates. When these bacteria were
separated on CLED agar plates, eight of the
isolates showed a yellow hue, five showed no
color, and three showed a pale pink tint. On
CLED agar plates, colonies that were smooth,
pale, or colorless were chosen and allowed to
grow (Atlas & Synder, 2011). Translucent blue
colonies were chosen and purified after 48
hours, and the Vitek 2 was used to identify the
species. This revealed the existence of two P.
aeruginosa isolates encoded with BSF2 and
BSF6 (Table 1, Figure 1). The two isolates of P.
aeruginosa were examined for SeNPs
production.
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Figure 1. Some representative biochemical tests of
the bacterial isolates.
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Table 1. Biochemical tests for P. aeruginosa
isolates.

Biochemical test BSF2 BSF6

Citrate utilization +" +
Catalase + +
Oxidase + +
Indole production

Methyl red

Voges-Proskauer - +
Urease + +
Nitrate reduction + -
H,S production + +
Lactose fermentation - -
Glucose fermentation + +

“+ = Positive; - = Negative; + = Intermediate reaction.
AST investigations

Table 2 shows that the BSF6 strain is more
resistant to all tested antibiotics than the BSF2
strain. According to the findings, the isolates of
P. aeruginosa have a 100% resistance rate to

ampicillin, cefotaxime, ceftazidime,
doxycycline, and vancomycin.
Amoxicillin/clavulanate, chloramphenicol,
levofloxacin, and nalidixic acid revealed

antibacterial action against P. aeruginosa
BSF2. The outcomes showed that the P.
aeruginosa isolates exhibited multidrug
resistance.

Table 2. Patterns of antibiotic resistance and
sensitivity in P. aeruginosa isolates.

Antibiotics

L. Concentrat susceptibility

Antibiotic ion (ug/ml) BSF _ BSF
2 6
Amoxicillin/clavulanate  20/10 + -
Ampicillin 30 - -
Cefotaxime 30 - -
Ceftazidime 30 - -
Chloramphenicol 30 + -
Doxycycline 30 - -
Levofloxacin 5 + -
Nalidixic acid 30 + -
Vancomycin 30 - -

Biosynthesis and characterization of SeNPs

The color of the reaction mixture varies from
pale yellow at the beginning of the experiment
to red at the end of the incubation time, which
is used to evaluate the production of SeNPs by
the P. aeruginosa isolates (Figure 2). In the
control studies, the color of the sample
remained unchanged. P. aeruginosa BSF6
isolate showed the highest production rate
within 24 hours when compared to the other
isolate, BSF2, according to the UV-Vis
spectrometric assay used to confirm the
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formation of SeNPs. When SeNPs were
produced utilizing the cell-free metabolites of
various isolates of P. aeruginosa, absorbance
maxima between 330 and 370 nm were found.
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Figure 2. Color change and UV—Vis spectroscopy
analysis of the biosynthesized SeNPs using P.
aeruginosa isolates; BSF2 and BSF6.

FT-IR, TEM, and zeta potential studies were
used to analyze the biosynthesized SeNPs that
P. aeruginosa BSF6 generated. The FT-IR
spectra of the bacterial crude protein and the
protein attached to the surface of SeNPs showed
distinct changes in peak location and shape
(Figure 3), suggesting that the secondary
structure of the protein underwent changes after
NPs formation. FT-IR data have shown that
contact with SeNPs has affected the secondary
structure of proteins. It is possible to attribute
the broad peak at 3633.23 cm* to the hydroxyl
(-OH) group. The C-H vibration is credited with
the peak at 1700.91 cm™. The bands at 1447.31
cm?® might be caused by the C-O stretching
mode. The amide Il band, which appears at
bands 3116.4-2498.33 cm™, is a combination of
N-H in-plane bending and C-N stretching,
while the amide | band is mostly a C=0
stretching mode. Se vibration (C-Se) is
responsible for 549.61 cm™ emergence.
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Figure 3. FT-IR of the biosynthesized SeNPs.

One crucial measure of the stability of the NPs'
colloidal dispersion is still the zeta potential.
The measurement of an effective electric charge
on NPs' surface is called the zeta potential.
Higher electrostatic repulsion between NPs
causes the NPs with a larger zeta potential to be
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more stable. The biosynthesized SeNPs'
negative charge (-17.6 mV) was shown by the
Zeta potential measurements, as illustrated in
Figure 4.
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Figure 4. Zeta potential analysis of SeNPs.

An essential tool for assessing and studying the
size and shape of NPs is the TEM investigation.
The TEM micrograph of SeNPs demonstrated
their uniform distribution, spherical shape, and
absence of aggregation (Figure 5). The size of
SeNPs ranged from 83.45 to 91.64 nm.

91.64nm

83.45nm

200 nm

Figure 5. TEM of SeNPs with scale bar = 200 nm.

Antimicrobial activity of the biosynthesized
SeNPs

SeNPs were bio-produced utilizing P.
aeruginosa BSF6, and their antibacterial
efficacy against several Gram-positive and
Gram-negative bacteria as well as yeast was
examined. SeNPs' antibacterial activity was
evaluated using the agar well diffusion
technique, MIC, and MBC assays, in contrast to
the conventional antibiotics ampicillin and
miconazole. The inhibition zones formed by the
150 pg/ml SeNPs were 20+0.06 and 12+0.03
mm against Gram-positive B. cereus and S.
aureus, and 10+0.18 and 9+0.16 mm against
Gram-negative P. aeruginosa and P. mirabilis,
respectively (Table 2). SeNPs demonstrated
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better antibacterial and anticandidal properties
than the medical standards miconazole and
ampicillin. Additionally, it was mentioned that

SeNPs work better against bacteria that are
Gram-positive than those that are Gram-
negative.

Table 2. Agar well diffusion of SeNPs against the tested microbes.

Inhibition zone in mm (mean + SD)

Antimicrobial Concentration,

agents ug/ml Gram-negative bacteria Gram-positive bacteria Yeast
P. aeruginosa P. mirabilis B. cereus S. aureus C. albicans
50 -ve -ve 13+0.21 8+0.06 10+0.14
SeNPs 100 7+0.14 6+0.23 17+0.14 10+0.06 12+0.06
150 1040.16 9+0.18 20+0.06 12+0.03 14+0.14
50 -ve -ve 15+0 -ve -
Ampicillin 100 -ve -ve 20+0 -ve -
150 -ve -ve 220 60 -
50 - - - - 8+0
Miconazole 100 - - - - 1040
150 - - - - 12+0

The antimicrobial properties of the synthesized
SeNPs were also evaluated using MIC and
MBC (Figure 6). The MICs of SeNPs against B.
cereus, S. aureus, P. aeruginosa, P. mirabilis,
and C. albicans were 50, 70, 120, 150, and 50
pg/ mL, respectively. The MBC values were 60,
80, 120, and 150 pg/ mL against B. cereus, S.
aureus, P. aeruginosa, and P. mirabilis,
respectively.  This indicated that the
biosynthesized SeNPs were more effective
against Gram-positive than Gram-negative
bacteria. SeNPs showed dose-dependent
antimicrobial activity against all test microbes,
which  increased by increasing their
concentration. P. mirabilis followed by P.
aeruginosa showed low sensitive behavior to
SeNPs. To demonstrate a complete bacterial
inhibition, high concentrations of SeNPs (150
ug/ mL) were needed.
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Figure 6. The minimum inhibition concentrations
and minimum microbicidal concentrations of SeNPs
compared to standards; miconazole and ampicillin.
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Antioxidant activity

The antioxidant qualities of the biosynthesized
SeNPs were evaluated using the in vitro DPPH
radical scavenging approach (Figure 7). The
experiment's results showed that the radical
scavenging ratio increased as the concentrations
in the measured range increased and that SeNPs
had a concentration-dependent scavenging
effect. SeNPs have a 68.2% DPPH radical
scavenging activity. At all doses, ascorbic acid,
a common antioxidant, outperformed the SeNPs
in this investigation.
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Figure 7. DPPH scavenging activity of SeNPs.

Discussion

An international health emergency is the rise in
antibiotic resistance. The battle against
microbes was believed to be won. Through a
variety of processes, either inherent to the
organism or acquired from another,
microorganisms can become resistant to novel
antimicrobials (Reygaert, 2018). Pseudomonas
bacteria is one of the most serious bacterial
infections due to causing several diseases for
the whole part of the body, and the most
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dangerous problem is the resistance to
antibacterial agents. Although certain types of
antibacterial medications, such as ampicillin
and ciprofloxacin, are extreme irritants and
potentially bactericidal, many studies have
found antibacterial resistance in Pseudomonas
bacteria (Garg et al., 1999). This study seeks to
identify an alternative green strategy to
bacterial infection concerns, namely
Pseudomonas resistance to current commercial
medications. According to several studies, P.
aeruginosa cases of P-lactam  antibiotic
resistance have been discovered (Gniadkowski,
2001; Subedi et al., 2018). Using common
biochemical methods, two strains of P.
aeruginosa that are resistant to drugs were
successfully isolated and identified in the
current study. The CLSI criteria and an in vitro
method were employed to assess these
bacteria’s resistance to different antimicrobial
medications. This project also aims to find a
different green way to address the issue of
bacterial resistance, notably P.
aeruginosa resistance to the commercial drugs
that are currently on the market.

Certain nano-metals and nano-oxides, including
Fe, ZnO, Cu, Ag, Mn, Se, Au, and Al, have been
found to exhibit antibacterial properties. Nano-
metals are primarily synthesized using several
physical and chemical techniques. However, as
well as toxicity, high reactivity, and instability,
drawbacks have been established, including the
usage of expensive precursors and the creation
of hazardous wastes (Baka et al., 2019; El-
Zahed et al., 2023; Fayed et al., 2023). The
biological synthesis of nanomaterials is
therefore becoming more and more necessary.
Bacteria are good instruments for nano-metal
manufacturing because they are diverse and
adaptable to harsh environmental conditions
(Wang et al, 2017). For example, P.
aeruginosa was found to synthesize AuNPs
(Husseiny et al., 2007) and K. pneumoniae was
also reported for SeNPs biosynthesis (Fesharaki
etal., 2010).

To validate the synthesis of NPs, first,
qualitatively change the color of the culture
media from yellow to red brick color, which is
caused by the conversion of selenite to selenium
as an element; over time, the sodium selenite in
the culture medium changes color to red
(Abbas et al., 2021). This implies that selenite
has been reduced to elemental Se, and the
characteristic red hue produced indicates the
resonance of the surface Plasmon of SeNPs.
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The SeNPs biosynthesis was confirmed by an
absorbance peak that ranged from 330 to 370
nm. Several research studies observed various
absorbance peaks for SeNPs. For example, the
maximum light absorption was at 294 nm for
SeNPs, as reported by Tabibi et al. (2020). In a
different study, a team of researchers used
microorganisms isolated from several regions
of Saudi Arabia to create SeNPs; the chosen
strain had an absorption peak at 290 nm (El-
Deeb et al., 2018). The manufacture of SeNPs
using the bacteria Ralstonia eutropha was the
subject of another investigation in 2015. This
artificial NPs's absorption peak is visible at 270
nm (Srivastava & Mukhopadhyay, 2015).
Numerous investigations demonstrate that
synthesized SeNPs have a resonance peak at
200-300 nm. Nevertheless, this absorption peak
is also influenced by a number of variables,
including the isolated environment of the
desired strain, material composition, particle
size, and shape (Joshi et al., 2008).
Furthermore, a lot of study has been done on the
creation of SeNPs, which shows that the
presence of SeNPs is indicated by distinct
absorption peaks (Hemalatha et al., 2014).

Furthermore, studies show that several
biomolecules or macromolecules, including
proteins and polysaccharides, cover SeNPs
produced by bacteria (Abou-Dobara et al.,
2024; El-Dein et al.,, 2021; El-Zahed et al.,
2021). Indeed, proteins and carbohydrates have
the ability to reduce metal salts to metal NPs.
Through the vibration of the functional groups
(proteins  and  carbohydrates) of the
nanoparticles, there are certain frequent issues
with nanoparticle stability. Accumulation and
aggregation of NPs are major issues that limit
their utilization in various applications.
Capping agents have a significant role in
limiting NP aggregation. FT-IR analysis might
yield valuable semiquantitative information
regarding the existence of biological
components in the coating layers of the
nanoparticles and their related contents
(Tugarova & Kamnev, 2017). The FT-IR study
verified the presence of proteins as capping
agents around the NPs. Some investigations
confirm that protein capping compounds
increase the stability of NPs via cysteine and
amine residues, preventing NPs accumulation
and aggregation (Escobar-Ramirez et al., 2021).
In addition, the amide 1l band of proteins was
discovered when using pseudomonas sp in the
production of SeNPs. This capping agent may
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contain negative or positive charges, which play
a crucial role in NP stability and colloidal
dispersion.  SeNPs  biosynthesized by
Penicillium sp. were shown to have a negative
charge of -11.8mV, creating a repulsion force
between NP grains and increasing their
stability. Laslo et al., (2022) found that L. casei
produced SeNPs with a maximum zeta potential
of -23 mV. It is worth noting that the zeta
potential surface charge of NPs plays a
significant role in antibacterial activity via
electrostatic  adhesion interactions  with
microbial cell membranes (Hnain et al., 2013).
Our antibacterial activity data showed that
SeNPs were effective against both Gram-
positive and Gram-negative bacteria. Because
Gram-positive and Gram-negative bacteria
have different cell wall compositions. It was
revealed that SeNPs showed a higher
antibacterial activity against Gram-positive
bacteria than Gram-negative. Thick walls and
substantial levels of peptidoglycan discovered
in Gram-positive bacteria's cell walls reduced
the harmful impacts of these NPs when
compared to Gram-negative bacteria. Several
investigations have demonstrated SeNPs'
bactericidal effects, which include the
generation of reactive oxygen species, changes
in cell wall permeability, and cell wall
disintegration. SeNPs may interact with
microbes' cell walls, triggering cell bursts,
among other plausible explanations for their
putative antimicrobial properties (Escobar-
Ramirez et al., 2021).

The current work biosynthesized SeNPs
using P. aeruginosa and investigated their
antimicrobial activity. The antibacterial activity
of SeNPs was tested against different Gram-
positive bacteria, Gram-negative bacteria, and
yeast in comparison to the standard
antimicrobials ampicillin and miconazole using
the agar well diffusion method, MIC, and MBC
tests. Bacteria cannot multiply when an
inhibition zone appears, proving that a
treatment is working against them. Compared to
SeNPs, P. aeruginosaand P. mirabilis
displayed a complete resistance towards
ampicillin. It was shown that SeNPs are more
effective against bacteria that are Gram-positive
than those that are Gram-negative. This is
explained by a substantial change in the makeup
of the bacterial walls. Numerous holes were
discovered in the cell walls of Gram-positive
bacteria, which facilitate the entry of NPs into
the bacterial cells. This increases the NPs'
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reactivity with bacterial components and
fortifies their antibacterial action (Pasquina-
Lemonche et al., 2020). In a similar way,
biosynthesized SeNPs utilizing Pseudomonas
sp. demonstrated greater biocidal effect against
C. albicans with MIC and MFC values of 25
pg/ml  than the conventional medication
miconazole (40 pg/ml). El-Saadony et al.
(2021) found an MIC and MFC of 55 and 80
pg/ml for SeNPs against C. albicans. Shakibaie
et al. (2015) generated SeNPs using Bacillus
species Msh1 and found a MIC of 70 pug/mL
against C. albicans. Aside from the low MIC
value of the biosynthesized SeNPs, the
cytotoxic effect on normal keratinocyte cells
was determined using the trypan blue method.
SeNPs have a low hazardous effect, with an 1Csg
of around 41.5 pg/mL.

Well-known antimicrobials, SeNPs mainly use
oxidative stress to target bacteria. Reactive
oxygen species (ROS) are produced, which
causes the bacterial cell wall to break and
release proteins and nucleic acids. ROS also
causes significant respiratory enzymes to
malfunction and oxidize important proteins like
glutathione, which kills germs (Sahoo et al.,
2023). The main mechanism by which Se NPs
attack bacteria is oxidative stress. Proteins and
nucleic acids are released when the bacterial
cell wall breaks down due to the production of
ROS. According to Sahoo et al. (2023), ROS
also oxidizes important proteins like
glutathione and causes critical respiratory
enzymes to malfunction, Kkilling bacteria.
According to the acquired data, Se NPs
demonstrated a  concentration-dependent
scavenging effect: the radical scavenging ratio
rose as the concentrations in the tested range
increased. Se NPs have a 68.2% DPPH radical
scavenging activity. In this study, the
conventional antioxidant ascorbic acid worked
better than the Se NPs at all doses. Se NPs,
which are efficient nanometallic compounds,
improve cell permeability to NPs by
destabilizing  bacterial membranes and
enhancing the biocidal action against the tested
bacteria. SeNPs, which are effective
nanometallic ~ compounds, increase  cell
permeability to NPs by making bacterial
membranes unstable. They have demonstrated a
great deal of potential as a multipurpose
antibiotic. The prospective use of SeNPs as
promising single or combination antibacterial
treatments in a range of environmental,
industrial, and medical applications was
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validated by these results.

Conclusions

The cell-free supernatant of the clinical isolate
P. aeruginosa is used in this work to
biosynthesize SeNPs in an easy and
environmentally friendly manner. FT-IR was
used to determine the presence of the bacterial
proteins, which may serve as a reducing and
stabilizing agent. FT-IR, zeta analysis, TEM,
and UV-Vis spectroscopy were used to confirm
the synthesis of SeNPs. The SeNPs' long-term
stability was shown by their zeta potential and
FT-IR measurement. With MIC values ranging
from 45 to 150 pg/ml, the biosynthesized
SeNPs demonstrated strong antibacterial and
anticandidal properties against yeast and both
Gram-positive and Gram-negative bacteria.
Gram-positive bacteria were found to be more
susceptible to SeNPs than Gram-negative
bacteria, which may have uses in many
pharmaceutical and medical applications,
according to the results of the agar well
diffusion assay, MIC, and MBC.
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Abstract

Multidrug-resistant Escherichia coli is a leading cause of nosocomial infections globally. The
current study aimed to isolate and detect multidrug-resistant E. coli for use in the extracellular
biosynthesis of selenium nanoparticles (Se NPs) as well as investigate their roles in antibacterial and
antioxidant applications. We used Vitek 2 to confirm the species-level identification of the selected
bacterial isolate, which had previously undergone classical identification. Different spectroscopy
and microscopy analyses were used to characterize the biosynthesized nanoparticles (NPs), such as
UV-visible spectroscopy, FTIR, TEM and Zeta analysis. The adsorption peak for Se NPs was
observed at 348 nm, which confirmed the successful biogenesis of Se NPs. The presence of proteins
linked to NPs that serve as capping and stabilizing agents is indicated by the FTIR spectra. NPs were
spherically shaped, negatively charged particles (+48.2 mV) that had an average size of =100 nm,
assisted in their stability. Se NPs demonstrated strong antibacterial activity against Gram-positive
bacteria (Bacillus cereus, Staphylococcus aureus) and Gram-negative bacteria (Proteus mirabilis,
E. coli) in a dose-dependent way. The antioxidant potential of Se NPs was also evaluated compared
to ascorbic acid, which indicated their distinguished behavior as antioxidants. This study proposes
Se NPs as a safe, effective, and feasible substitute for treating some pathogenic bacterial strains as
well as good antioxidants, suggesting that this green synthesis of Se NPs could provide promising
medical applications.

Keywords: Green synthesis, Escherichia coli, selenium, nanoparticles, antibacterial, antioxidant

healthy humans and animals (Martinson &
Walk, 2020) and avoids dangerous pathogenic

Introduction microorganisms from colonizing the intestines.

However, in some conditions, various strains
Escherichia coli is a Gram-negative, facultative (types) of E. coli can cause illness. Many of the
anaerobic, rod-shaped, coliform bacterium that types that cause illness can attach (stick) to your
dwells in the gut (gastrointestinal tract) of cells and cause watery diarrhea, stomach pain,
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and other digestive symptoms (gastroenteritis).
Some of them have been reported to survive and
develop at high antibiotic concentrations
(Haefeli et al., 1984). Three primary methods of
antibacterial resistance are (1) blocking access
to the target, (2) altering the target of the
antibiotic, or (3) directly altering the antibiotic.
E. coli resistance can easily arise from either
single point mutations of antibiotic target genes,
of which fluoroguinolone resistance is a classic
example, or from the transfer of mobile genetic
elements, as has been the case with resistance to
third-generation cephalosporins and broad-
spectrum penicillin  (such as ampicillin or
amoxicillin) (Ochoa & Gémez-Duarte, 2016).
Several global health agencies and governments
have acted to combat AMR. Several studies
reported the potential antibacterial action of
different nanoparticles (NPs) to combat the
bacterial resistance problems (El-Zahed et al.,
2023; Hasanin et al., 2021; Nandana et al.,
2021). Nanotechnology is defined as
technology performed at the nanoscale with
real-world  applications.  Controlling  or
modifying matter at the atomic and molecular
levels can affect its size. The range is around 1
to 100 nm (Dubey & Dubey, 2021). The
underlying science is known as nanoscience.
Nanoscale attributes differ from those at larger
scales. Their distinctive physicochemical
features, including an extraordinarily large
surface area, improved reactivity, and higher
mechanical strength, distinguish them from
bulk materials and contribute to their wide
variety of applications (Bera, 2024). These
properties enable nanoparticles (NPs) to give
novel answers to some of the world's most
urgent issues, such as disease treatment,
pollution management, and energy efficiency.
As a result, NPs are expected to play a critical
role in determining the future of technology.
The synthesis of NPs is influenced by factors
such as temperature, pressure, time, particle
size, shape, preparation cost, and pore size
(Demazeau, 2010; Ma et al.,, 2008). Two
approaches that describe the many alternatives
for producing nanostructures have been
developed. These manufacturing approaches
are divided into two categories: top-down and
bottom-up. The top-down technique is
expensive and unsuitable for soft samples. The
top-down method is not ideal for large-scale
production but can be used for laboratory
experiments. The bottom-up method follows
the notion of molecular recognition. Bottom-up
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approaches synthesize nanostructures by
manipulating atoms, molecules, or clusters
individually (Patil et al., 2021). These NPs can
be manufactured using chemical, physical, and
biological means; the biological production of
NPs has gained popularity as a sustainable and
environmentally benign alternative to standard
chemical and physical processes. Chemical and
physical methods are less preferable than
biological ways because of high temperature
conditions, dangerous substances, acidic pH,
and highly poisonous and unsafe methods
(Salem & Fouda, 2021a). These biological
systems play an important role in nanoparticle
synthesis by converting metal ions into NPs,
frequently producing products with distinct
characteristics that differ from those created
using conventional methods (Jafir et al., 2023).
However, while biological synthesis processes
are environmentally favorable, they have
hurdles, notably in terms of scalability and
speed. The synthesis process usually takes
longer, and temperature, pH, the concentration
of biological agents, and the presence of other
substances can all influence the size, shape, and
yield of the NPs generated (Wang et al., 2023).
Furthermore, managing the homogeneity of
NPs produced by biological processes is a
substantial problem, as the complexity of the
biological systems involved might result in
variances in particle properties (Sharma et al.,
2023). Biological synthesis is widely divided
into intracellular and extracellular techniques,
such as intracellular synthesis, which is the
process of creating NPs within living
microorganisms or plants' cells. The
intracellular process enables the production of
NPs in a regulated environment, as the
biological system governs particle growth,
resulting in NPs that are frequently uniform in
size and shape. Extracellular synthesis, on the
other hand, occurs outside of live cells, most
commonly in the surrounding media. This
approach involves mixing biological extracts,
such as plant leaves or fungus, with metal salt
solutions (Bhatti et al., 2023). This method uses
natural agents such as bacteria, fungi, plant
extracts, and enzymes to create NPs (Shafqat et
al., 2023). Microbial cells are naturally able to
thrive in a variety of environments, and they
grow quickly and are simple to maintain.
Bacteria can be cultured in artificial
environments with an optimal growth rate,
making them a more viable candidate for NP
synthesis than other microbes.
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Bacteria have a remarkable ability to decrease
heavy metal ions, making them excellent
candidates for NPs production. For example,
some bacterial species have evolved the ability
to use specialized defensive mechanisms to
resist stresses such as the toxicity of heavy
metal ions or metals. Bacteria are regarded as a
possible biofactory for the production of NPs
such as Au, Ag, Pt, TiO2, Se, and so forth. On
the other hand, selenium NPs (Se NPs) offer
distinct advantages because of their dual
function as critical micronutrient carriers and
redox homeostasis  modulators.  When
compared to traditional selenium treatments, Se

NPs provide a more efficient and
environmentally  friendly alternative  for
improving plant resistance while limiting

toxicity, especially at low concentrations. Se
NPs have received worldwide interest due to
their high degree of absorption, biological
activity, minimal toxicity, and significant
efficacy in inhibiting oxidative damage when
compared to their Se-based counterparts (Mal et
al., 2017; Zhang et al., 2008).

Se NPs may play a favorable function in
biomedicine because of their antioxidant (Bai et
al., 2017; Jin et al., 2021), anticancer (Liao et
al., 2020; Varlamova et al., 2021), antibacterial,
and immune regulatory characteristics. Se NPs
have been widely recognized to exhibit a wide
range of antibacterial and antifungal action (Lin
et al., 2021). Their antibacterial properties may
be linked to the overproduction of reactive
oxygen species (ROS), which causes cell
membrane damage, inhibits amino acid
synthesis, and prevents DNA replication (Qin et
al., 2025). Se can be found in both crystalline
and amorphous polymorphic configurations,
and each plays a unique purpose. Se, in its
organic form found in selenoproteins, is

required in animals for enzyme activity,
immunological response, reproduction, and
pro- and anti-oxidative  characteristics

(Constantinescu-Aruxandei et al., 2018; Zhang
et al., 2004). These essential characteristics
have motivated researchers to assess the
potential of Se NPs as a strategy for combating
multidrug-resistant bacteria and other microbial
diseases.

The current study aimed to isolate a multidrug-
resistant E. coli and use it to biosynthesize Se
NPs, in addition to evaluating their antibacterial
and antioxidant properties.
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Materials and methods
Sample collection

Under aseptic conditions, 15 samples (10
females and 5 males) were taken in April and
May 2024 from private clinics and medical
analytical labs in New Damietta City, Kafr
Elbattikh, and Faraskour (Damietta
Governorate, Egypt, 31.4°N 31.72°E). Urine,
stool, and surface exchanges were among the
samples. The procedures previously outlined by
Santiago-Rodriguez et al. (2015) and
Zboromyrska & Vila (2016) were followed
while processing the samples.

Isolation and identification of bacterial
isolates

Serial dilutions of samples (102-108) were
made and infected using the pour plate method
in MacConkey agar plates (Oxoid, Basingstoke,
United Kingdom) with 2 mg/l ceftazidime
(MCKQC). All plates were incubated at 37°C and
evaluated after 18, 24, or 48 hours. For 48
hours, each bacterial colony from a distinct
bacterial ~ isolate was transferred and
subcultured on MacConkey and cystine lactose
electrolyte deficient (CLED) agar plates from
Oxoid Ltd. in England. The morphological
properties of colonies and media, as well as
color changes, were then recorded. The
bacterial isolates were described and identified
using Bergey's Manual of Systematic
Bacteriology (Yahr & Parsek, 2006). The
morphological and cultural criteria included
colony structure, Gram staining, and endospore
staining, and the identification was done in a
systematic fashion as follows: The following
colonial characteristics were recorded: size,
form, pigment production, elevation, surface,
edge, color, and opacity. Microscopic
investigation includes shape, size, Gram stain,
acid-fast stain, and endospore production. E.
coli isolates were chosen, purified, and species-
level identification was carried out in
accordance with standard recommended
standards (Koneman et al., 1997). To confirm
the identification results, isolates were
subcultured on blood agar plates and analyzed
with the Vitek 2 (BioMerieux, Marcy-I'Etoile,
France) (Moore et al., 1981). Bacterial isolates
were preserved in agar slants for additional
research (Glupczynski et al., 2007).
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Antibiotic sensitivity test (AST)

The disc diffusion technique was used to assess
the AST of bacterial isolates (CLSI, 2000a).
Mueller-Hinton agar (MHA, Oxoid Ltd.,
England) flasks were inoculated with 50 pl of
each bacterial suspension (0.5 MacFarland
Standard, 1.5 x 10® CFU/ml) independently,
and the flasks were subsequently transferred
into  sterile  Petri  dishes.  Following
solidification, various antibiotic discs from
various classes were aseptically applied
(vanomycin; 30 pg/ml, amoxicillin
[clavulanate; 20/10, ampicillin; 30, cefotaxime;
30, ceftazidime; 30, chloramphenicol; 30,
doxycycline; 30, levofloxacin; 5, nalidixic acid,;
30, and amoxycillin/clavulanate; 20/10).
Following a 24-hour incubation period at 37°C,
the diameter of the zones of inhibition (ZOl)
was measured and recorded in millimeters.

Biosynthesis of selenium nanoparticles

In 100 mL nutrient broth flasks, a 0.5
McFarland standard (1 x 108 cells/mL) from a
chosen bacterial isolate was produced for 24
hours at 37 °C. The inoculation flasks were
incubated at 37°C and 150 rpm for the entire
night. A 0.22 pm syringe filter (Millex GV,
Millipore) was used to filter the bacterial
metabolites, and the cells were collected using
centrifugation at 5000 rpm for 15 minutes after
the incubation period. The bacterial metabolites
were then transferred into another clean flask.
After making 1 mM of Na,SeO; solution and
adding it to the bacterial metabolite flasks in a
1:1 (v/v) ratio, the flasks were shaken at 150
rpm at 37°C until the color turned red. The
generated Se NPs utilizing selected bacterial
isolates were recovered by centrifugation at
30,000 rpm for 20 minutes and lyophilized after
being washed four times with distilled water
(Mohamed & El-Zahed, 2024).

Characterization of selenium nanoparticles

The biosynthesized Se NPs were examined
using two methods: a double beam spectrum
UV-Vis spectrophotometer V-760 (JASCO,
UK) and Fourier transform infrared
spectroscopy (FTIR, FT/IR-4100 type A).
Various microscopic approaches are used to
characterize the morphology of NPs.
Transmission electron microscopy (TEM) is the
most widely used technique. TEM and zeta
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potential measurements (Malvern Zetasizer
Nano-ZS90, Malvern, UK) were employed for
supplementary analysis.

Antibacterial activity of selenium
nanoparticles using the agar well diffusion
method

The biosynthesized Se NPs were examined for
antibacterial activity against Gram- positive
bacteria (Bacillus cereus, Staphylococcus
aureus) and Gram-negative bacteria (Proteus
mirabilis, E. coli) in comparison to the standard
antibiotic, ampicillin, using the Clinical and
Laboratory Standards Institute agar well
diffusion method (CLSI, 2017). A 05
McFarland of the tested bacteria was made and
inoculated into sterile, cooled, molted MHA,
which was then put into sterile Petri dishes. Se
NPs and ampicillin were applied to 5 mm wells
in inoculated agar plates at doses of 50, 100, and
150 pg/mL, respectively. Plates were incubated
at 37°C for 24 hours before measuring ZOl in
millimeters.

Minimal inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC)

The broth dilution method was used to estimate
the MIC values of Se NPs and ampicillin (CLSI,
2000). Se NPs and ampicillin at varying doses
(0-75 pg/mL) were introduced to sterilized
Muller-Hinton broth conical flasks inoculated
with 0.5 McFarland of tested bacterial strains.
The flasks were incubated at 37 °C for 24 hours.
The growth rate of the bacteria was evaluated
using a UV-Vis spectrophotometer at 600 nm
against an uninoculated broth medium as a
blank.

MIC flasks were inoculated into sterile cooled
molten MHA media, which was then placed
into a sterile petri plate. The inoculated agar
plates were kept at 37°C for 24 hours. After
incubation, bacterial colonies were counted in
colony-forming units per mL (CFU/mL) to
determine MBC values (Owuama, 2017).

Antioxidant activity of selenium nanoparticles

Using the in vitro DPPH radical scavenging
technique, the antioxidant properties of Se NPs
were investigated (Turan et al., 2025). The
greatest absorbance of DPPH radical solutions
occurs at 517 nm. To achieve this, a 1 mM
DPPH radical solution was made, and ethanol
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was used to bring the control sample's
absorbance down to 1.5 = 0.5. Standard
antioxidant ascorbic acid (vitamin C) was used
to compare the outcomes. The DPPH radical
solution was administered separately to the
samples and standards at varying doses (10-110
pg/m1l). Following a 30-min incubation period
at 25°C, the samples' absorbance values were
determined. A sample's ability to scavenge
DPPH free radicals is shown by its lowering
absorbance at 517 nm. Inhibition of DPPH in
percent (I %) was calculated according to % =
(Acontrol - Acompound/Acontrol) X 100, where Acontrol
is the absorbance when the compound is not
present, and Acompound IS the absorbance when
the compound is present.

Statistical analysis

The data were statistically analyzed using SPSS
version 18. All experiment results were
provided as mean + SD using one-way analysis
of variance (ANOVA). A substantial threshold
of p<0.05 was used (O’Connor, 2000). Every
experiment was done three times.

Results

Isolation, purification, and characterization of
E. coli

The procedure successfully isolated 16 Gram-
negative, lactose-fermenting, negative citrate,
and non-spore-forming bacterial isolates. Two
bacterial isolates were identified as E. coli
strains using conventional recommendations
and a Vitek 2 system test. This revealed the
presence of two E. coli isolates encoded with
AUF2 and CUF1 (Table 1; Figure 1). The two
E. coli isolates were tested for Se NPs
production.

Table 1. Biochemical tests for E. coli isolates.

Biochemical test AUF2 CUF1
Citrate utilization - -
Catalase + +
Oxidase - -
Indole production + -
Methyl red +
Voges-Proskauer -

Urease + -
Nitrate reduction + +
H.S production -
Lactose fermentation + +

*+ = Present; - = Absent
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AST investigations

Table 2 demonstrates the AUF2 strain's
resistance to every antibiotic that has been
tested compared to the CUF1 strain. The results
show that E. coli isolates have a resistance
percentage of 100 to ampicillin, cefotaxime,
ceftazidime, doxycycline, and vancomycin. The
E. coli AUF2 isolate has a resistance action
against amoxicillin/clavulanate,
chloramphenicol, levofloxacin, and nalidixic
acid. The obtained results indicated the
multidrug resistance behavior for the E. coli
isolates.

Table 2. Patterns of antibiotic resistance and
sensitivity in E. coli isolates.

I Concentrati Antibio.tic_:s_
Antibiotic on (ug/mi) susceptibility
AUF2 CUF1
Amoxicillin/clavulanate  20/10 +
Ampicillin 30 + +
Cefotaxime 30 + +
Ceftazidime 30 + +
Chloramphenicol 30 +
Doxycycline 30 + +
Levofloxacin 5 +
Nalidixic acid 30 +
Vancomycin 30 + +

Biosynthesis and characterization of Se NPs

The color of the culture media changes from
pale yellow at the start of the experiment to
brick red at the end of the incubation period.
This is utilized to analyze the generation of Se
NPs by E. coli isolates (Figure 1). The sample's
color did not alter in the control studies.
According to spectroscopic study outcomes,
AUF2 produced Se NPs at larger concentrations
and faster rates than the other isolate, CUF1
within 48 hours. The UV-Vis spectrum of
AUF2- and CUF1-Se NPs revealed an
adsorption peak ranging from 340 to 350 nm,
consistent with the characteristics of colloidal
Se NPs (Shah et al., 2010).

Se NPs generated by E. coli AUF2 were studied
using FTIR, zeta, and TEM potential
measurements. The capping agent composition
of biosynthesized Se NPs was characterized by
FTIR spectra, and their shape, size, distribution,
and potential were studied by TEM and Zeta
studies. Figure 2 shows the FTIR results. The
peak at 429.08 cm* attributed to the successful
formation of Se NPs. C-O is represented by the
third peak at 863.95 cm™. The peak with a
wavelength at 1012.45 cm™?, and the other peak
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with a wavelength cm? is 1396.21 due to the
presence of a C-H bond. The peak at
1629.55 cm™ wavelength corresponds to the
protein carbonyl amide bonds. The peak, at
2975.96 cm! indicates asymmetric tensile
vibrations in the C-H groups. The peak at
3449.06 cm™ corresponds to the O-H groups.
These moieties hinder Se NP aggregation and
increase their stability.

1]

—AUF2 ——CUF1

Absorbance (a. u.)

370 400 430 460 490

Wavelength (nm)

280 310 340

Figure 1. UV-vis spectroscopy and color change
investigations were performed during the production
of Se NPs using E. coli isolates; AUF2 and CUFL1.
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Figure 2. FTIR of the biosynthesized Se NPs.

The zeta potential remains a key indicator of
the stability of the NPs' colloidal dispersion.
The zeta potential is the measurement of an
effective electric charge on the surface of NPs.
The NPs with a bigger zeta potential are more
stable due to higher electrostatic repulsion
between them. The zeta potential measurements
revealed the positive charge (+48.2 mV) of the
blosynthe5|zed Se NPs, as shown in Flgure 3.
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Figure 3. Zeta potential analysis of Se NPs.

The TEM studies are a crucial technique for
evaluating and researching the size and shape of
NPs. SeNPs' homogeneous distribution,

spherical shape, and lack of aggregation were
all visible in the TEM micrograph (Figure 4). Se

NPs were between 94 15 and 108 43 nm in 5|ze

Figure 4. TEM of Se NPs. Scale bar = 100 nm.

The antibacterial action of selenium
nanoparticles

Se NPs were bio-produced using E. coli AUF2,
and their antibacterial activity against different
Gram-positive and Gram-negative bacteria was
investigated. The antibacterial activity of Se
NPs was assessed utilizing the agar well
diffusion technique, MIC, and MBC assays, as
opposed to traditional antibiotics like
ampicillin. In vitro testing revealed that
biosynthesized Se NPs had a higher
antibacterial impact against Gram-negative
bacteria than ampicillin (Table 3). The MIC test
for Se NPs and ampicillin against Gram-
positive bacteria ranged from 5 to 30 pg/mL,
while against Gram-negative bacteria ranged
from 20 to 70 pg/mL (Figure 5A). The MBC
results  were  consistent  with  MIC
concentrations, confirming the enhanced
biocidal effect of the biosynthesized Se NPs
against the tested bacteria (Figure 5B).
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Table 3. Agar well diffusion of Se NPs against the tested bacteria.

Inhibition zone in mm (mean + SD)

Antimicrobial Concentration,

Gram-negative bacteria

Gram-positive bacteria

agents ug/ml E. coli P. mirabilis B. cereus S. aureus
50 70.14 60.18 17+0.06 16+0.14
Se NPs 100 100.16 8+0.21 20+0.03 18+0.14
150 12+0.06 10£0.14 2310 20+0.06
50 -ve -ve 16+0 -ve
Ampicillin 100 -ve -ve 20+0 -ve
150 -ve -ve 220 7+0
—=—B. cereus 120 4 . N
B Se NP; hh
. —— 8. aureus & 100 o e 1 gk Tl
- < D Ascorbic acid £ I
Z08 ——E. coli g 80 - e
= A d
§ 0.6 A P. mirabilis ; 60 1
= £ S
S 04 £ 40
2 = 2
202 S 204 a
2
< 9 = 4 5 9 , o |
0 20 40 60 30 10 30 50 ) 70 90 110
A Concentration (ul/ml) Concentration (ug/mL)
200 Figure 6. DPPH scavenging activity of Se NPs.
D Se NPs
== e
= E 150 4 O Ampicillin _ )
e Discussion
Z £ 10 - d : . .
EE d Multidrug-resistant E. coli is one of the most
E § w0 c serious pathogenic bacteria since it causes
= . . .
58 b multiple disorders throughout the body, and the
a 0 0 most  critical problem is resistance to
0 - ' — antibacterial medications. Many E. coli strains
B B. cereus S. aureus E. coli P. mirabilis . . .
cause mild illnesses. However, some strains

Figure 5. The minimum inhibition concentrations;
(A), and minimum bactericidal concentrations; (B),
of Se NPs compared to standard; ampicillin.

Antioxidant activity

Using the in vitro DPPH radical scavenging
technique, the antioxidant properties of the
biosynthesized Se NPs were assessed (Figure
6). The findings of the experiment
demonstrated that Se NPs had a concentration-
dependent scavenging effect and that the radical
scavenging ratio rose as the concentrations in
the tested range increased. The DPPH radical
scavenging activities were 67.5% for Se NPs. In
this study, ascorbic acid as a standard
antioxidant showed higher antioxidant action
than the Se NPs at all concentrations.
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release Shiga toxin, which can cause significant
sickness and kidney damage. E. coli infections
are  most commonly found in the
gastrointestinal and urinary tracts. Other forms
of E. coli infections are
Bloodstream infections, prostatitis (a prostate
infection), pelvic inflammatory disease, or PID,
a gallbladder infection  (cholecystitis),
infections  from  wounds, pneumonia
(infrequent), and meningitis (rare). Symptoms
of E. coli gastroenteritis are Diarrhea. This is
frequently watery and occasionally bloody,
stomachaches and cramps, loss of appetite, and
a low fever. Watery diarrhea is typically the
initial symptom of an E. coli infection in the
gastrointestinal tract. Symptoms may vary
based on the location of infection in your body
(Incir & Kaplan, 2025). Although certain types
of antibacterial medicines, such as amikacin,

gentamicin, ceprofloxacin, amoxicillin/
clavulanic  acid, imipenem, ampicillin,
cefotaxime, cefepime, and ceftazidime.
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Numerous investigations have found that (-
lactam antibacterial resistance cases of E. coli
(Gniadkowski, 2001; Katsanis et al., 1994;
Nepal etal., 2017). The current work effectively
isolated and identified two multidrug-resistant
E. coli strains using standard biochemical
techniques. An in vitro technique and the CLSI
criteria were used to determine these bacteria's
resistance to various antimicrobial medicines.
In addition, this study attempts to identify an
alternative green method to combat bacterial
resistance concerns, specifically E. coli
resistance to current commercial medications.
Recently, researchers have tended to synthesize
novel active compounds using an
environmentally benign approach.
Nanomaterials are among the most active
substances in agriculture, health, and industry
(Sharma et al., 2018). To avoid the detrimental
effects of chemical and physical techniques,
these materials should be synthesized using
green approaches (Salem & Fouda, 2021).
Endophytic microorganisms such as fungi,
bacteria, and actinomycetes are thought to be
attractive sources for the green synthesis of
nanomaterials because they secrete large
amounts of active metabolites that can be
employed as reducing and capping agents
(Meena et al., 2021). Green NPs production
utilizing bacteria has received more attention
than other microorganisms. This is mostly
owing to the remarkable secretion of
extracellular metabolites, which increases NPs
yield and provides great stability to the
produced NPs. Bacteria are also known for their
ease of handling, high metal tolerance, biomass
production, and scalability. The current study
looked at the effectiveness of endophytic
bacterial strains for Se-NP synthesis. After
adding the metal precursor (Na;SO3) to the
bacterial biomass filtrate, the color changed
from colorless to red, progressively increasing,
suggesting the creation of Se’ due to the
reduction of SeO32. The prior combination was
kept in the dark for 24 hours to ensure that the
metal had been completely reduced and there
was no further color change. Recently, Na;SO3
was completely reduced by the action of
metabolites released by the endophytic bacterial
strain, E. coli, whereas the Se® form was
finished after 24 hours of incubation (Fouda et
al., 2022). Furthermore, after 24 hours, Se-NPs
were produced by reducing Na,SOz with
metabolites released by E. coli, with no
additional color change observed.
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The ability of E. coli strains to biosynthesize Se
NPs was investigated using cell-free
supernatants. In comparison to the CUF1 strain,
E. coli AUF2 showed the highest rate of Se NP
synthesis. Se NPs were characterized by UV-
visible spectroscopy, FTIR, TEM, and zeta
analysis. Se NP biosynthesis was confirmed by
an absorbance peak at ~348 nm. Several
research studies have reported distinct
absorbance peaks for Se NPs. For example,
Hemalatha et al. (2014) analyzed Se NPs with
an absorbance peak of 290 nm, but El-Saadony
et al. (2021) reported findings at 263 nm and
300 nm, respectively. The absorbance peak
shifts to longer wavelengths as particle size
rises (Shah et al., 2010). Se NPs only exhibit a
continuous absorption peak in the wavelength
range above 300 nm when the particle size is
100 nm or bigger. The absorption peak often
shifts towards red, with peak intensity
decreasing as nanoparticle size rises (Kaur &
Bakshi, 2010).

FTIR spectroscopy was utilized to confirm the
existence of functional groups that were
primarily engaged in the Se NPs bioreduction
process. The FTIR spectrum pattern of Se NPs
revealed distinct functional groups on the
surface, which may be responsible for the
reduction of sodium selenite (inorganic form) to
organic form Se NPs (Ashengroph & Hosseini,
2021). Stretching and bending bands of various
groups (OH, NH, CO, and CN) validated the
range of biogenic Se NPs generated by E. coli
AUF2. The broad absorption bands correlate to
the reducing groups (C-O, NH, and C-C) found
in bacterial proteins that were responsible for
the reduction of sodium selenite into Se NPs.
The overall FTIR spectral fingerprint pattern
corresponded to the outline of Se NPs
synthesized by Alvi et al. (2021), Mehta et al.
(2021), and Ramya et al. (2015) using a green
synthesis technique. According to prior
research, the presence of particular
biomolecules may reduce the ability to produce
NPs. Polysaccharides have a variety of
functions, including hydroxyl groups and a
hemiacetal reducing end that can reduce
precursor  salts.  The  conversion  of
polysaccharide hydroxyl groups to carbonyl
groups is crucial in the reduction of selenium
salts (Mata et al., 2009).

The reducing end of polysaccharides can also be
exploited to provide an amino functionality
capable of complexing with and stabilizing
metallic NPs (Nadkarni et al., 1994).
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Carbohydrates with such amino groups bond
strongly to the surface of SeNPs, resulting in a
hydrophilic surface (Kemp et al., 2009; Park et
al., 2011). These protein-loaded Se NPs have a
high antibacterial potential and also exhibit
antioxidant activity. They play a key function in
medications and are widely thought to have
significant health advantages (Chen & Dou,
2008; Lamoral-Theys et al., 2010). During the
current study, spherical particles of an average
size of =100 nm were observed. It was a
consensus from earlier research (Eszenyi et al.,
2011; W. Zhang et al., 2011). These particles
are charged species, and their charge is assessed
using zeta potential. NPs can survive in
colloidal systems with zeta potential values
reaching +48 mV, depending on their charge. A
low zeta potential, on the other hand, might
cause particle aggregation and flocculation as a
result of van der Waals attractive forces acting
on them (Tso et al., 2010; Ye et al., 2020). The
size and shape of the Se NPs were validated
using a TEM. Spherical-shaped Se NPs were
prepared using the E. coli AUF2.
Biosynthesized Se NPs made with E. coli AUF2
show better biocidal activity against Gram-
positive bacteria with MIC and MBC values of
5-30 pg/mL compared to the traditional drug
ampicillin (50-150 pg/mL). El-Saadony et al.
(2021) found that LAB-Se NPs had MIC values
of 55 pug/mL. Shakibaie et al. (2015) produced
Se NPs with Bacillus Msh1, which had an MIC
of 70 pg/mL against tested microbes.

It was shown that Se NPs are more effective
against bacteria that are Gram-positive than
those that are Gram-negative. This is explained
by a substantial change in the makeup of the
bacterial walls. Numerous holes were
discovered in the cell walls of Gram-positive
bacteria, which facilitate the entry of NPs into
the bacterial cells. This increases the NPs'
reactivity with bacterial components and
fortifies their antibacterial action (Pasquina-
Lemonche et al., 2020).

Se NPs primarily exploit oxidative stress to
target microorganisms. ROS are created,
causing the bacterial cell wall to degrade and
release proteins and nucleic acids. ROS also
causes crucial respiratory enzymes to
malfunction and oxidize key proteins such as
glutathione, which kills germs (Sahoo et al.,
2023). The obtained results showed that the
radical scavenging ratio increased as the
concentrations in the measured range increased,
indicating that Se NPs exhibited a
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concentration-dependent scavenging effect. For
Se NPs, the DPPH radical scavenging activity
was 67.5%. At all doses, ascorbic acid, a
common antioxidant, outperformed the Se NPs
in this investigation. Se NPs, which are efficient
nanometallic ~ compounds, improve cell
permeability to NPs by destabilizing bacterial
membranes and enhancing the biocidal action
against the tested bacteria.

Conclusions

An increasing demand for sustainability
initiatives in nanotechnology has resulted in the
development of biogenic techniques for the
synthesis of Se NPs, which are rapidly replacing
traditional chemical syntheses. The current
study succeeding in isolating two multidrug-
resistant E. coli strains that tested for the
extracellular biosynthesis of Se NPs. The
characterization and bioactivities of Se NPs
demonstrated their appropriate composition,
survivability against bacterial infections, and
antioxidant activity. The findings of this study
could have a significant impact because of E.
coli AUF2's easy culture requirements and the
inexpensive manufacturing cost of biologically
relevant Se NPs. Given these possible
biological effects, the investigated Se NPs have
enormous  potential for use in the
pharmaceutical,  biomedical, and food
industries, particularly as antibacterial and
antioxidant agents.
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Abstract

Background: Cirrhosis is often irreversible and progressive phase of chronic liver disease recognized
by loss of liver function and fibrotic remodeling. The aim of this study is to evaluate the diagnostic
utility of glial cell line-derived neurotrophic factor (GDNF) in distinguishing cirrhosis patients from
healthy individuals. Methods: A total of 61 participants were enrolled, consisting of 42 cirrhotic
patients and 19 healthy controls. Serum GDNF, standard liver enzymes, kidney function parameters,
and complete blood count indices were assessed. Results: Significant alterations were observed in
liver profile markers such as decreased albumin and elevated bilirubin, aspartate aminotransferase
(AST), gamma glutamyl transferase (GGT), and international normalized ration (INR) in cirrhotic
patients (P<0.001). Hematological analysis revealed anemia, thrombocytopenia, and elevated red
cell distribution width (RDW), along with increased neutrophil-to-lymphocyte ratio (NLR),
indicative of systemic inflammation. GDNF levels were significantly elevated in cirrhosis cases,
with a median of 2.3 ng/mL compared to 1.75 ng/mL in controls (P=0.001). GDNF demonstrated
moderate diagnostic ability with an area under the ROC curve (AUC) of 0.699, sensitivity of 69%,
and specificity of 73.7%, suggesting its potential as a non-invasive biomarker. RDW and NLR
exhibited the highest diagnostic performance, with AUCs of 0.863 and 0.829, respectively.
Conclusion: This result supports the integration of GDNF and other novel biomarkers to improve
the early detection and clinical assessment of cirrhotic patients.

Keywords: Cirrhosis, Glial cell line derived neurotrophic factor (GDNF), Liver Enzymes.

Introduction

Liver cirrhosis is a chronic, progressive
liver disease characterized by tissue-based
development of renewing nodules bordered by
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fibrous strips as a result of persistent
dysfunction of liver, leading to portal
hypertension and end-stage liver dysfunction. It
represents the advanced stage of fibrosis, where
excessive  extracellular  matrix (ECM)
deposition  disrupts  hepatic  architecture,
impairing liver function and blood flow. The
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pathogenesis involves activation of hepatic
stellate cells (HSCs), which transform into
myofibroblasts under inflammatory certain
conditions, leading to collagen deposition and
sinusoidal capillarization, a process where liver
sinusoidal  endothelial cells lose their
fenestrations, further exacerbating fibrosis.
Portal hypertension, a major consequence of
cirrhosis, arises from elevated intrahepatic
vascular resistance and splanchnic vasodilation,
contributing to adverse outcomes including
ascites, variceal hemorrhage, and hepatic
encephalopathy (Xie and Benmassoud, 2025).

Cirrhosis remains a significant public
health burden, with an estimated 112 million
cases, reflecting a rising prevalence compared
to previous decades. The leading etiologies vary
by area. HBV and HCV are prevalent in Asia
and Africa, while NAFLD are common in
Western countries. Notably, advancements in
antiviral therapies for HBV and HCV have
reduced viral-related cirrhosis, but metabolic
and alcohol-related cases are increasing, partly
due to rising obesity and alcohol consumption
rates (Wong and Huang, 2018).

From clinical side, cirrhosis progresses
from a compensated phase  (often
asymptomatic) to decompensation, marked by
life-threatening problems. Common
presentations include jaundice, ascites,
coagulopathy, and hepatic encephalopathy,
with diagnostic tools including liver biopsy and
elastography. Management focuses on treating
the underlying cause (antivirals for HBV/HCV,
alcohol cessation), preventing complications
such as diuretics for ascites and in advanced
cases, liver transplantation (Sterling et
al.,2025). Emerging evidence suggests that
early fibrosis and even cirrhosis may be
reversible with effective treatment, highlighting
the importance of timely intervention. Despite
therapeutic advances, cirrhosis remains a
leading reason for mortality, accounting for
1.48 million deaths globally in 2019. Ongoing
research into innovative therapeutic approaches
and enhanced diagnostic tools offers hope for
improving the care of individuals affected by
cirrhosis (Younossi et al.,2024).

Patients and Methods:
Ethical Approval:

The Research and Ethical Committees of Al-
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Azhar Faculty of Medicine, Damietta, Egypt,
approved this study IRB 00012367-2502-006.

Participants:

This study enrolled 61 participants, including
41 patients with cirrhosis and 19 healthy
controls. Cirrhosis diagnosis was based on
clinical, biochemical, and imaging findings.

Biochemical Analysis:

Serum samples were collected from all
participants one day prior to any surgical
intervention (where applicable). The following
biochemical parameters were measured using
standardized assays and methods at the
Gastroenterology Surgery Center, Mansoura,
Egypt: aspartate transaminase (AST), alanine
transaminase (ALT), alkaline phosphatase
(ALP), albumin, total bilirubin (Thili), direct
bilirubin (Dbili), gamma-glutamyl transferase
(GGT), international normalized ratio (INR),
red blood cell (RBC) indices, white blood cell
(WBC) indices and platelet indices. Serum
GDNF levels were also determined using a
validated assay.

Statistical Analysis:

SPSS  statistics software  version 26.0
(Statistical package for social science Inc.,
Chicago, IL, USA) was used to perform the
statistical analysis. Continuous variables were
expressed as mean * standard deviation for
normally  distributed data or median
(interquartile  range)  for  non-normally
distributed data. Differences in continuous
variables between the control and cirrhosis
groups were assessed using an independent
samples t-test for normally distributed data or a
Mann-Whitney U test for non-normally
distributed data. The diagnostic accuracy of
GDNF and other relevant indices in
distinguishing cirrhosis patients from healthy
controls was assessed by calculating the area
under the Receiver Operating Characteristic
(ROC) curve (AUC), sensitivity, and
specificity. Statistical significance was set at
p < 0.05.

Results:

Clinical features of cirrhosis and control
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group.

Median age of the control group was 26
years (IQR: 24-34), while the cirrhosis group
had a significantly higher median age of 51
years (IQR: 34-60) with a p-value of 0.001. The
gender distribution was similar between the
groups. In the control cohort, 73.7% of the
participant were male and 73.8% of the
cirrhosis patients (P=0.978). HBsAg positivity
was observed in 7.1% of the cirrhosis group,
while none of the controls were positive.
HCVADb positivity was markedly higher in the
cirrhosis group (61.9%) versus controls (0%),
with a P-value of 0.001.

Regarding liver disease severity, Child-
Pugh classification showed that 41% of the
cirrhosis group were classified as Child C,
while all control subjects were classified as
Child A. APRI scores revealed that 50% of the
cirrhosis group had a score of 3, compared to
none in the control group (P=0.001). FIB-4
scores were also significantly different
(P=0.001), with 60% of cirrhosis patients
scoring 3, whereas all individuals in the control
group had a score of 1. These findings
summarize the distribution of key clinical
parameters among the study groups (Table.1).

Table (1) Clinical characteristics of cirrhosis and
control group.

Variable Control Cirrhosis
. P-
Median Group group
value
(IQR) N=19 N=42

Age (yr) 26 (24-34) 51 (34-60) 0.001
Gender
Malen (%) 14 (73.7) 31(73.8)
Female n 0.978
%) 5 (26.3) 11 (26.2)
HBsAg n (%)
+ve 0(0) 3(7.1)
-ve 19 (100) 38 (90.5) 0.603
HCVAb n (%)
+ve 0 (0) 3(7.1)
Ve 19 (100) 26 (61.9) 0.001
Child n (%)
A 19 (100) 7(17.9)
B 0(0) 16 (41) 0.001
C 0(0) 16 (41)
APRI n (%)
1 18 (94.7) 7(19.4)
2 1(5.3) 11 (30.6) 0.001
3 0(0) 18 (50)
FIB4 n (%)
1 19 (100) 4(11.4)
2 0(0) 10 (28.6) 0.001
3 0 (0) 21 (60)

HBsAg - Hepatitis B surface antigen,

HCVADb - Hepatitis C virus antibody, Child -
Child-Pugh  score, APRI - Aspartate
Aminotransferase to Platelet Ratio Index, FiB4
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- Fibrosis-4 Index.

Serum level of glial cell line derived
neurotrophic factor for cirrhosis and the
control group.

Median GDNF levels were
significantly higher in the cirrhosis group (2.3
ng/ml, P =0.019) compared to the control group
(1.75 ng/ml).

Table (2) Serum level of glial cell line derived
neurotrophic factor for cirrhosis and control group.

Variable Control Cirrhosis

Median Group group P value
(IQR) N=(19) N= (42)

GDNF 1.75

(ng/ml)  (1.20 - 2.04) 2.3(1.6-2) 0.001

GDNF - Glial Cell Line-Derived Neurotrophic Factor.

Serum levels of kidney profile for the studied
groups.

The median serum creatinine level was
0.80 mg/dL (IQR 0.70-0.90) in the control
group and 0.70 mg/dL (IQR 0.60-0.90) in the
cirrhosis group, with a P-value of 0.693. The
mean serum potassium level was 4.30 + 0.449
mmol/L in the control group and 4.04 + 0.60
mmol/L in the cirrhosis group, yielding a P-
value of 0.332. For uric acid, the mean serum
level was 5.02 = 1.93 mg/dL in the control
group and 4.75 £ 1.75 mg/dL in the cirrhosis
group, with a corresponding p-value of 0.509.
These results indicate that there were no
statistically significant differences in the serum
levels of creatinine, potassium, and uric acid
between the control and cirrhosis groups
(Table.3).

Table (3) Serum levels of kidney profile for the
studied groups.

control Cirrhosis p-
Variables group group Value
N=(19) N= (42)
Cr(mg/dL) 0.80 0.70 0.693
Median (IQR)  (.70-.90) (0.60-0.90) )
K(mmol/1)
Mean + SD 4.30+.449 4.04+.60 0.332
UA (mg/dL)
Mean £ SD 5.02+.93 4.75+1.75 0.509

Cr — Creatinine, K — Potassium, UA - Uric Acid

Serum levels of different liver profile for the
studied groups.

The serum levels of different liver
function parameters in the control group (N=19)
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and the cirrhosis group (N=42). Levels of serum
albumin were significantly lower in the
cirrhosis group (median 3.3 g/dL, IQR 2.70-
3.77) versus the control group (median 4.50
o/dL, IQR 4.40-4.80), with a p-value of <0.001.
Total bilirubin and direct bilirubin levels were
also significantly higher in cirrhosis patients,
with medians of 1.6 mg/dL and 1 mg/dL,
respectively, compared to 0.60 mg/dL and 0.15
mg/dL in controls (P<0.001for both). Liver
enzymes showed marked differences between
the groups. ALP was higher in the cirrhosis
group (median 65 U/L) than in controls (median
5 U/L), while AST was also increased in the
cirrhosis group (median 41.5 U/L) compared to
controls (median 21 U/L), with both showing
statistical significance (P<0.001). ALT levels
were higher in cirrhotic patients than in controls
(P<0.001). GGT was notably elevated in
cirrhosis patients (median 46 U/L) compared to
the control group (median 17 U/L), and INR
was higher in cirrhosis (median 1.4) than in
controls (median 1.0), both with P-values
<0.001(Table.4).

Table (4) Serum levels of different liver profile for
the studied groups.

Variables Control Cirrhosis

Median Group group V:ll-.le
(IQR) N=(19) N= (42)
4.50 3.3
Alb(g/dL) (440 -480) (2.70-3.77) <0.001
0.60
Thililmg/dL)  (50-.70)  -6(1-46)  <0.001
0.15
Dbili(mg/dL) _ (0.10-025)  \(47-24) <0001
ALP(U/L) 5(5-5) 6(5-7) 20,001
415
AST(U/L) 202y (267722) <0001
(21-27)  (21-445) <0001
GGT(U/L) (121_727) 46(30-94) 001
INR 1
(1-110) 140216) <0001

Alb — Albumin, T.bili - Total Bilirubin, D.bili - Direct
Bilirubin, ALP - Alkaline Phosphatase, AST - Aspartate
Aminotransferase, ALT - Alanine Aminotransferase, GGT
- Gamma-Glutamyl Transferase, INR - International
Normalized Ratio.

Red blood cells and their indices for the
studied groups.

Red blood cells and their indices for the
control group (n=19) and the cirrhosis group
(n=42). The table displays median values with
interquartile ranges (IQR) for red blood cell
count (RBCs), mean corpuscular volume
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(MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration
(MCHC), and red cell distribution width
(RDW). Additionally, mean values with
standard deviations (SD) are provided for
hemoglobin (HG) and hematocrit (HCT). An
overall P-value is included for each variable to
indicate the statistical significance of the
difference between the two categories. The
results demonstrate markedly significant
differences (P<0.001) between the control and
cirrhosis groups for RBCs (3.8 x 10%/cell/uL,
IQR 3.1-4.2 vs. 5.20 x 10%cell/uL, IQR 4.60-
5.40), HG (10.5 £ 2.2 g/dL vs. 14.26 + 1.51
g/dL), HCT (31.4 £ 6.7 % vs. 41.79 + 5.38 %),
and RDW (15.1 %, IQR 13.1-16.9 versus 12.30
%, IQR 11.50-13.05). In contrast, no
statistically significant differences were found
in MCV (P=0.099), MCH (p=0.094), and
MCHC (P=0.529) between the two groups
(Table.5).

Table (5) Red blood cells and their indices for the
studied groups.

Control Cirrhosis

Variable group group P-
N=(19) N=(42) Value
5.20 3.8

RBCsx10¢(Cell/pL) - |

Median (IQR) (4.60-5.40) (3.1-4.2)  <0.001

HG (g/dL) 1426 +1.51  10.5%2.2

Mean + SD <0001

HCT (%) 41.79+538  31.4%6.7

Mean + SD <0.001

MCV (fL) 82.46(80.16 87 0.099

Median (IQR) -86.20)  (80.4-909)

MCH (pg) 2850 (27.8-  29.2 0,094

Median (IQR) 29.25)  (265-31.8)

MCHC(g/dL) 33.38+3.03

Mean < SD 34.30+1.72 0.529

RDW (%) 12.30(11.50 (13115_'116 9) <0001

Median (IQR) -13.05) e :

RBCs - Blood Cell Count, HG — Hemoglobin, HCT
— Hematocrit, MCV - Mean Corpuscular VVolume,
MCH - Mean Corpuscular Hemoglobin, MCH -
Mean Corpuscular Hemoglobin, MCHC - Mean
Corpuscular Hemoglobin Concentration, RDW -
Red Cell Distribution Width.

Platelets and their indices for the studied
groups:

The cirrhosis group demonstrated
significantly lower platelet count (P=0.002) and
Pct (<0.001), along with a significantly higher
platelet distribution width (P=0.040) and PLCR
(P=0.011) versus the controls. No statistically
significant differences were found in MPV
(P=0.115) and PLR ratio (P=0.942) between the
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two categories (Table.6).

Table (6) Platelets and their indices for the studied
groups.

Control Cirrhosis p-
Variable group group Value
N=(19) N= (42)
3
PLTx10 209(191.9-  89.3(55-
(cell/pL 252.9) 148.8) 0.002
Median (IQR) ) )
PDW (fL) 13(11.60-  17.9(12.6- 0.170
Median (IQR) 10.20) 20.1 :
MPV (fL) 9.30(6.50 -  10.5(7.4- 0115
Median (IQR) 10.50) 11.3) :
Pct (%) 0.194(.126- ]
Median (IQR) 206)  0-08(05-16)  <0.001
PLCR (%) 35.8+8.03
Mean+SD 27.1+6.7 0.011
PLR 83.6(71.22- 91.4(57.7- 0,942
Median (IQR) 112.22) 135) :

PLT - Platelet Count, PDW - Platelet Distribution
Width, MPV - Mean Platelet Volume, Pct -
Plateletcrit (percentage of blood volume occupied by
platelets), PLCR - Platelet Large Cell Ratio, PLR -
Platelet-to-Lymphocyte Ratio.

White blood cells and their indices for the
studied groups

White blood cells and their indices for
the control group (n=19) and the cirrhosis group
(n=42). The cirrhosis group showed a
significantly lower WBC count (P=0.006) and
absolute lymphocyte count (P<0.001), along
with a significantly higher neutrophil
percentage (P<0.001) and NLR (P<0.001)
relative to the controls. The Ilymphocyte
percentage was significantly lower in the
cirrhosis group (P<0.001). No statistically
significant difference was observed for the
absolute neutrophil count shared by the two
categories (P=0.699) (Table.7).

Table (7) White blood cells and their indices for the
studied groups.

Control Cirrhosis
Variable group group P - Value
N=(19) N=(42)
WBCx103 5.7
(cell/uL) (4.2-6.9)  4(2.9-5) 0.006
Median (IQR)
3
Lymph Nox10 2.50 0.85(0.67-
(cell/ul) (1.90- 3.05) 15) <0.001
(Median (IQR) ) ) )
Neut Nox103
(cell/ul) 2'12(11(5;0 T 210(1532)  0.099
Median (IQR) )
0,
k/{ygg}i/son 437¢7.5  27.16+124  <0.001
0,
ll:l/[il;l/i o 437+84  57.7+144  <0.001
NLR 0.96(0.80-
Median (IQR) 122)  »3(1.3-36)  <0.001

WBC - White Blood Cell Count, Lymph no -
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Lymphocyte Number, Neut no - Neutrophil Number,
Lymph % - Lymphocyte Percentage, Neut % -
Neutrophil Percentage, NLR - Neutrophil-to-
Lymphocyte Ratio.

Area under curve (AUC), sensitivity, and
specificity of some variables for Diagnosis of
patients with cirrhosis versus control group.

The diagnostic performance of several
biomarkers for distinguishing patients with
cirrhosis from the control group, among these,
RDW (AUC: 0.863, P <0.001) and NLR (AUC:
0.829, P < 0.001) demonstrated the highest
accuracy, combining strong sensitivity (81%
and 82%, respectively) and specificity (78%
and 73%, respectively). PLCR also performed
well (AUC: 0.809, P = 0.006), with the highest
sensitivity (84%) but moderate specificity
(63%). GDNF achieving an AUC of 0.699 and
balanced sensitivity (69%) and specificity
(73.7%). Plateletcrit (Pct) provided good
sensitivity (82%) with specificity of (56%), and
an AUC of 0.789 (P < 0.001) (Table.8) (Fig.1
.2.3.4 and 5).

Table (8) Area under curve (AUC), sensitivity, and
specificity of some variables for Diagnosis of
patients with cirrhosis versus control group.

0,
Variable AUC Cutoff Sen% Spe% 95% P
CI value
GDNF 0 o, 0.558-
(ng/mI) 0.699 2.2 69%  73.7% 0841 .0.013
0.724-
0, 0,
NLR 0.829 1.1 82% 73% 0.933 <0.001
RDW (%) 0.863 13 81% 78% gggg <0.001
0.646-
Fob():R 0.809 30 84% 63% 0971 0.006
0 0.789 0.18 82% 56% 0.670- <0.001
Pct (%) 0909

GDNF - Glial Cell Line-Derived Neurotrophic Factor,
NLR - Neutrophil-to-Lymphocyte Ratio, RDW - Red Cell
Distribution Width, PLCR - Platelet Large Cell Ratio, Pct
- Plateletcrit (percentage of blood volume occupied by
platelets).
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Figure (1): ROC curve of GDNF for Cirrhosis
patients versus control group
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Figure (2): ROC curve of RDW
patients versus control group

for Cirrhosis

ROC Curve

08

06

Sensitivity

04

02

0o 0z 0.4 08 o8 1.0

1 - Specificity

Figure (3): ROC curve of NLR for Cirrhosis patients
versus control group
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Figure (4): ROC curve of PLCR for Cirrhosis
patients versus control group
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Figure (5): ROC curve of Pct for Cirrhosis patients
versus control group

Discussion:

Cirrhosis, the culmination of different
liver injuries, originates from a process of
necroinflammation followed by fibrogenesis.
Histologically, it is defined by widespread
nodular regeneration encased within thick
fibrous bands, ultimately resulting in the loss of
functional liver tissue and the breakdown of its
structural framework (Pampin et al., 2018).
This architectural disruption significantly
impedes portal blood flow, leading to both
portal hypertension and impaired hepatic
synthetic function. Historically viewed as a
terminal condition inevitably resulting in
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mortality ~ without liver  transplantation.
Cirrhosis is treatable but not curable. There are
two targets when treating this illness, the first is
to prevent the destruction of the liver while the
second is to stop the complications (Zhou et al.,
2014).

The significantly increased serum GDNF
levels found in the cirrhosis group (2-3 ng/ml,
IQR 1.6-2.0) versus the controls (1-7 ng/ml, 1-
20-2-04) (P=0.001) demonstrate a potential role
of this marker in the context of liver cirrhosis.
The chronic liver injury, fibrogenesis and
inflammation may trigger an upregulation of
GDNF production. Previous studies have
suggested that GDNF can be expressed by
several cell types within the liver, including
hepatocytes and hepatic stellate cells (HSC)
(Wang et al., 2018). Activated HSC have been
shown to produce GDNF, and GDNF itself has
been implicated in promoting HSC proliferation
and activation. likely contributing to the
progression of fibrosis (Wang et al., 2018). The
observed elevation of circulating GDNF in
cirrhosis patients might reflect a systemic
response to the ongoing liver damage (Zhang
etal., 2021).

One outcome from this study does not
indicate major alterations in levels of
potassium. Previous studies indicate that
cirrhosis cases, particularly those on diuretics or
with ascites, are prone to hypokalemia because
of renal potassium wasting (Huang et al., 2021;
Gurnani et al., 2021). In the context of uric
acid, its levels were not significantly different
in the studied groups. Previous studies
suggested a possible correlation between
elevated uric acid levels, increased oxidative
stress and inflammation in cirrhosis cases,
suggesting that uric acid is potentially
implicated in the progression of liver disease.
The uric acid levels are often elevated in
metabolic disorders correlated with liver
dysfunction, like cirrhosis and NAFLD (Sirota
et al., 2013; Yang et al, 2022).

Results of serum liver profile indicated
significant biochemical derangements in
cirrhotic  patients versus controls, The
significantly decreased albumin levels in the
cirrhotic patients (P<0.001) align with the
compromised synthetic function of the cirrhotic
liver, a hallmark of the disease. Reduced
albumin levels in patients with CLD may signal
the onset of cirrhosis. A decline in plasma
albumin is associated with cirrhosis, as these
patients exhibit impaired albumin production
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and compromised liver cell function. In
advanced phases of cirrhosis, albumin levels
can decrease by as much as 60-80% (Carvalho
and Machado,2018). Increased total and direct
bilirubin  (P<0.001) are well-established
characteristic of cirrhosis, hyperbilirubinemia
works as an t indicator of impaired liver
function and often linked to the jaundice
observed in cirrhotic patients (Lee et al.,2020).

Elevated ALP, AST, and GGT in the
cirrhosis group (P<0.001) are key indicators of
cholestasis and hepatocellular injury. AST, a
transaminase enzyme found in hepatocytes, is
released into bloodstream upon liver cell
damage its increased levels serve as a marker of
hepatocellular damage (Lai et al., 2024). GGT
is usually increased in different liver diseases,
including cirrhosis, and can be sensitive to
cholestasis and alcohol-related liver injury
(Giannini et al., 2005). Levels of ALT (P <
0.001) is often normal or mildly increased in
advanced stages of cirrhosis, as the liver has
limited functioning tissue left to release
enzymes (Trapper and Lok, 2017).

Regarding RBC Indices, the cirrhosis
patients demonstrated significantly Lower
RBCs, HGB and HCT (P<0.001), indicating the
presence of anemia, a well-known outcome of
chronic liver disease usually resulting from
blood loss, hypersplenism and impaired
erythropoietin Production (Xie et al., 2016).
RDW was significantly higher in cirrhotic
patients’ group (<0,001), reflecting increased
Variation in red blood cells size.

This study demonstrated significant
alteration in white blood cell and platelet
indices. Patients with cirrhosis exhibited
reduced total white blood cell and lymphocyte
counts, accompanied by an elevated neutrophil
percentage and NLR ratio, indicating systemic
inflammation. Furthermore, NLR commonly
identified as a useful biomarker for assessing
prognosis in patients with cirrhosis (Peng et al.,
2018; Wang et al., 2012). They also had
significantly lower platelet counts and Pct, but
higher  PDW and PLCR, suggesting
thrombocytopenia  with  altered  platelet
characteristics. These hematological alterations
are consistent with the immune dysregulation
and bone marrow suppression often associated
with chronic liver disease (Peng et al., 2018).

The diagnostic evaluation of different
biomarkers for distinguishing cirrhosis patients
from control group reveals insightful
differences in their performance metrics,
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particularly sensitivity, specificity, and area
under the curve (AUC). Among the studied
parameters, GDNF achieved a moderate AUC
of 0.699, with relatively balanced sensitivity
(69%) and specificity (73.7%), indicating its
potential as a supplementary marker. A study
carried out by Yang et al. (2022) which
employed both ELISA- based serum analysis
and histological liver biopsy demonstrated the
GDNF levels were significantly increased in
liver fibrosis and cirrhotic patients, suggesting
its role as non-invasive diagnostic biomarker.
Furthermore, GDNF demonstrated good
diagnostic value in identifying cirrhotic patients
from healthy controls, with reported AUC of
0.84. This performance surpasses classical
fibrosis indices such as APRI score, FIB-4
index, specifically in differentiating advanced
fibrosis. The optimal cutoff for GDNF in
predicting cirrhosis was 33.8 pg/mL, with
significantly higher levels observed in cirrhotic
patients compared to those without cirrhosis
(33.8 versus 23.5 pg/mL, P < 0.001). These
results suggest that GDNF may serve as a non-
invasive diagnostic marker for cirrhosis.

For diagnosis of cirrhotic patients versus
controls, RDW exhibited the most promising
diagnostic potential with an AUC of 0.863 P <
0.001), high sensitivity of 81%, and specificity
of 78%, suggesting robust discriminative
power.  Similarly, NLR  demonstrated
comparable accuracy, with an AUC of 0.829 (P
< 0.001), sensitivity of 82%, and specificity of
73%, demonstrating its usefulness as a non-
invasive inflammatory marker in liver
pathology (Zhao et al., 2019). NLR exhibited
comparable accuracy, with an AUC of 0.829 (P
< 0.001), sensitivity of 82%, and specificity of
73%, showing its value as a non-invasive
inflammatory marker in liver pathology (Zhao
et al., 2019). PLCR also showed favorable
diagnostic ability, achieving high sensitivity
(84%), although its specificity was moderate at
63%, with an AUC of 0.809 (P = 0.006).
Previous literature reported that PLCR level
was significantly higher in cirrhotic patients and
correlated with disease severity, proposing its
possible role as non-invasive marker for liver
fibrosis progression (Zanetto, 2023). Pct
achieved an AUC of (0.789 P < 0.001),
sensitivity of 82%, and specificity of 56%,
suggesting  moderate  diagnostic  utility
(Michalak et al., 2021). Overall, these findings
underscore the role of combining multiple
biomarkers, particularly those introducing

hematological and inflammatory changes, to
facilitate early diagnosis and monitoring of liver
cirrhosis.
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Abstract

Chronic liver disease (CLD) significantly contributes to global morbidity and mortality, covering a
spectrum of disorders with diverse etiologies. Hepatocellular damage in cirrhosis leads to
hypoalbuminemia, increased bilirubin and extended prothrombin time. Accurate diagnosis,
prognosis, and monitoring of chronic liver disease depend profoundly on the assessment of several
biomarkers. This review provides a focused overview of key biochemical and hematological
biomarkers utilized in the evaluation of major chronic liver disease types, covering viral hepatitis,
non-alcoholic fatty liver disease (NAFLD). For each disease category, we discuss the clinical utility
of traditional liver function tests (ALT, AST, bilirubin, albumin), markers of fibrosis (platelet count,
APRI score, FIB-4 index), and other relevant hematological parameters. By synthesizing current
evidence on the diagnostic and prognostic value of these biochemical and hematological indicators
across different CLD etiologies, this review aims to provide a practical resource for clinicians and
researchers in the field of hepatology.

Keywords: Chronic liver diseases (CLD), Biomarkers, Hepatitis B virus (HBV), Hepatitis C virus
(HCV).

compensated  cirrhosis  often  presents
asymptomatically or with subtle signs in a

Introduction

Chronic Liver Disease (CLD) presents a
significant universal health challenge, a
particularly high prevalence and impact in
Egypt, where cirrhosis stands as a main reason
of morbidity and mortality. Globally, CLD were
the twelfth primary cause related to death in the
United States in 2013, accounting for a
substantial number of annual fatalities. While
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considerable proportion of cases (30-40%),
decompensated  cirrhosis  is  typically
characterized by severe clinical manifestations
such as ascites, portal hypertension, variceal
hemorrhage, and hepatic encephalopathy
(Asrani et al.,2019).

CLD incorporates a comprehensive
range of underlying etiologies, including viral
infections, schistosomiasis, alcohol abuse, and
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various genetic and metabolic disorders. These
diverse insults ultimately converge on a
common pathway leading to progressive
hepatic dysfunction and cirrhosis (Boon-
Yasidhi & Karnsakul,2025). The incidence of
different reasons and the overall burden of
cirrhosis and CLD exhibit geographical
variations. Notably, the distribution of CLD
etiologies within specific regions requires
further investigation (Younossi et al.,2017).

Existing data regarding the prevalence,
incidence, and natural history of CLD have
largely been derived from retrospective studies
(Asrani et el.,2019). Historically, CLD in
Egypt has been strongly associated with
schistosomiasis, Furthermore, a significant
proportion of the Egyptian population
(approximately 15%) is seropositive for
Hepatitis C Virus (HCV), and a frequent
association between schistosomiasis and HCV
infection has been reported (Abdelhamed and
Elkassas,2024). Given these factors and the
potential for changing patterns of CLD etiology
in Egypt, prospective studies are warranted to
assess the etiological modes, clinical
presentation, morbidity, and shifting patterns of
CLD among Egyptian patients in this endemic
area.

Prevalence of Chronic liver disease:

Liver disorders are one of the main
worldwide health problems, associated with
two million deaths per year as a result of cases
such as cirrhosis, viral hepatitis, and liver
cancer, and accounting for approximately 4% of
all global mortality—equivalent to one in every
25 deaths. Notably, one-third of these liver-
related deaths occur in females. Liver cancer
contributes to an estimated 600,000 to 900,000
deaths per year. Although currently ranked as
the eleventh leading cause of death globally, the
actual mortality of liver disease burden may be
underestimated (Asrani et al.,2019).

Cirrhosis ranks among the top causes of
death in several regions, it is the tenth leading
cause in Africa, ninth in Europe and in both
South East Asia. The global health impact of
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cirrhosis is further emphasized by its substantial
contribution to disability-adjusted life-years,
where it ranks fifteenth overall. Among
individuals aged 25 to 49, liver disease is the
twelfth leading cause of disability -adjusted
life-years, highlighting its disproportionate
effect on younger demographics. Consequently,
in Europe, the potential years of life lost due to
cirrhosis are likely even higher (WHO,2022).

A comprehensive meta-analysis
encompassing data from 38 countries estimated
the global rate of NAFLD at 30.2%, with
regional variations ranging from 16.1% in
Australia to 34% in South America. The
widespread presence of NAFLD is notably
frequent in obese individuals, reaching 57.5%.
Viral hepatitis, particularly hepatitis B and C,
remains a significant contributor to CLD, with
hepatitis B affecting approximately 254 million
people globally (WHO,2023). In 2022,
hepatitis B and C were responsible for 1.3
million deaths each, underscoring their impact
on global mortality.  Alcohol-related liver
disease (ARLD) also contributes to the global
CLD burden, with a worldwide prevalence of
4.8%. The increasing presence of metabolic
risk factors, such as obesity, has led to a rise in
metabolic-associated  fatty liver  disease
(MAFLD), with global prevalence escalating
from 25.3% between 1990-2006 to 38.0%
between 2016-2019 (Riazi et al.,2022). These
trends highlight the shifting etiology of CLD
and emphasize the need for targeted public
health response to handle the evolving risk
factors associated with liver disease.

Economically, cirrhosis represents a
considerable financial burden. In the United
States alone, liver health services costs totaled
$32.5 billion in 2016, with the majority of
expenditures linked to inpatient and emergency
services. Over the past two decades, healthcare
spending related to liver disease has grown at an
annual rate of 4%, largely due to increased use
of hospital-based care. The following sections
will detail the burden associated with specific
etiologies of liver disease, followed by an
exploration of complications commonly arising
across different liver conditions (Ghamari et
al.,2022).
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Table 1. Global epidemiological overview of hepatitis B and C.

Viral hepatitis C

- ays * . iy *
Viral hepatitis C 2019 Viral hepatitis B 2019 2015-2020%*
About 1.5 million (1.1-2.6 million) An estimated 1.5 million (1.3-1.8
Incidence people million) people were newly 1.43 million
newly infected with HBV infected with HCV
Ar.m_md 296 r.n{lhon . (228-42.3 5.8. million (46-76 million) people 56.8 million (UI
Prevalence million) people living with chronic living 552678
HBV infection with chronic HCV infection ) )
Prevalence in the
0, 0,
general 3.8% (3-5%) 0.8% (0.6-1%) 8;/8 9)(95 % Ul
population T

Prevalence in
children

09% (0.7-1.6%) rate of HBV
infection among children <5years

0.13% (UI 0.08-
0.16)

Mortality 820,000 (450,000-950,000) people 290,000 (230,000-580,000) people 257 816
(number) dying from hepatitis B-related causes dying from hepatitis C-related causes ’
Source, WHO - 39'4 mllhm.l .(24'3_38 mllllpn) peoplle 15.2 million (12.2-13 million) people
2021 with hepatitis B knew their hepatitis . i . e

. with hepatitis C knew their hepatitis C
Screening  and B status at the end of 2019
diagnosis status at the end of 2019

6.6 million people (5.3-8.3 million) 9.4 million (7.5-11.7 million) people 10.1 million

Treatment people diagnosed with hepatitis B diagnosed with hepatitis C received '

From 2015-2020

received treatment in 2019

treatment from 2015 to 2019

*Data adjusted from WHO, 2021 (Global progress report on HIV, viral hepatitis, and sexually transmitted infections, 2021.
Accountability for the global health sector strategies 2016-2021: actions for impact).
**Adapted from Lancet Gastroenterol Hepatol 2022; 7: 396-415.

Viral hepatitis

Viral hepatitis remains a major global
health concern, with a significant mortality
burden—contributes to roughly 1.34 million
mortalities in 2015 alone Several viruses,
particularly hepatotropic types labeled A
through E, are known to trigger liver
inflammation. While many of these infections
are acute, self-resolving hepatitis B (HBV), C
(HCV), D (HDV), and E (HEV) have the
potential to progress to chronic disease.
Additionally, systemic infections caused by
viruses such as Cytomegalovirus and Epstein-
Barr virus can also lead to hepatic inflammation
(Chen et al.,2019).

Hepatitis A and E are primarily spread
via the fecal-oral route, frequently by oral
intake of contaminated food or water (Blach et
al.,2021). Conversely, hepatitis B, C, and D are
transmitted through exposure to infected bodily
fluids. Chronic hepatitis is characterized by a
persistent inflammatory response in the liver,
typically indicated by abnormal liver function
tests and histological findings lasting at least six
months. Chronic forms of hepatitis B, C, D, and
E are diagnosed based on the detection of viral
presence in the blood—or in stool for HEV—
for more than six months following initial
infection (Asrani et al.,2019).
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HBV

Approximately 30% of the global
population has serological evidence of current
or past hepatitis B virus (HBV) infection. The
majority of transmissions occur through vertical
(mother-to-child) or early years exposure,
which remain the predominant routes of
infection worldwide. Chronic HBV infection
progresses through five distinct clinical phases,
each with unique characteristics. The initial
phase, previously termed the "immune-
tolerant” stage, features high HBV-DNA levels
exceeding 10° IU/mL, normal or mildly
elevated alanine aminotransferase (ALT), and
minimal hepatic inflammation. This is followed
by an HBeAg-positive chronic hepatitis phase
characterized by fluctuating viral loads,
elevated ALT, and moderate to severe liver
inflammation that may persist for extended
periods (Zhai et al.,2021). The third phase
represents an inactive carrier state with low
HBV-DNA levels, normal ALT, and reduced
inflammation of liver, though fibrosis severity
depends on previous disease activity.
Subsequently, some patients progress to
HBeAg-negative chronic hepatitis,
demonstrating variable viral replication,
elevated ALT, and ongoing liver inflammation,
with only about 1% achieving spontaneous
clearance annually. The final phase involves
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occult infection, where hepatitis B surface
antigen becomes undetectable although there
are core antibodies, often with very minimal or
undetectable viral DNA and normal liver
enzymes (Younossi et al.,2021). Clinical
outcomes are significantly influenced by the
timing of HBsAg clearance, with loss of surface
antigen before cirrhosis development associated
with favorable prognosis and reduced risk of
complications. However, patients in any phase
remain vulnerable to HBV reactivation under
immunosuppressive conditions, necessitating
careful monitoring in clinical practice. The
typical pattern of HBV infection underscores
the impact of early detection and appropriate
management to prevent disease progression and
improve long-term outcome (Cao et al.,2022).

HCV

Hepatitis C virus (HCV) remains a
critical international health burden, with nearly
1.75 million new infections reported in 2015. It
is recognized as the most prevalent bloodborne
infection in the United States and other Western
nations. Approximately 90% of individuals
infected with HCV develop chronic liver
disease. Intravenous drug use constitutes the
primary mode of transmission, responsible for
around 80% of cases, while transfusion of blood
products accounts for approximately 10.8%.
Other, less frequent transmission pathways
include organ transplantation, and non-sterile
tattooing procedures (Younossi et al.,2019).

The World Health Organization reported
that an estimated 71 million people were living
with chronic HCV infection in 2015. However,
this prevalence is not mirrored in diagnosis
rates; in 2016, only 20% of infected individuals
were diagnosed, and merely 13% of those
diagnosed received treatment with direct-acting
antivirals (Younossi et al.,2019).

A disproportionate burden of HCV
infections—approximately 80%—is
concentrated in just 31 of the 194 WHO
member states, with the highest incidence rates
reported in the Eastern Mediterranean and
Eastern European regions. Despite a declining
incidence of new infections, mortality
associated with HCV continues to rise due to its
progression to End-stage hepatic disorders,
comprising fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) (Cacoub et
al.,2018).
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Non-alcoholic fatty liver disease (NALFD)

NAFLD has a global prevalence of
approximately 32.4%. The share of deaths
attributable to NAFLD from all causes has risen
from 0.1% to 0.17% (Devarbhavi et al., 2023).
NAFLD is highly connected to metabolic
comorbidities, and the increasing burden of
these conditions has contributed to the rising
prevalence of NAFLD, placing affected
individuals at greater risk for progression to
advanced liver disease. Lately, NAFLD has
emerged as one of the leading causes of
hepatocellular carcinoma (HCC) and has
become a major indication for liver dysfunction
in the United States (Younossi et al., 2019).

Liver fibrosis

Hepatic fibrosis represents a dynamic
and progressive pathological complications of
chronic liver injury, recognized by the
abnormal accumulation and remodeling of
extracellular matrix (ECM) constituents,
predominantly collagen. This fibrogenic
response is a convergent pathway arising from
diverse etiological insults, for example, viral
hepatitis, chronic alcohol intake, non-alcoholic
fatty liver disease (NAFLD), and autoimmune
liver conditions. The main cellular mediator of
this mechanism is the hepatic stellate cell
(HSC), which undergoes activation into
proliferative, contractile myofibroblast-like
cells with a heightened capacity for ECM
protein synthesis. Beyond HSCs, contributions
to the fibrotic milieu originate from bone
marrow-derived mesenchymal stem cells,
portal fibroblasts, and the process of epithelial-
to-mesenchymal transition (EMT) involving
both hepatocytes and cholangiocytes. The
perpetuation of hepatic insult and the attendant
inflammatory  signaling cascades sustain
fibrogenesis, culminating in the potential
development of cirrhosis, portal hypertension,
hepatic insufficiency, and an elevated risk of
hepatocellular ~ carcinoma  (Bataller &
Brenner, 2005).

The clinical trajectory of liver fibrosis
is critically dependent on its stage, with early
fibrotic changes exhibiting potential for
reversibility upon successful etiological
treatment. However, unchecked progression to
cirrhosis is accompanied by significant
incidence and mortality, underscoring the
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clinical imperative for timely diagnosis and
therapeutic intervention. Histopathological
assessment of liver biopsies, utilizing
standardized scoring systems such as

METAVIR and Ishak, remains a cornerstone in
the staging of fibrosis and informing clinical
management strategies.
non-invasive
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encompassing serum-based biomarkers (APRI,
FIB-4) and advanced imaging techniques like
transient  elastography, are increasingly
employed for the non-invasive fibrosis severity
assessment (Castera et al., 2005). These
advancements facilitate enhanced patient
surveillance and risk stratification within both
clinical and research paradigms.
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Figure 1. (A) Rate of hepatitis B virus, (B) Rate of hepatitis C virus, (C) Rate of alcohol-related liver disease, and
(D) Rate of nonalcoholic fatty liver disease (in individuals age >20 years).

Several established clinical indices
serve as adjuncts in the evaluation of hepatic
physiology and the estimation of fibrosis
burden. Child-Pugh score, a widely adopted
clinical classification system, provides a
prognostic assessment in chronic liver disease,
specifically cirrhosis, by integrating five
clinical and biochemical elements, serum
bilirubin, serum albumin, prothrombin time, the
occurrence and severity of ascites, and the
presence and grade of hepatic encephalopathy,
thereby categorizing patients from Class A
(well-compensated) to Class C
(decompensated) (Pugh et al., 1973).
Furthermore, the APRI and FIB-4 indices
represent readily applicable non-invasive
models derived from routine hematological and
biochemical analyses. APRI, estimated from
aspartate aminotransferase (AST) levels and
platelet count, with values exceeding 1.5
suggestive of significant fibrosis (Wai et al.,
2003). FIB-4, which incorporates age, AST,
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alanine aminotransferase (ALT), and platelet
count, provides a stratified risk assessment for
advanced fibrosis, with values above 3.25
indicating a higher probability and values below
1.45 generally excluding it (Sterling et al.,
2006). These non-invasive tools contribute
significantly to reducing reliance on invasive
procedures and facilitating earlier detection and
management of liver fibrosis.

Contemporary therapeutic methods are
directed towards addressing the underlying
etiological ~ factors,  mitigating  hepatic
inflammation, and inhibiting key signaling
pathways involved in fibrogenesis. The growth
of antifibrotic agents targeting pivotal
molecules including transforming growth
factor-beta (TGF-p) and platelet-derived
growth factor (PDGF) continuous an active area
of research, although no agents have yet
received regulatory approval for liver fibrosis.
Lifestyle modifications, targeted antiviral
therapies for viral hepatitis, and meticulous
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metabolic control in the context of NAFLD
constitute essential components of current
management. Experimental animal models,
including chemically induced fibrosis using
carbon tetrachloride (CCls) and mechanical
injury models like bile duct ligation (BDL) in
rodent systems, continue to be indispensable for
elucidating the intricate mechanisms of
fibrogenesis and evaluating the efficacy of
novel therapeutic interventions (Kisseleva &
Brenner, 2021).

Liver Cirrhosis

Liver diseases, primarily resulting from
adverse  outcomes including, cirrhosis,
hepatocellular carcinoma (HCC), and viral
hepatitis, account for approximately two
million deaths annually. While cirrhosis
remains the principal cause of liver-related
mortality worldwide, liver cancer represents the
principal contributor of death within this
category. Globally, the predominant reasons of
cirrhosis consist of hepatitis, alcohol abuse, and
non-alcoholic fatty liver disorders (NAFLD).
An estimated two billion individuals consume
alcohol, many of whom are affected by alcohol-
use disorders and are therefore at elevated risk
for alcohol-related liver disease. Additionally,
around two billion adults are classified as
overweight or obese, and approximately 400
million have diabetes—both conditions that
significantly promote the development of
NAFLD and HCC. Acute liver diseases are
commonly triggered by hepatitis, although a
substantial proportion also result from drug-
induced liver injury. This global overview
reflects updated insights from the 2019 revised
framework and emphasizes key areas of
advancement in the understanding of liver
disease, especially in terms of HCC, hepatitis,
alcohol liver disease, and NAFLD (Asrani et
al., 2019; Devarbhavi et al., 2023).

Hepatocellular Carcinoma (HCC)

Liver tumor represents the fourth chief
cause of tumor-related mortality globally and
ranks second among men. The widespread
occurrence of chronic HBV infection in places
like Sub-Saharan Africa and Eastern Asia
contributes to over 80% of hepatocellular
carcinoma (HCC) cases worldwide. In recent
decades, the epidemiological and etiological
landscape of HCC has undergone significant
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changes. Although HBV was responsible for
more than 50% of HCC cases globally in 1990,
this figure declined to 42% by 2019. In contrast,
the occurrence of hepatitis C virus (HCV)-
associated HCC has markedly decreased in
regions like Japan and Europe, primarily
stemming from the widespread adoption of
direct-acting antiviral therapies. The share of
HCC cases attributed to nonalcoholic
steatohepatitis  (NASH) and  alcoholic
steatohepatitis has escalated, with NASH rising
from 5% to 6% and alcoholic steatohepatitis
from 13% to 18% (Kim, 2024). Chronic HBV
and HCV infections are major contributors to
cirrhosis, which is frequently observed in HCC
patients and forms a significant casual factor in
HCC irrespective of its underlying etiology (EI-
Serag, 2012). In 2018, Egypt ranked as the
country with the second-highest liver cancer
risk globally, following Mongolia, where the
incidence among men was approximately four
times higher than that observed in China and
South Korea. The age distribution of
hepatocellular carcinoma cases worldwide is
influenced by the dominant type of viral
hepatitis and the age at which the infection is
acquired. In regions with high HCC incidence,
hepatitis B virus HBV, typically transmitted
perinatally, is the top reason. Consequently,
HCC tends to be diagnosed at a younger age in
these areas compared to regions where hepatitis
HCV often contracted later in life—is more
prevalent (Mittal and El-Serag,2013).

In Egypt, recent studies have shown a
shift in the etiology of liver cancer, with HCV
now contributing to approximately 40-50% of
HCC cases. In contrast, the impact of HBV and
combined HBV/HCV infections has declined,
accounting for about 25% and 15% of cases,
respectively (El-Zayadi et al.,2005). HCC is
currently the most frequently diagnosed cancer
among Egyptian men, the second most
prevalent in women, and the leading cancer
overall when considering both sexes combined
(Ferlay et al.,2018). HCC share rose to 19.7%
of all cancer cases in 2018, with 25,399 new
cases reported. These figures were based on
data from the Aswan, Damietta, and Minia
cancer registries. Furthermore, HCC represents
the primary cause of cancer-related mortality in
Egypt, constituting 32.35% of all cancer deaths,
as reported by the World Health Organization
(WHO) (Ferlay2019).
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Aspartate aminotransferase (AST)

Aspartate aminotransferase (AST) is an
enzyme chiefly existing in the liver and heart,
with lower concentrations found in the kidneys
and muscles. It is released into the bloodstream
following liver injury. The normal serum AST
range is typically between 0 and 35 IU/L.
Elevated levels of mitochondrial AST are
observed in conditions such as myocardial
infarction involving extensive tissue necrosis,
as well as in chronic liver diseases marked by
hepatic degeneration and necrosis. The
diagnostic significance of the ratio of
mitochondrial AST to total AST lies in its
ability to distinguish between liver cell necrosis
and alcoholic hepatitis. AST is commonly
assessed in  conjunction with alanine
aminotransferase (ALT), another liver enzyme,
as both tend to increase in response to hepatic
damage. The AST/ALT ratio is a valuable tool
for differentiating the basic origin of liver injury
(Anderson et al.,2000).

Alanine aminotransferase ALT

ALT is an enzyme primarily located in
the liver, with lower concentrations present in
the Kkidneys. It is fundamental to protein
metabolism and energy production by aiding in
the breakdown of food. The normal range for
serum ALT levels fall between 7 and 56 1U/L.
Hepatic cells injury leads to an increase in ALT
levels in the bloodstream. ALT levels up to 300
IU/L are typically classified as indetermined,
while elevations exceeding 500 IU/L are
commonly associated with conditions that
directly impact hepatocytes, such as viral
hepatitis, ischemic liver failure, or toxic liver
damage. Elevated aminotransferase levels are
indicative of hepatitis infections. In hepatitis C,
ALT elevation results from liver cell death due
to both apoptosis and necrosis. Persistent ALT
elevation lasting over six months in cases of
acute hepatitis is a diagnostic marker for
chronic hepatitis (Anderson et al.,2000).

Markers of liver synthetic function

Albumin, a major serum protein
constituting approximately 50%-60% of total
plasma protein, is synthesized exclusively by
the liver, making it a key indicator of hepatic
synthetic capacity. While albumin levels are a
useful reflection of liver function, they may also
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be affected by extraneous factors such as
systemic inflammation—given its nature as a
negative acute-phase reactant—as well as
inadequate protein intake, nephrotic syndrome,
fluid retention, or protein-losing enteropathies.
Albumin serves several functional roles,
including the maintenance of plasma oncotic
pressure and the transport of both endogenous
substances (bilirubin) and external compounds
(pharmaceutical agents). The normal serum
albumin concentration typically ranges between
3.5 and 5 g/dL (Tufoni et al.,2020).

Prothrombin time (PT) and
international normalized ratio (INR) perform as
functional assessments of the extrinsic pathway
of the coagulation cascade, for which the liver
is responsible through the synthesis of several
coagulation factors, as well as natural
anticoagulants like protein C, protein S, and
antithrombin. PT and INR are generally higher
than activated partial thromboplastin time
(@PTT) in liver disease due to compensatory
production of factor VIII and von Willebrand
factor in extrahepatic tissues, which can mask
aPTT prolongation in vitro. However, due to
concurrent deficiencies in both pro-coagulant
and anticoagulant pathways, PT/INR and aPTT
are not robust indicator of hemorrhage risk in
individuals with cirrhosis. Furthermore, these
parameters assess only pro-coagulant activity
and do not account for disruptions in
anticoagulant systems. In patients with CLD or
cirrhosis, thrombocytopenia is frequently
observed as a result of splenic sequestration and
minimized synthesis of thrombopoietin,
compounding the risk of hemorrhagic
complications (Harrison,2018).

Although bilirubin is not a direct
marker of hepatic synthetic function, its
metabolism is closely associated with the liver’s
capacity for conjugation and excretion.
Bilirubin is a terminal product of heme
catabolism and circulates in the bloodstream
bound to albumin. Hepatic processing involves
conjugation and subsequent biliary excretion.
Elevated serum levels of bilirubin are
categorized as conjugated or unconjugated
hyperbilirubinemia. Direct hyperbilirubinemia
typically results from impaired hepatic
excretion, such as in cholestatic conditions or
inherited syndromes like Dubin-Johnson and
Rotor. Conversely, indirect hyperbilirubinemia
may arise from hepatocellular injury or
increased hemolysis (Ramirez-Mejia et
al.,2024).
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Red blood cells indices

Chronic liver disease (CLD) often leads
to alterations in red blood cell (RBC) indices
due to multifactorial mechanisms, including
nutritional deficiencies, hypersplenism, and
chronic inflammation. Common findings
include decreased hemoglobin (HGB) levels,
mean corpuscular volume (MCV), and mean
corpuscular hemoglobin (MCH), reflecting
microcytic or normocytic anemia, often
associated with iron deficiency or anemia of
chronic disease (ACD) (Gonz-Casas et al.,
2009). Additionally, macrocytic anemia may
occur because of folate or vitamin B12
deficiency, frequently observed in alcoholic
liver disease (ALD) or advanced cirrhosis
(O’Leary & Friedman, 2017). Hypersplenism,
a consequence of portal hypertension (Lata,
2012).

The RBC distribution width (RDW) is
often elevated in CLD, indicating increased
variability in RBC size (anisocytosis), which
correlates with disease severity and prognosis
(Lietal., 2015). Furthermore, impaired hepatic
synthesis of erythropoietin and hepcidin
dysregulation contribute to anemia
pathogenesis (Girelli et al., 2016). These
hematological changes are critical markers for
monitoring CLD progression and guiding
therapeutic interventions, such as nutritional
supplementation or splenectomy in select cases
(Verma et al., 2018).

White blood cells indices

Chronic liver disease (CLD) is
frequently linked to alterations in white blood
cell (WBC) parameters, driven by systemic
inflammation, portal hypertension, and
compromised immune function. Leukopenia,
particularly neutropenia, is commonly observed
in advanced stages of cirrhosis, largely
attributed to hypersplenism-induced
sequestration and destruction of leukocytes
(Giannini et al., 2003). Moreover, diminished
bone marrow activity and reduced synthesis of
granulocyte colony-stimulating factor (G-CSF)
further contribute to neutrophil depletion
(Lopez-Karpovitch et al., 2016). In contrast,
leukocytosis may occur in response to acute
bacterial infections or hepatic inflammation,
with an elevated NLR serving like prognostic
indicator for severity of disease and
complications such as spontaneous bacterial
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peritonitis (SBP) (Kalra et al., 2018).
Lymphopenia is also prevalent in CLD,
often resulting from chronic immune
dysfunction and  malnutrition,  thereby
increasing vulnerability to infections (Albillos
et al., 2014). In addition, monocyte dysfunction
characterized by aberrant cytokine production
contributes to the persistence of systemic
inflammation (Zimmermann et al., 2011).
Elevated NLR and PLR have been linked to
adverse prognoses in hepatocellular carcinoma
cases (HCC) and decompensated cirrhosis,
underscoring their utility in risk stratification
(Chen et al., 2015). Therefore, continuous
monitoring of WBC indices is crucial for the
early identification of infectious complications
and the implementation of immunomodulatory
interventions in CLD management.

Platelet indices:

Platelet indices (PlIs) are routinely
obtained parameters included in automated
complete blood count analyses. They serve as
potential indicators of platelet morphology,
activation status, and production dynamics.
With advancements in hematology analyzers,
the measurement of Pls has become efficient
and standardized. In recent years, Pls have
gained attention as emerging biomarkers with
diagnostic and prognostic value across a range
of acute and chronic diseases. Numerous
studies have investigated their clinical
relevance in conditions such as sepsis,
thrombocytopenia, liver diseases,
cardiovascular disorders, surgical trauma, and
malignancies. Due to their noninvasive nature,
low cost, and easy availability, Pls have become
appealing for research on platelet biology over
the past decade. Among these parameters,
mean platelet volume (MPV) has been the most
extensively studied. MPV reflects the average
size of circulating platelets, typically ranging
from 7.2 to 11.7 femtoliters (fL). Several
factors, including ethnicity, age, physical
activity, smoking, and alcohol consumption,
can influence MPV values. Elevated MPV
levels have been associated with poorer
outcomes in cases such as pancreatic cancer and
myocardial infarction. while reduced MPV has
been linked to effective inflammation control in
rheumatoid arthritis (Gouda AM et al., 2024).

Platelet distribution width (PDW)
indicates platelet size variability. It increases
upon platelet activation, reflecting platelet
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anisocytosis. Plateletcrit (PCT), on the other
hand, measures the volume percentage of
platelets in the bloodstream, with normal values
ranging from 0.22% to 0.24%. The platelet
large cell ratio (P-LCR) represents the
proportion of large platelets in circulation and
normally falls within the 15-35% range.
Studies have demonstrated a positive
association among P-LCR, PDW, and MPV,
and an inverse relationship between P-LCR and
platelet count in thrombocytopenic patients.
Furthermore, P-LCR has shown greater
sensitivity to platelet size variation compared to
MPV (Oral et al.,2019).

Glial cell line-derived neurotrophic factor
(GDNF)

GDNF is a glycosylated homodimer
stabilized by disulfide bonds and is considered
a divergent member of the transforming growth
factor-beta (TGF-B) protein family group.
Clinical research has demonstrated elevated
GDNF levels in both the parietal cortex and
plasma of individuals with relapsing major
depressive disorder. Furthermore, GDNF
expression significantly increases following
exposure to various cell-toxic agents (Lin et
al.,1993). Elevated GDNF levels have also been
observed in certain types of cancer cells. GDNF
is increasingly recognized as a promising
biomarker in the context of CLD. Evidence
indicates that GDNF contributes to liver
fibrogenesis by facilitating the hepatic stellate
cells activation, a central mechanism in the
development of fibrosis. Elevated GDNF
expression has been reported in both liver tissue
and serum of patients with advanced liver
conditions, suggesting its practical use as a
noninvasive marker of disease severity.
Additionally, GDNF may participate in
hepatocarcinogenesis by enhancing cellular
survival and proliferation. These findings
highlight GDNF's possible dual role as both a
detective biomarker and a therapeutic target in
CLD (Hu et al., 2021). Serum GDNF levels are
significantly elevated versus healthy controls
and those with chronic hepatitis B (CHB)
without cirrhosis. Yang et al. (2022) have
demonstrated that serum GDNF levels are
higher in CHB patients with fibrosis (28.4
pg/ml vs. 11.6 pg/ml in non-fibrotic patients)
and even more elevated in those with cirrhosis
(33.8 pg/ml vs. 23.5 pg/ml in non-cirrhotic
patients).
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Abstract

Background: Chronic liver disease (CLD) is a degenerative process characterized by hepatic
dysfunction and systemic alterations. Glial cell line-derived neurotrophic factor (GDNF), a member
of the TGF-B protein family group, has been implicated in cellular survival and tissue response to
injury. The aim of this study is to assess the clinical value of selected biological markers, with a
focus on glial cell line—derived neurotrophic factor (GDNF), in the diagnosis of patients with chronic
liver diseases. Methods: The study included 82 participants: 63 patients with CLD and 19 healthy
controls. Serum GDNF levels were measured, along with liver and kidney function tests and
complete blood count. Statistical analyses were conducted to compare results across the two
categories. Results: Levels of GDNF were markedly higher in the CLD group (median: 2.51 ng/mL)
compared to the control group (median: 1.75 ng/mL, P = 0.001). CLD patients showed significant
variations in liver function tests, consisting of elevated bilirubin, AST, GGT, and INR, and
decreased albumin. Hematological findings revealed lower hemoglobin, hematocrit, and RBC
counts, alongside increased RDW and neutrophil-to-lymphocyte ratio. Platelet indices showed
reduced counts and altered morphology. GDNF exhibited promising diagnostic ability in
distinguishing patients with CLD from controls with an AUC of 0.743, sensitivity of 82.5% and
specificity of 63.2%. Conclusion: The increased GDNF levels in CLD patients suggest a potential
role as a non-invasive biomarker. Significant biochemical and hematological alterations further
highlight the systemic impact of CLD. These findings support the need for further research into the
diagnostic and prognostic utility of GDNF in liver disease.

Keywords: Chronic Liver disease (CLD), Platelets indices, Neutrophile to lymphocyte ratio (NLR),
Glial cell line-derived neurotrophic factor (GDNF).

Chronic liver disease (CLD) is defined
_ as a lasting damage to liver function. It often
Introduction develops silently, with few or no symptoms in
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the early phases. In the advanced stages,
patients usually develop jaundice, fatigue and
abdominal discomfort. Fibrosis and cirrhosis
are the outcomes of the ongoing inflammation,
liver tissue destruction, and regeneration that
characterize CLD. Recent literature highlights
metabolic dysfunction, viral hepatitis, and
alcohol related liver injury as main factors
driving to CLD around the world (Mak et
al.,2024). An advanced stage of chronic liver
disease is cirrhosis, which causes the liver's
structure to be disrupted, extensive nodules to
develop, wvascular  reorganization, neo
angiogenesis, and  extracellular  matrix
deposition. The mechanism of fibrosis and
cirrhosis at a cellular level is the recruitment of
stellate cells and fibroblasts, leading to fibrosis.
Chronic liver disease is a prevalent clinical
condition, with recent studies focusing on its
etiological factors, management methods and
clinical manifestations (Sharma and Nagalli,
2023).

Chronic liver diseases are a key factor
of mortality and morbidity around the world
with around 800,000 deaths per year resulting
from liver cirrhosis (Gitau and Menge, 2020).
CLD represents a rising global health concern,
with an estimated 1.7 billion individuals
affected worldwide as of 2021, driven primarily
by non-alcoholic fatty liver disease (NAFLD),
viral hepatitis, and alcohol-related liver injury
(Marcellin et al.,, 2023). Among these,
NAFLD—recently redefined as metabolic
dysfunction-associated steatotic liver disease
(MASLD)—has emerged as the most prevalent
cause, affecting about 30.2% of the global adult
population, with the highest rates observed in
the Middle East and North Africa, reaching up
to 42.6% (Younossi et al., 2024). In Egypt and
similar regions, the burden of MASLD-related
cirrhosis is steadily increasing, particularly
among Yyounger populations, reflecting both
epidemiological transition and metabolic shifts.
This rising prevalence highlights the urgent
need for targeted screening strategies and public
health interventions to reduce progression to
cirrhosis and  hepatocellular  carcinoma
(Alshahrani et al.,2025).

As reported by the National Vital
Statistics Report 2017 from the Center for
Disease Control and Prevention, about 4.5
million individuals had cirrhosis and CLD.
Recent estimates report that more than 100
million Americans are affected by some types
of liver disease. Furthermore, many individuals
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remain undiagnosed, especially those with early
phase cases like fatty liver disease (Sharma
and Nagalli, 2023).

CLD early diagnosis is crucial for
effective intervention. It progresses silently
until advanced phases. Classic diagnostic tools
like liver biopsy although considered the gold
standard, are invasive and result in problems
such as bleeding, pain and sampling error. This
has led to growing demand for reliable,
noninvasive markers that can accurately detect
liver dysfunction and monitor progression of
disease. Glial cell line-derived neurotrophic
factor (GDNF) is a glycosylated, disulfide-
linked homodimer that belongs to a distant
subfamily within the transforming growth
factor-beta (TGF-B) superfamily. Clinical
investigations have demonstrated elevated
GDNF levels in both the parietal cortex and
plasma of individuals with recurrent major
depressive  disorder.  Moreover, GDNF
expression has been shown to increase
markedly in response to cytotoxic stimuli,
including exposure to ionizing radiation.
Furthermore, GDNF levels are elevated in some
cancer cell types (Yang et al.,2022). The
present study aimed to evaluate the diagnostic
potential of serum GDNF levels in chronic liver
disease by comparing affected patients with
healthy controls, while also assessing related
clinical laboratory parameters.

Patients and Methods
Ethical Approval:

The Research and Ethical Committees of Al-
Azhar Faculty of Medicine, Damietta, Egypt,
approved this research. IRB00012367-25-02-
006.

Participants:

The study included 82 participants, comprising
63 patients with CLD and 19 healthy controls.
CLD diagnosis was based on clinical,
biochemical, and imaging findings.

Clinical diagnosis of CLD:

The diagnosis of chronic liver disease (CLD)
was based on a combination of clinical
evaluation, laboratory testing, and imaging
findings, in accordance with established
hepatology guidelines (EASL, 2021; AASLD,
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2023). Clinical criteria included a history of
chronic hepatic symptoms or known liver
disease lasting more than six months.
Laboratory investigations comprised liver
function tests, complete blood count, and viral
hepatitis serology. Abdominal ultrasonography
was performed to assess liver echotexture,
surface nodularity, and signs of portal
hypertension. Non-invasive fibrosis scores such
as the FIB-4 index and APRI score were
calculated. In selected cases, the diagnosis was
made when clinical and paraclinical findings
consistently indicated chronic hepatic injury or
fibrosis.

Blood Samples:

The blood samples were collected without an
anticoagulant in dry, clean test tubes. Blood was
allowed to clot for 30 minutes at room
temperature (25°C) for serum separation. The
sera were then separated by centrifugation at
3000 rpm for 15 minutes at 25°C. The top
yellow serum layer was carefully pipetted
without disturbing the white buffy layer and
transferred into Eppendorf tubes. Part of the
serum samples was used to determine the levels
of the other biochemical parameters. The
remaining serum samples were aliquoted and
stored at —80°C until used for the determination
of glial cell line-derived neurotrophic factor
(GDNF). Standard hematological techniques
were employed for WBCs count, Neutrophils%,
Lymphocytes%, RBCs count, HGB level and
platelets count using hematology analyzer
device Cell Tac MEK - 6510 - 6500. Japan. INR
was determined using a thromboplastin-based
prothrombin time assay performed on a semi-
automated coagulation analyzer (Coatron M1,
TECO GmbH, Germany), following the
manufacturer's instructions.

Biochemical Analysis:

Serum samples were collected from all
participants one day prior to any surgical
intervention (if applicable). The following
biochemical parameters were measured using
standardized assays and methods at the
Gastroenterology Surgery Center, Mansoura,

Egypt: Creatinine (Cr), Uric Acid (UA),
Potassium (K), alanine transaminase (ALT),
aspartate  transaminase  (AST), alkaline
phosphatase (ALP), gamma-glutamyl

transferase (GGT), albumin, total bilirubin
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(T.bili), direct bilirubin (D.bili), international
normalized ratio (INR). All biochemical
analyses were performed in a blinded manner.
The individuals conducting the assays were
unaware of the participants’ clinical diagnosis
to minimize potential bias.

Biochemical parameters were quantified using
standardized, validated commercial assay kits
in accordance with international laboratory
protocols. Serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT)
activities were determined using commercially
available kit (Biomatik, China; AST: Cat.
#EKF57543, ALT: Cat. #EKF58248). Serum
creatinine levels were measured using a
colorimetric enzymatic assay (Cat. #EU3134;
FineTest, China). Alkaline phosphatase (ALP)
activity was assessed by a kinetic colorimetric
method based on the recommendations of the
International Federation of Clinical Chemistry
(IFCC), using a kit from Spinreact S.A.U.
Gamma-glutamyl transferase (GGT) activity
was evaluated using a Kkinetic enzymatic
colorimetric kit  (Cat.  #E-BC-K126-
M;Elabscience,China.), while total and direct
bilirubin concentrations were determined via
the diazo method, also employing kits from
Spinreact S.A.U. Serum albumin was measured
using the bromocresol green (BCG) dye-
binding method with a dedicated assay kit (Cat.
#C035-2-1; NJ Bioengineering Institute, China)
following the manufacturer instructions.

Estimation of serum GDNF levels:

The level of glial cell line-derived neurotrophic
factor (GDNF) in serum samples was measured
using a commercially available human GDNF
ELISA kit (Cat. No. E0122Hu, BT-Laboratory,
China), based on the sandwich enzyme-linked
immunosorbent assay (ELISA)principle.

Statistical Analysis:

All statistical analyses were performed using of
PASW Statistics software, version 26.0 (SPSS
Inc., Chicago, IL, USA), for all analyses.
Quantitative data were presented as mean
tstandard deviation when normally distributed,
or as median (interquartile range) for non-
normally distributed data. To evaluate
significant differences in continuous variables
between the control cohort and the chronic liver
disease (CLD) group, an independent samples
t-test was applied for normally distributed data,
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while the Mann-Whitney U test was utilized for
data that did not conform to a normal
distribution.

Results
Characteristic features of studied groups.

CLD group had a significantly higher
median age (57 years) compared to the control
group (26 years) (P < 0.001), while the gender
distribution was comparable between groups (P
= 0.954). Hepatitis B surface antigen (HBsAQ)
positivity was negligible in both groups,
whereas HCV antibody positivity was
considerably higher in the CLD group (7.9%)
compared to none in the control group (P =
0.001). The CLD patients showed a range of
Child-Pugh score, with only 31.9% in class A,
while the control group was entirely score A (P
= 0.001). There was in the APRI and FIB4
scores, higher proportion of advanced class (>1
and >3, respectively) with (P= 0.001) for both
(Table 1).

Table (1) Characteristic features of studied groups.

Control Chronic Liver p.
Variable Group Disease Group value
N=19 N=63

Age (yr) 26 (24-34) 57 (22,5-62) 0.001
Gender
Malen (%) 14(73.7) 46(73) 0.954
Female n (%) 5 (26.3) 17(27) )
HBs Ag n (%)
+ve 0(0) 1(1.6)
Ve 19(100) 57 (90.5) 0-377
HCV Ab n
(%)
+ve 0(0) 5(7.9)
Ve 19 (100) 27 (42.9) 0.001
Child n (%)
A 19 (100) 23(31.9)
B 0(0) 2 (33.3) 0.001
C 0(0) 7(28.3)
APRI n (%)
1 18 (94.7) 27 (42.9)
2 1(5.3) 15 (23.8) 0.001
3 0(0) 21(33.3)
FIB4 n (%)
1 19(100)  4(9.3)
2 0(0) 14(32.6) 0.001
3 0(0) 25(58.1)

HBsAg - Hepatitis B surface antigen, HCVAb - Hepatitis
C virus antibody, Child - Child-Pugh score, APRI -
Aspartate Aminotransferase to Platelet Ratio Index, FiB4
- Fibrosis-4 Index.

Serum level of glial cell line derived
neurotrophic factor in the studied groups.

The chronic liver disease (CLD) group
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exhibited a significantly higher median GDNF
level (2.51 ng/ml; IQR: 1.77-3.33) compared to
the control group (1.75 ng/mL; IQR: 1.20-2.04)
with a P-value of 0.001(Table 2).

Table (2) Serum level of Glial Cell Line Derived
Neurotrophic Factor in the studied groups.

Variable Control Chronic Liver

Median Group Disease Group va-llue
(IQR) N=19 N=63

GDNF 1.75 (1.20- 251 (177 - 0.001
(ng/mL) 2.04) 3.33) )

GDNF - Glial Cell Line-Derived Neurotrophic Factor

Serum levels of kidney profile in the studied
group

Creatinine (Cr) levels were comparable
between the groups, with identical medians of
0.80 mg/dl (P = 0.744). Potassium (K) and uric
acid (UA) levels also showed no significant
differences, with mean + SD values of
4.30+0.449 mEq/L and 5.02+0.937 mg/dl in the
control group versus 4.04+0.58 and 4.81+1.75
in the CLD group (P = 0.136 and 0.644).
Sodium (Na) levels were slightly lower in the
CLD group, with a median of 137 mEqg/L
compared to 141 mEg/L in controls,
approaching statistical significance (P = 0.051)
(Table 3).

Table (3) Serum levels of kidney profile in the
studied group.

Control Chronic Liver P-
Variable Group Disease Group value
N=19 N=63
Cr (mg/dl)
Median ?.3%050.70 0.80 (0.70 - 0.90) 0.744
(IQR) '
K(mEq/L)
Mean + SD 4.30+0.449 4.04+.58 0.136
UA (mg/dl)
Mean = SD 5.02+0.937 4.81+1.75 0.644
Na(mEq/L) 141
Median (137.0- 137(132.5 - 140) 0.051
(IQR) 139.0)

Cr - Creatinine, K — Potassium, UA - Uric Acid, Na.-
Sodium

Serum levels of different liver profile in studied
groups.

Albumin levels were significantly
lower in the CLD group (median: 3.6 g/dL)
compared to the control group (median: 4.5
g/dL, P < 0.001). Total bilirubin (T. bili) and
direct bilirubin (D. bili) levels were markedly
elevated in the CLD group, with medians of
1.35 mg/dL and 0.70 mg/dL, respectively,
compared to 0.60 mg/dL and 0.15 mg/dL in
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controls (P < 0.001). The CLD group also
exhibited significantly higher levels of alkaline
phosphatase (ALP), aspartate aminotransferase
(AST), gamma-glutamyl transferase (GGT),
and international normalized ratio (INR), with
P < 0.001 for all. Alanine aminotransferase
(ALT) levels were slightly elevated in the CLD
group, but this difference was not statistically
significant (P = 0.147) (Table 4).

Table (4) Serum levels of different liver profile in
studied groups.

Variable Control Chronic Liver p.
Median Group Disease Group value
(IQR) N=19 N=63
4.50 (4.40-
Alb (g/dL) 4.80) 3.6(3.0-3.9) <0.001
T. 0.60(.50 -
bili(mg/dL)  .70) 1.35(0.80-3.12) <0.001
D.bili(me/dl) 02';)5('10' 0.70 (300-150)  <0.001
ALP(IU/L) 5(5-5) 6(5.0-8.0) <0.001
AST(U/L) 21(20-21) 41.5(30.0 - 69.0) <0.001
ALT(U/L) 2%(21 T 28.5(21.0 - 48.0) 0.147
GGT(U/L) ;;)(12 " 46(30.50-8950)  <0.001
INR 1(1-1.10) 1.2 (1.0- 1.5) <0.001

Alb - Albumin, T.bili - Total Bilirubin, D.bili - Direct
Bilirubin, ALP - Alkaline Phosphatase, AST - Aspartate
Aminotransferase, ALT - Alanine Aminotransferase, GGT
- Gamma-Glutamyl Transferase, INR - International
Normalized Ratio.

Red Blood Cells and Their indices in the
studied groups.

The CLD group exhibited significantly
lower RBC counts (median: 4.2 x10%uL)
compared to the control group (median: 5.20
x10%uL, P < 0.001). Hemoglobin (HGB) and
hematocrit (HCT) levels were also markedly
reduced in the CLD group, with mean + SD
values of 11.31+2.34 g/dL and 34.06+6.96%,
respectively, compared to 14.26+1.51g/dL and
41.79+5.38% in controls (P < 0.001 for both).
RDW level was significantly e higher in the
CLD group (median: 14.5%) versus the control
group (median: 12.30%, P < 0.001), improved

interpretation of RDW. MCV, mean
corpuscular  hemoglobin  (MCH), Mean
corpuscular hemoglobin concentration

(MCHC) showed no significant differences
between the groups (P = 0.195, 0.814, and
0.358, respectively) (Table 5).
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Table (5) Red Blood Cells and Their indices in the
studied groups

Control Chronic Liver P
Variable Group Disease Group Value
N=19 N=63
RBCsx106
(cell/pL) g'ig)m'w T 4.2(3.42 - 4.60) <0.001
Median (IQR) ™
HG (g/dl)
Mean < SD 1426 +1.51 11.31+2.34 <0.001
HCT (%)
Mean £ SD 41.79+5.38  34.06+6.96 <0.001
MCV (fL) 82.46(80.16 - _
Median (IQR) 86.20) 85(80.63 -90.0) 0.195
MCH(Pg) _
Median (IQR) 323%78 28.7(26.80 - 30.60) 0.814
MCHC(g/dL)
Mean < SD 34.30+£1.72  33.28+2.57 0.358
0, -
RDW (%) 1230(11.50 14.5(12.95- 16.90) <0.001

Median (IQR) 13.05)

RBC - Red Blood Cell Count, HG — Hemoglobin, HCT —
Hematocrit, MCV - Mean Corpuscular VVolume, MCH -
Mean Corpuscular Hemoglobin, MCHC Mean
Corpuscular Hemoglobin Concentration, RDW - Red Cell
Distribution Width.

White Blood Cells and Their indices in the
studied groups.

The CLD group exhibited a
significantly lower median WBC count (4.3
x103/uL) compared to the control group (5.7
x103/uL, P = 0.039). Lymphocyte count
(Lymph No) was notably lower in the CLD
group (median: 1.02 x103/uL) compared to the
control group (median: 2.50 x10%/uL, P <
0.001), and lymphocyte percentage (Lymph %)
was decreased in the CLD group (mean + SD:
27.28 + 12.06%) compared to the controls
(mean = SD: 43.7 £ 7.5%, P < 0.001). On the
other hand, neutrophil count (Neut No) and
percentage (Neut %) were higher in the CLD
group, but the difference in neutrophil count
was not significant (P = 0.650), while the
neutrophil  percentage was significantly
increased (mean + SD: 58.17 + 14.07% in CLD
vs. 43.7 + 8.4% in controls, P < 0.001). The
neutrophil-to-lymphocyte ratio (NLR) was
significantly higher in the CLD group (median:
2.34) in contrast to the control group (median:
0.96, P <0.001) (Table 6).

Table (6) White Blood Cells and
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Their indices in the studied groups.

Control Chronic Liver
Variable Group Disease Group

N=19 N=63 Value
WBC x10°
(cell/uL) 2';)(4'2 T 43(322-6.03) 0.039
Median (IQR) )
Lymph  Nox103 )
(cell/uL) g.gg)(mo 1.02(0.73-1.6) <0.001
Median (IQR) )

3
Neut ~ Nox10% 10470 - 268(155 -
(cell/uL) 310) 350) 0.650
Median (IQR) i )
0,
byerzg}i é’D 437+7.5  27.28+12.06  <0.001
0,

m‘;tn/i" - 437484  5817+1407  <0.001
NLR 0.96(0.80- 2.34(1.44 - <0.001
Median (IQR) 1.22) 3.43) '

WBC - White Blood Cell Count, Lymph no - Lymphocyte
Number, Neut no - Neutrophil Number, Lymph % -
Lymphocyte Percentage, Neut % - Neutrophil Percentage,
NLR - Neutrophil-to-Lymphocyte Ratio.

Platelets and Their indices in the studied
groups

Platelet count (PLT)
significantly lower in the CLD group

(median: 105 x103/puL) compared to the

was

control group (median: 209 x103/uL, P <
0.001),
commonly associated with liver disease.
PDW was considerably higher in the CLD
group (median: 18.60%) than in controls
(median: 13%, P = 0.043), suggesting

reflecting  thrombocytopenia

increased variability in platelet size. Pct was
markedly decreased in the CLD patients
(median: 0.089%) compared to controls
(median: 0.149%, P < 0.001). Conversely,
platelet large cell ratio (PLCR) was higher
in the CLD group (median: 33.9%) than in
controls (median: 28.40%, P = 0.002). MPV
and PLR showed no significant differences
between the groups (P = 0.116 and 0.739,
respectively) (Table 7).
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Table (7) Platelets and Their indices in the studied
groups

Variable Control Chronic Liver

Median Group Disease Group \I;alue
(IQR) N=19 N=63
3 _ B

B
i Bn® RO 0
MPV (fL) ?03(5)((350 "~ 9.45(7.37-1130) 0.116
Rl
PLCR (%) 53:28521'60 ~ 33.9(30.7-41.1) 0.002
T

PLT - Platelet Count, PDW - Platelet Distribution Width,
MPV - Mean Platelet Volume, Pct - Plateletcrit
(percentage of blood volume occupied by platelets), PLCR
- Platelet Large Cell Ratio, PLR - Platelet-to-Lymphocyte
Ratio.

Area under curve (AUC), sensitivity, and
specificity of serum glial cell line-derived
neurotrophic factor for diagnosis of patients
with Chronic Liver disease

The area under the curve (AUC),
sensitivity (Sen%), specificity (Spe%), and
95% confidence intervals (CI) for GDNF in
diagnosing chronic liver disease (CLD) patients
was shown in (Table.8). Glial cell line-derived
neurotrophic factor (GDNF) demonstrated a
strong AUC of 0.743, with an 82.5% sensitivity
and 63.2% specificity at cutoff of 1.62, and P
value of (P <0.001) (Table 8) (Fig 1).

Table (8). Area under curve (AUC), sensitivity, and
specificity of serum glial cell line-derived
neurotrophic factor for diagnosis of patients with
Chronic Liver disease

0,
Variables AUC Cutoff Sen% Spe% 2;5 Yo

GDNF 0.618-

0 0
(ng/ml) 0.743 1.62 82.5% 63.2% 0.868 <0.001

P value

GDNF - Glial Cell Line-Derived Neurotrophic Factor,
AUC- Area Under the curve, Cl- Confidential Interval
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Fig 1. ROC curve for GDNF for diagnosis of patients
with chronic liver disease

Discussion

Chronic liver diseases (CLD) have a
wide range of causes, including, long -term
alcohol misuse, infections, autoimmune
disease, and metabolic diseases. The last stage
of chronic liver disease, cirrhosis, is recognized
by vascular reorganization, neo-angiogenesis,
the deposition of an extracellular matrix,
disturbance of liver architecture and the
development of extensive nodules. Liver
cirrhosis may be classified into two phases, the
compensated cirrhosis and the decompensated
cirrhosis. There are no symptoms during the
compensated  cirrhosis, while in  the
decompensated one, portal pressure escalates
above the normal range(>5mmHg). Worldwide
epidemiological analysis underscores a growing
burden of CLD driven primarily by metabolic
dysfunction associated steatotic liver disease
and alcohol related liver disease (Yu et
al.,2024).

Glial cell line-derived neurotrophic
factor (GDNF) is a robust protein that belongs
to the transforming growth factor-beta (TGF-B)
superfamily. It was basically introduced as a
survival factor, but other research has revealed
that GDNF has much broader biological
functions. While historically studied in
Parkinson disease context, current research
suggests its dual upregulation in neural cell
types during neurodegredation, highlighting
significant value in inflammation and brain
repair. It has fundamental role not only in the
development and maintenance of the central
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and peripheral nervous systems but also in
organogenesis, spermatogenesis, and cellular
responses in various tissues. GDNF is encoded
by the GDNF gene, which is situated on
chromosome 5p13.2 in humans (Sidorova and
Saarma,2020).

The main signaling pathways activated
by the GDNF-RET complex include the
PIBK/AKT pathway, which promotes cell
survival and has anti-apoptotic effects, and the
MAPK/ERK pathway, which is associated with
differentiation and cell proliferation. Src family
kinases may also be involved in mediating
downstream  effects.  These  signaling
mechanisms are critical not only in normal
physiology but also in pathological conditions,
such as cancer (Guo et al., 2024).

Beyond its neural roles, GDNF has
been found to participate in tissue repair,
neuroinflammation, and certain  cancer
processes. Elevated levels of GDNF have been
implicated in tumor progression and resistance
to therapy in some cancers, whereas in other
contexts, GDNF may have protective effects.
For instance, its neuroprotective properties have
prompted investigation into its therapeutic
potential in neurodegenerative diseases like
Parkinson’s disease. In liver disease, increasing
evidence reported that GDNF may have
diagnostic and prognostic ability. Furthermore,
previous studies reported that GDNF levels are
elevated in hepatic stellate cells and liver tissues
of patients with advanced fibrosis(F4) (Zhuang
et al.,2023).

In our study, gender distribution was
similar between the categories (P=0.954),
indicating that female and male participants
were equally represented in both study
individuals. The percentage of HBV positivity
was similar between the groups, while HCV
was considerably higher in CLD group
compared to none in the controls(P=0.001).

Level of GDNF was notably higher in
the CLD group versus control group (P=0.001).
This is in line with studies suggesting that
GDNF reduces hepatocytes apoptosis and
oxidative stress while concurrently being
involved in carcinogenesis. GDNF activates
survival pathways, such as PI3K/Akt and ERK
signaling, which counteract apoptosis signals.
A study by Zhang et al. investigated serum
GDNF levels in individuals with liver fibrosis.
This study, which employed ELISA to quantify
GDNF concentrations, demonstrated
significantly increased serum GDNF in patients
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with liver fibrosis versus controls. The study
focused on circulating levels of GDNF and did
not involve histological analysis of liver tissue
(Zhang et al.,2019).

The serum kidney profile analysis
revealed comparable creatinine, potassium, and
uric acid levels between the control and chronic
liver disease groups, suggesting that overall
kidney function, as indicated by these markers,
was not significantly compromised in the CLD
cohort in this study. This finding aligns with
some studies indicating that renal impairment is
not always present in the early stages of CLD.
Monitoring NA levels is essential for
prognostication and CLD management
However, the slightly lower sodium levels in
the CLD group, approaching statistical
significance, warrant further consideration
(Kiani & Zori,2023). Hyponatremia is a
recognized complication of advanced liver
disease, often associated with fluid retention
and altered hormonal regulation (Ginés et al.,
2018). While not statistically significant in this
instance, this trend suggests the need for careful
monitoring of electrolyte balance in CLD
patients.

The current study demonstrated marked
alterations in RBC indices among patients with
CLD versus the controls, suggesting a high
prevalence of anemia in CLD patients. key
erythrocyte parameters including RBC count,
HGB, and HCT levels were considerably
reduced in the CLD group (P < 0.001 for all),
consistent with prior findings in the literature
(Hu et al., 2023; Mishra et al., 2021). These
reductions are reflective of the multifactorial
etiology of anemia in CLD, which may involve
hypersplenism, gastrointestinal blood loss due
to portal hypertension, nutritional deficiencies,
impaired erythropoietin production, and direct
bone marrow suppression.

The anemia observed in CLD is often
of the normocytic normochromic type,
suggesting preserved red cell morphology
despite declined production or high destruction.
This was reinforced by the findings in mean
corpuscular volume (MCV) and mean
corpuscular hemoglobin (MCH), which did not
differ significantly between CLD patients and
controls (P =0.195 and P =0.814, respectively).
Similarly, mean corpuscular hemoglobin
concentration (MCHC) remained statistically
unchanged (P = 0.358). These results indicate
that while anemia is prevalent, its features are
typical of chronic inflammatory conditions,
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which often present with normal RBC indices
(Scheiner et al.,2020).

In contrast, RDW was considerably
increased in CLD cases (P < 0.001), indicating
increased anisocytosis and suggesting a
heterogeneous population of red cells. This
finding may reflect ineffective erythropoiesis or
a mixed anemia etiology, potentially involving
both iron deficiency and vitamin B12 or folate
deficiency. Elevated RDW has been associated
with advanced fibrosis poor clinical outcome
and portal hypertension (Haung et al.,2025).

Anemia in CLD tends to worsen with
disease severity, as hemoglobin and hematocrit
levels have been shown to correlate negatively
with liver function scores such as the Child-
Pugh score and MELD system. Both HGB and
HCT tend to decrease as liver disease
progresses, and their reduction has been
significantly correlated with higher Child-Pugh
classes (Abdel-Moneim & Mahmoud, 2023).
Lower levels of hemoglobin have prognostic
implications, being correlated with increased
mortality and poorer clinical outcomes. These
hematological parameters, therefore, work not
only as evidence of anemia but also as
important markers of disease progression and
prognosis (Schettler et al., 2020).

Alterations in WBC indices further
reflect the underlying pathophysiology of CLD.
Leukopenia is frequently observed widely due
to hypersplenism associated with portal
hypertension, resulting in elevated
sequestration of leukocytes in the enlarged
spleen. Furthermore, different studies suggested
that higher baseline WBC count independently
predict the incidence of NAFLD Additionally,
bone marrow suppression from chronic
inflammation, viral infections, and hepatotoxic
insults can contribute to diminished leukocyte
production. In contrast, leukocytosis may be
observed in specific contexts such as alcoholic
liver disease or systemic infections, reflecting
acute inflammatory responses (Hu et al.,2024).

Elevated NLR has been linked to
systemic inflammation, disease severity,
complications, and poor survival in cirrhosis.
Increased PLR has been associated with the
degree of liver fibrosis, specifically in NALFD
patients and chronic hepatitis C, suggesting its
value as a non-invasive biomarker of liver
dysfunction. These indices provide valuable
insight into the immune-inflammatory
dynamics in CLD and may enhance clinical
assessment when integrated into routine
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assessment (D’ Amico et al.,2025).

The serum liver profile exhibited
significant alterations in the CLD group. The
observed lower albumin values are a well-
established evidence of impaired hepatic
synthesis capacity in CLD (Friedman et al.,
2019). Similarly, the significantly elevated total
and direct bilirubin levels reflect compromised
bilirubin metabolism and excretion,
characteristic of liver dysfunction (Sherlock &
Dooley, 2018). Furthermore, the higher levels
of alkaline phosphatase (ALP), aspartate
aminotransferase  (AST), gamma-glutamyl
transferase ~ (GGT), and international
normalized ratio (INR) further corroborate the
presence of liver damage and impaired
synthetic function in the CLD group. These
enzymes are commonly released into the
bloodstream upon hepatocyte injury, and an
elevated INR signifies impaired coagulation
factor synthesis by the diseased liver. Other
studies suggested that despite its prognostic
value and inclusion in scoring systems such as
MELD, INR does not reliably predict bleeding
complications (Wang et al.,2023). While ALT
levels were slightly elevated in the CLD cases,
the lack of statistical significance might suggest
that other enzymes, particularly AST, GGT, and
ALP, were more sensitive indicators of the
predominant type of liver injury in this specific
CLD cohort. Overall, the distinct differences in
the serum liver profile between the control and
CLD groups strongly support the presence of
significant hepatic dysfunction in the studied
CLD population, consistent with established
clinical and biochemical features of chronic
liver disease.

Glial cell line-derived neurotrophic
factor (GDNF) exhibited good diagnostic
potential, with an AUC of 0.743, sensitivity of
82.5%, and specificity of 63.2% (P < 0.001).
GDNF, a neurotrophic factor, has been
implicated in liver regeneration and fibrosis
modulation, its moderate specificity suggests
that while GDNF is sensitive to chronic liver
disease, it may also be influenced by
extrahepatic conditions, necessitating further
validation in diverse cohorts (Yang et
al.,2022).

One limitation of this study is the
noticeable age difference between the control
and CLD groups. The median age of the control
group was 26 years, compared to 57 years in the
CLD group. Since certain biological markers,
including GDNF, may be influenced by age-
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related physiological changes, this discrepancy
could act as a confounding factor. Although the
observed differences in GDNF levels were
statistically significant, future studies should
consider age-matched cohorts to more
accurately isolate the effect of liver disease.

Additionally, no statistically significant
correlation was observed between GDNF levels
and Child-Pugh classification, suggesting that
while GDNF may have diagnostic value, it may
not reflect disease severity. This could be due to
the limited sample size, heterogeneity in disease
etiology, or the possibility that GDNF
expression is altered early in liver disease but
not progressively across severity stages. Future
studies with larger, age-matched cohorts and
stratification by liver disease stage are
warranted.
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Abstract

Weedy rice is a conspecific weed of cultivated rice that threatens the production of world rice. The
present study aimed to differentiate Egyptian cultivated rice from weedy rice based on seed
morphological traits. Seeds from eight cultivated rice varieties and twenty-five weedy rice plants
were collected from different paddy fields. The morphological similarity between weedy and
cultivated rice, coupled with weedy rice rapid growth, seed dormancy, and shattering, requires
efforts to distinguish between them to effectively manage this problematic weed. The seed
morphological traits were documented, such as hull, pericarp, and awn color; awn, palea, and lemma
length, seed width and length; grain number; and grain weight. A cladistic analysis was performed
using these traits. Notable variations in seed morphology were observed between cultivated and
weedy rice. Cultivated rice seeds exhibit straw-colored hulls, white pericarps, and lack awns,
whereas most weedy rice seeds have brown hulls, red-brown pericarps, and either short or long
awns. The presence of awns and the high seed length-to-width ratio in most weedy rice can be
considered adaptive mechanisms, facilitating seed dispersal. Cultivated rice generally has a higher
grain weight than weedy rice, reflecting the better endosperm development, which results in greater
grain mass. Understanding these morphological variations can used by farmers for early
identification and removal to prevent seed dispersal and control weedy rice. The analysis of the
cladogram, which focused on seed morphology, demonstrated a significant relationship between
cultivated and weedy rice, suggesting a shared genetic basis and possibly originating from a common
ancestry.

Keywords: Awnless; cladogram analysis; morphological traits; pericarps; weedy rice.

as one of the major global threats to rice
production in direct-seeded rice fields (Ziska et

Introduction al., 2015). Weedy rice is an annual grass that

resembles cultivated rice (Oryza sativa). Weedy
Weedy rice (Oryza spp.), commonly referred to rice has the same growth pattern as cultivated
as red rice, is @ member of the Poaceae family rice, such as the vegetative phase, reproductive
and the Oryzeae tribe. Weedy rice has appeared phase, and ripening phase (Abd Hamid et al.,
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2007). Weedy rice is classified as the same
species as cultivated rice (Oryza sativa). Two
scientific names are commonly used for weedy
rice includes Oryza sativa L. and Oryza sativa
f. spontanea. Genomic data have shown that O.
sativa L. refers to weedy rice populations
derived from cultivated O.sativa, while O.
sativa f. spontanea refers only to specifically
weedy types that derived from O. rufipogon.
Neither of these names applies to African
weedy rice, which is descended from African
wild rice or O. glaberrima lineage. Therefore,
when the lineage of the weedy population is
unknown, the name for the weedy rice to use is
the generalized name Oryza spp (Burgos et al.,
2021). The studied weedy rice couldn’t be wild
rice because of the absence of wild rice in
Egypt. Further genetic studies required to
illustrate the origin of Egyptian weedy rice.
Easy grain shattering, a lengthy seed dormancy
period, and higher nitrogen efficiency for
biomass production are the traits that
differentiate weedy rice from cultivated rice
(Rathore et al., 2017; Ghosh et al., 2017).

Compared to cultivated rice, weedy rice
also has several of unfavorable characteristics,
such as the ability to germinate more quickly
and persist in the soil bed for up to ten years
(Ferrero, 2003). In addition to some of the
unfavorable traits of weedy rice, such as long
shoots, strong tillering capacity, weak culms,
pale leaf color, and red pericarp (Ziska et al.,
2015; Tseng, 2017).

Seeds are vital reproductive units in higher
plants, and the characteristics related to their
germination and dispersal play a key role in
determining plant performance, distribution,
population establishment, and dynamics,
ultimately guiding their evolutionary path.
(Chen and Giladi, 2020; Huang et al., 2015;
Razzaque et al., 2023).

Seed morphology is a key trait in plant
biology. During the seedling stage, weedy
plants are often difficult to differentiate from
crops (Hoagland and Paul, 1978). However,
after tillering, weeds can be identified based on
several distinct morphological characteristics
compared to rice varieties. These include a
greater number of tillers that are longer and
more slender, leaves that are often hispid on
both  surfaces, increased plant height,
pigmentation in various plant parts, and a
tendency for easy seed dispersal once seeds
form in the panicle (Diarra et al., 1985; Coppo
and Sarasso, 1990; Kwon et al., 1992; Suh et al.,
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1997).

The seeds of most weed biotypes of Oryza
sativa (Asian Rice) and Oryza glaberrima
(African Rice) possess a pigmented pericarp,
which is attributed to varying levels of
anthocyanins, catechins, and catecholic tannins
(Baldi, 1971). Weedy rice directly impacts
farmers' income by reducing crop yields and
diminishing the market value of the harvested
rice (Olofsdotter et al., 2000).

Therefore, the main objective of the present
study is to examine the morphological variation
in seeds between weedy rice and cultivated rice
to explore this weedy rice. This understanding
may serve as a foundational step towards
managing and controlling the presence of this
destructive weed, thereby preserving the
culinary and quality of Egyptian rice cultivars.
The data obtained from this investigation could
be wvaluable in clarifying the relationship
between weedy rice and cultivated rice.
Materials and methods

Field study

This investigation was based on field surveys
and greenhouse farming. The selected seven
sites were indicated in Table 1. The seeds of
Twenty-five samples of weedy rice were
collected and dried well, then stored for the next
growing season. From site I, WR1, WR2, WR4,
WR5, and WR6 were collected. From site I,
WR 8 and WR 10 were gathered. From site 111,
WR 11, WR 12, WR 13, WR 15, and WR 16
were collected. From site IV, WR 17 and WR
19 were gathered. From site V, WR 20, WR 21,
WR 22, and WR 23 were gathered. From site
VI, WR 24, WR 25, WR 26, WR 27, and WR
28 were gathered. From site VII, WR 29 and
WR 30 were collected. Cultivated rice seeds
such as Giza 178, Giza 179, Sakha 101, Sakha
102, Sakha 103, Sakha 104, and Egyptian
Hybrid 1 were provided by the Agricultural
Research Center, Egypt. IR64 seeds were
kindly supplied by International Rice Research
Institute (IRRI), Manila, Philippines. The stored
seeds of the cultivated and weedy rice were
germinated in 15 cm x 20 cm trays containing
perlite under field conditions. Trays were
irrigated with a full-strength Ruakura nutrient
solution (Smith et al., 1983). When the rice
samples were 120 days old, morphological seed
traits were measured.
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Table 1: Geographical sites of the weedy rice

Sites . . .
Numbers Sites Longitude (E) Latitude (N)

Ezbet Zakareya

| oot RD 31401028  31.662861

1 Al-Hawashim 31404250  31.662194
village

I Nagaa Al Jabaylah 31403611 _ 31.646500

v Kafr Al Batekh 31.394639  31.732917

v Ezbet lorahim 31 393778 31.606333
Hammad

VI Ezbet Om El Reda  31.401833  31.621139

Vil Intemational 31425167  31.634972

coastal road

Determination of seed morphological traits

The seed morphological traits of the rice
cultivars and red rice were recorded according
to (IRIR, 2007). The selected seed
morphological traits with information on the
methods for each attribute that was measured
were shown in Table 2. The recorded
morphological traits were hull color, pericarp
(kernel) color, awn presence, awn length (cm),
awn color, palea and lemma length (cm), seed
width (cm), seed length (cm), seed length to
width ratio, number of grains per panicle, and
grain weight (g).

Table 2. Seed morphological traits of the cultivated
and weedy Egyptian rice, containing details on how
each attribute is measured (IRIR, 2007).

Seed traits Description
Seed length (cm) gl;)rlzfitr?nce from base to tip of the
. Maximum width perpendicular to
Seed width (cm) the length
Length to width ratio The percentage of seed length to
seed width

Awn length (cm) Length of the awn

Awn color Pigmentation of the awn

grain weight Mass of a grain

pericarp color Pigmentation of pericarp

Hull color Pigmentation of the hull

Grains number per  Counting the number of grains per
panicle panicle

Determination of grain dry weight (g)

The seeds of the rice cultivars and weedy rice
were collected and stored in separate seed bags
made of paper, dried in air, and then the dry
weights of each seed were recorded individually
using a precision analytical balance for all
collected rice samples.

2.4 Cladistic analysis based on seed
morphological traits

The morphological characteristics of the seeds
were detected for cultivated rice and weedy
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rice, and the data were examined using Past
Software V 3.23 (folk.uio.no/ohammer/past).

2.5 Statistical analysis

All measurements were replicated as stated in
each section. The morphological characteristics
of the seeds for the cultivated and weedy rice
were recorded, and the data were analyzed
using Past Software V 3.23 to generate
cladograms. A one-way ANOVA was
performed using SigmaPlot v11.0 to assess
differences in grain weight. Significance was
defined at P < 0.05.

Results

Morphological traits of the seed for cultivated
and weedy rice

Significant variation in seed morphology is
observed between the cultivated rice and weedy
rice, as illustrated in (Table 3) (Fig. 1). The hull
color of all examined cultivated rice as well as
WR 6, WR 10, WR 16, WR 20, WR 21, WR 23,
and WR 30 is straw. The pericarp color is white
in all studied cultivated rice and in WR 2, WR
6, WR 10, WR 11, WR 12, WR 13, WR 15, WR
17, WR 22, WR 23, WR 27, WR 29, and WR
30. In contrast it is light red-brown in WR 4,
WR 5, WR 8, WR 20, WR 25, WR 26, and WR
28, and red-brown in WR 1, WR 16, WR 19,
WR 21, and WR 24. All examined cultivated
rice along with WR 16, WR 19, WR 20, WR 24,
WR 25, WR 26, and WR 28 are awnless;
whereas, the remaining weedy rice samples
possess awns. The awn color among the studied
weedy rice population varies with WR 1, WR 2,
WR 4, WR 6, WR 11, WR 12, WR 13, WR 16,
WR 17, and WR 23 exhibiting white awns; WR
5, WR 8, WR 10, WR 15, WR 21, WR 22, and
WR 27 displaying straw-colored awns; and WR
29 and WR 30 having red awns. Awn length
also varies among the weedy rice samples,
specifically WR 1, WR 2, WR 5, WR 8, WR 13,
WR 21, WR 23, WR 17, WR 27, and WR 29.
Most weedy rice plants exceed cultivated rice in
seed length-to-width ratio with the exception of
IR64. Additionally, most weedy rice plants
surpass cultivated rice in the number of grains
per panicle, except for G 178.
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Table 3. Seed morphological characters and character state of the studied cultivated and weedy rice.

Seed traits Rice samples
RS ygI Y eIl 08gSBRIIAILISNIRS
characters Character state HHH‘_'H‘_'D‘>_§EE;E;mmmmmmmmm'xm'xm'xm'xmm'x
COovmnnmn==I S22
1.straw
1. hull color 2 brown 111111112221121222212211212222221
2. pericarp color Lwhite
-P P 2.light red brown 111111113122121111131323113221211
3.red brown
(o] [ee) oo
3. palea/lemma VRN BWRN | [ FORIBBGO AN  NOFRNNQAN O~
OO OO Ooo ~NOOMN~MOO O o o OMNDOMOOOOOOoO o o
length(cm) ) : : 3 : R
o o o o
N0 O~ OUON~NONNMNMNOMNMNOOODODNDOWOODONMNMNMN OO~ OOOWOS
4. seed length (cm) - C00O0000000000000000000C00C00000c0 o
- N MO ITOTANDOONNANOMOOONOOMOOANNMOMOOONOOTOOMmOMmmm
5. seed width (cm) - C00O000O00000C0000000000C000000S3Aa
. [Te)
6. seed length/width% - :\,!2504204ﬁﬁNﬁgNggﬁgmm*MMNgzﬁNN:ZN“’gN
1.present
7,Awnpresence) 2 abscent aNNANNANNNNAAAAAAAAAAAN ANN A A ANNN AN A A
1.short
8. Awn length(cm) 2.long DOOOOONON AAN AN ANNNANONOOANANOO®OA®O AN
3.awnless
1.white
9. awn color 2.straw
4.awnless
< = o o <
N MMNSNMOOOLMNL O~ LOOMO AT O™ HLOOOHOULD(V)OHHI\
10. no of OIS PR R IR B BT PE gy ST ART DY
g P SAGI~~DOOOA®H~ IOIFTOONN SQIFHOO~—AOdT
H H < < < - OMFTMMOO D NN~ o o o [e¢) ()] [Te)
11 grain weight (g) 8585885858885485855555888585858588%8
CoCPoCPPocPoPPcooococococoocCococoCPCPooCoCoCCo

Fig.1 Seed morphological
cultivated and weedy rice.

traits of Egyptian

Determination of grain weight of the cultivated
and weedy rice

Grain weight was observed to be significantly higher
in S 104, followed by HYR and WR 29, in
comparison to other rice samples (Fig. 2). The
maximum grain weight among cultivated rice was
recorded in G 104, whereas the minimum grain
weight was observed in G 178. In the case of weedy
rice, WR 29 exhibited the highest grain weight,
while WR 10 had the lowest grain weight. Generally,

b2 b

most cultivated rice tends to exceed in terms of grain
e - d
f 2 52 ; ,g d 4

weight.
e
b T a
c 3 Kl g d d q
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Rice Samples
Fig. 2 Changes of grain weight of the
cultivated and weedy rice. Data are means +
SE. Bars labeled with different letters are
significantly different at P< 0.05.

Cladistics analysis of the cultivated rice and
weedy rice according to seed morphological
traits

Cladistic analysis categorized the 33 samples
into three principal groups (GI-GlIl) (Fig. 3),
with distinct subgroups comprised both
cultivated and weedy samples. The first group
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(GI) was further divided into two subgroups
(SGI-SGII); the first subgroup included WR 15,
while the second subgroup comprised WR 19,
WR 21, WR 28, and G 178. The second group
(GII) was subdivided into four subgroups (SGI-
SGIV); the first subgroup contained WR 8, WR
29, WR 10, IR64, and HYR; the second
subgroup comprised WR 13, WR 27, WR 17,
and WR 23; the third subgroup included WR 5,
WR 25, S 103, and S 104; and the fourth
subgroup involved WR 12 and WR 24. The
third group (GIII) was subdivided into three
subgroups (SGI-SGIII); the first subgroup
comprised WR 6, WR 22, WR 11, WR 20, WR
30, and S 102; the second subgroup included
WR 4, WR 1, G 179, and S 101; and the third
subgroup comprised WR 16, WR 26, and WR
2.

Distance

o 2 @
3 2 8
@« o

oSy
913
L oo
sz

o

;
 — W } SGI
WR19
T GI
L= fson g€
G178 ~#

WR4 GIII

SGIII

Fig. 3. Cladograms illustrate the relationship
between cultivated rice and weedy rice based on
seed morphological traits.

Discussion

Egyptian weedy rice is an invasive paddy weed
that infests rice paddies, leading to significant
rice yield losses (Abdallah et al. 2025).
Distinguishing cultivated rice from weedy rice
is only feasible after the formation of panicles
and seeds. Seed characteristics are believed to
undergo strong environmental selection due to
their substantial implications for fitness (Hierro
et al., 2009; Chen and Giladi, 2020). Notable
differences in seed morphological
characteristics between the cultivated and
weedy rice have been observed (Fig. 1).
However, these seed traits have not been
extensively studies in biogeographical research.
Cultivated rice exhibits straw-colored hulls and
white seed pericarps; whereas, more than half
of the collected weedy rice samples exhibit
brown hulls and reddish-brown pericarps, traits
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associated with genes like Rc (Debeaujon et al.,
2000). These pigments in weedy rice seeds may
specify advantages such as protection from
predators and environmental stresses; although
they also reduce the quality of Egyptian milled
rice.

The seed length-to-width ratio is generally
higher in most weedy rice plants compared to
cultivated rice, with the exception of IR64.
Additionally, the presence of awns in most
weedy rice indicates an adaptation for dispersal,
either by attachment to animals or wind
transport. The variation in the awn color and
length among all the studied weedy rice
populations reflects differing degrees of
environmental adaptation and evolutionary
advancement. Most weedy rice plants surpass
cultivated rice in grain quantity per panicle,
except for G 178, which may enhance their
survival and proliferation under agricultural and
natural selection pressures, thereby increasing
their evolutionary fitness. This is indicative of
their resilience in agroecosystems, fitness
advantages, and reproductive strategy. The
grain weight of most cultivated rice is higher
than that of weedy rice (Fig. 2). Grain filling
influences both grain weight and quality (Zhou
et al., 2013), suggesting that grain filling is
more efficient in cultivated rice than in weedy
rice. This efficiency is attributed to the more
complete endosperm development in cultivated
rice than weedy rice resulting in higher grain
mass. The lower grain weights of weedy rice
may reflect trade-offs between seed quantity
and investment per seed. The variations in seed
traits of weedy rice confer an advantage over
the crop, enabling it to withstand various abiotic
stresses and adapt to diverse cropping
techniques and changing environmental
conditions (Fogliatto et al., 2012). Seed
morphological traits are instrumental in the
identification and classification of plants and
weeds (Noda et al., 1985). Seed morphology
has been shown to provide valuable characters
for taxonomic relationships of plant families
(Barthlott, 1981; Barthlott, 1984; Shetler,
1986). Understanding the variations in seed
morphology between cultivated and weedy rice
can aid in the management of weedy rice. These
visible variations can be used by farmers for
early identification and removal before
complete heading to prevent seed dispersal.
Additionally, they can guide the development
of selective herbicides that allow control of
targeted weedy rice.
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According to seed morphology, cladogram
analysis reveals a close relationship between
cultivated rice and weedy rice (Fig. 3).
Specifically, WR 15, WR 19, WR 21, and WR
28 are grouped with G 178, while WR 8, WR
29, and WR 10 are categorized in the same
subgroup as IR64 and HYR. Additionally, WR
5 and WR 25 are clustered with S 103 and S
104; WR 6, WR 22, WR 11, WR 20, and WR
30 are grouped with S 102. Furthermore, WR 4
and WR 1 are clustered with G 179 and S 101,
indicating the seed morphological similarities.
These similarities suggest a common genetic
background and a potentially shared origin.
The accurate identification and differentiation
of weedy rice from cultivated rice cannot
depend on seed morphology alone due to the
high seed morphological similarities between
cultivated rice and some weedy rice. Therefore,
it should be combined with physiological traits
and genetic analysis.

Conclusion

This  study offers a  comprehensive
morphological assessment of  Egyptian
cultivated and weedy rice seeds, emphasizing
significant differences that are useful for
identification and management. Cladogram
analysis supports the hypothesis of shared
ancestry and evolutionary convergence. These
findings are foundational for developing
targeted weed control strategies and preserving
rice grain quality in Egypt.
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Abstract

This study presents a comprehensive comparative analysis of six Egyptian taxa from the family
Zygophyllaceae, representing the genera Fagonia, Zygophyllum, and Tribulus. An integrative
approach was employed, combining morphological, anatomical, and palynological investigations
using both light microscopy (LM) and scanning electron microscopy (SEM). The main objective
was to evaluate the taxonomic significance of these characters and enhance species identification
and classification within the family. Morphological assessments included leaf structure, floral and
fruit morphology, and seed characteristics. Anatomical studies focused on the tissue organization of
stems, petioles, and leaf blades, with emphasis on epidermal features, vascular patterns, and crystal
distribution. Palynological analysis revealed significant variation in pollen size, polarity, aperture
types, and exine ornamentation. A total of 219 characters were scored and analyzed statistically
using Minitab software. Cluster analysis and dendrogram construction revealed a clear separation
of Tribulus species from Fagonia and Zygophyllum simplex, which conversely showed closer
affinities. These findings highlight the diagnostic value of integrating morphological, anatomical,
and palynological data, and support the recognition of Tribulus at a distinct taxonomic rank within
Zygophyllaceae. Collectively, these characters provide valuable tools for the accurate delimitation
and identification of taxa at both generic and specific levels.

Keywords: Anatomical characters, Cluster analysis, Macromorphological characters, Palynological
characters, Zygophyllaceae.

heterogenous family comprising approximately
285 species across 22 genera, mostly distributed
Introduction in arid and semi-arid regions of the Old World,

particularly in Africa, and extending into warm
Zygophyllaceae R.Br. (s.l.) is a large and
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temperate Most  species inhabit
xerophytic and halophytic
environments (Christenhusz and Byng, 2016).
The delimitation of taxa within the family has
changed multiple times due to the structural
diversity and variable plasticity of its members.
As a result, the family has long been a subject
of taxonomic controversy. Additionally, some
of its genera were even separated and treated as
distinct families (Engler, 1931; Takhtajan 1969,
1986 & 2009; Cronquist 1988; Heywood et al.,
2007; Shipaunov, 2012). In light of recent
molecular phylogenetic analyses, integrated
with morphological and anatomical data, the
taxonomic position of Zygophyllaceae has been
reassessed and redefined. Based on the recent
molecular findings of Sheahan and Chase
(1996, 2000), Beier et al. (2003), and APG IlI
(2009), the family has been reclassified under
the order Zygophyllales, alongside
Krameriaceae. Currently, Zygophyllaceae is
divided into five  subfamilies viz.:
Zygophylloideae, Morkillioideae, Tribuloideae,
Seetzenoideae and Larreoideae; in which the
Zygophylloideae recognized as the largest and
strongly supported as a monophyletic group.
This  subfamily includes four genera:
Zygophyllum L., Fagonia L., Roepera A. Juss.,
and Tetraena Maxim (Stevens 2001, onwards).
From a palynological perspective,
Zygophyllaceae  is  recognized as a
eurypalynous family (Erdtman, 1952; Punt et
al., 2007). Accordingly, the study of pollen
morphology within this family plays a
significant role in elucidating taxonomic
relationships and affinities among its taxa. The
pollen morphology of the Zygophyllaceae has
been extensively studied by several authors.
Early investigations were conducted by
Erdtman (1952), Kuprianova and Alyoshina
(1978), and Yunus and Nair (1988), with further
contributions from more recent investigations
by Perveen and Qaiser (2006), Bukhari et al.
(2014), El-Atroush et al. (2015) and Taia et al.
(2021). Perveen and Qaiser (2006) studied the
pollen of 14 species representing five genera
from Pakistan, recognizing four distinct pollen
types and highlighting the diagnostic value of
palynological characters at both generic and
specific levels. Similarly, Bukhari et al. (2014)
investigated selected species from Saudi
Arabia, adding valuable insights to the regional
palynological record. In a more focused study,
Taia et al. (2021) examined 12 taxa of Fagonia
from Libya and concluded that pollen

Zones.
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characteristics provide limited taxonomic
delimitation within the genus.
Several studies have highlighted the

significance of anatomical characters in the
taxonomic classification of the family
Zygophyllaceae. Metcalfe and Chalk (1957)
established detailed anatomical characters of
stems, petiole and leaves, while subsequent
studies have highlighted the significance of
internal vegetative features in distinguishing
genera and species. Sheahan and Cutler (1993)
examined 37 species across 19 genera,
identifying diagnostic traits such as cuticle

thickness, hypodermis, crystal types, pith
structure, and venation patterns that distinguish
subfamilies like Tribuloideae and

Zygophylloideae. In Tribulus and Fagonia,
various studies (e.g., Khalifa, 1968; Ahmed and
Khafagi, 1997; Ahmed and Mohamed, 2005b)
have investigated stem, leaf, petiole, and stipule
anatomy, emphasizing their role in supporting
generic boundaries and aiding reclassification.
Additional investigations focusing on seed
morphology, trichome types, and petiole
vasculature (Ahmed, 1991; Khafagi, 2004,
Abdel Khalik and Hassan, 2012) have further
supported species-level distinctions. Regional
anatomical studies from Saudi Arabia, Libya
and Sudan (Waly et al., 2011; Elkamali et al.,
2016; Taia et al., 2017; Gabr and Ragab, 2023)
emphasized the taxonomic value of mesophyll
structure, stele type, and crystal distribution in
distinguishing Tribulus, Fagonia,
Zygophyllum, and Tetraena species, further
confirming the systematic significance of
vegetative anatomy in Zygophyllaceae. Based
on numerical analyses, Abdel Khalik (2012)
investigated Egyptian species of
Zygophyllaceae using morphological,
palynological, and seed characteristics. The
study revealed that, although the family is
generally heterogeneous, the subfamilies
Tribuloideae, Zygophylloideae,
Seetzenioideae, and Tetradiclidoideae are
relatively homogeneous. It also suggested that
traditional groupings within Tribulus and
Fagonia seem to be artificial. Similarly,
Shamso et al. (2013) analysed morphological
data from eight genera and identified three
distinct groups: one corresponding to
Tribuloideae  (Tribulus), a second to
Zygophylloideae (Zygophyllum and Fagonia),
and a third comprising Seetzenia, Peganum, and
Nitraria, further supporting broader taxonomic
distinctions within the family.
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Furthermore, chemosystematic studies and
DNA fingerprinting conducted by Draz et al.
(2024; 2025) supported the taxonomic
delimitation of species within the genera
Fagonia, Tribulus, and Zygophyllum. Their
study also investigated the genetic variability of
T. terrestris across different populations,
providing valuable insights into its genetic
plasticity and adaptability.

In Egypt, the family Zygophyllaceae s.s. is
represented by 33 species across five genera
(Boulos, 2000, 2009). In the present study, six
taxa belonging to three genera (Fagonia,
Tribulus, and Zygophyllum) were investigated
in detail. Morphological, palynological, and
anatomical characteristics were examined using
both light microscopy (LM) and scanning
electron microscopy (SEM). The main
objective of this study is to assess the taxonomic
significance of these traits in selected species of
Zygophyllaceae and to provide additional data
to support species identification and
classification within the family. Furthermore,
the study aims to evaluate the degree of affinity
and interrelationships among the investigated
taxa through the application of numerical

Materials and methods
Plant materials

The present study was based on the examination
of specimens kept in major Egyptian herbaria:
Cairo  University (CAl), the Agriculture
Museum, Flora and Phytotaxonomy Researchs
(CAIM), and National Research Centre
(CAIRC), (Herbaria acronyms according to
Thiers  (2024);  continuously  updated).
Additionally, fresh specimens were collected
from various locations between March and
April 2022 (Table 1). The identification of these
specimens was confirmed by comparing them
to collections located at the Herbarium of Cairo
University and using several regional floras
(Tackholm, 1974; Boulos, 2000; Zohary, 1972;
Chaudary, 2001). The nomenclature of all taxa
was updated according to several online
databases, including The Plant List
(www.theplantlist.org) and the International
Plant Names Index (Www.ipni.org). For taxa
belonging to the genus Fagonia, the
nomenclature followed additional sources such
as iNaturalist (www.inaturalist.org), Tropicos

analysis. (www.tropicos.org), and the Euro+Med
PlantBase.
Table 1: List of studied taxa, localities, and data of collection
Taxa Locality, Date & collector Voucher No.
- Nasr City, Azhar Univ. for girls, 12/4/2022, Draz et al. s.n. (CAIRC) -A313

Tribulus pentandrus
(CAD

- Helwan, 31/1/1975, H. Hosni et al. s.n. (CAI)
- Wadi Angabiya, Suez Road 16/3/1956, El Hadidi & Batanouny s.n.

- cai. 49.249.783.139
- cai. 49.249.783.140

Tribulus terrestris var.
terrestris

-Nasr City, Azhar Unwv. for girls, 12/4/2022, Draz et al. s.n. (CAIRC)
- N Qostul, Nubia, 29/12/1963, L. Boulos s.n. (CAI)
-Gebel Catherine, Sinai, 21/8/1982, El Hadidi et al. s.n. (CAI)

-A307
- cai. 49.249.784. 213
- cai. 49.249.784. 214

-Oases Road, 6t October City, Dream Park zone; 23/4/2022, Draz et al.

Tribulus terrestris var. s:n. (CAIRC)

orientalis

-80 Km Cairo-Fayoum desert road; 27/4/2022, Draz et al. s.n. (CAIRC)
-Cairo University, 2/7/1976; Sisi s.n. (CAI)
-Abu Zaabal, 31/8/1967, El Hadidi & Khattab s.n. (CAI)

- A308

- A309
- cai.49.249.784.02
- cai.49.249.784.02

-Near Alameen desert, Matrouh governorate,18/3/2022, Draz et al. s.n.

(CAIRC)

Fagonia glutinosa Romee s.n. (CAI)

-Wadi Natroun, 1/5/ 1976; Chertek s.n. (CAI)
-Burg El Arab, Maruit, 23 Apr 1929, Drar s.n. (CAIM)

-Along Cairo-Alex desert road, South Tahrir province; 26/2/1968,

-A311

- cai.48.246.757.136

- cai. 48.246.757.137
- S.q.

-Near Alameen desert, Matrouh governorate, 18/3/2022, Draz et al.

s.n. (CAIRC)
Fagonia scabra

-Sinai, Mittla Pass; 7/4/1990; 1. El Garf s.n. (CAI)
-Wadi Hof; 24/2/1956; M. Imam s.n. (CAI)
- Wadi Seyal, Red Sea, 4 Mar 1960, Hilaly & Khattab s.n. (CAIM)

-A312

- cai. 48.246.764.87
- cai. 48.246.764.88
-s.n.

-Dabaa road, 72 km from Cairo, 18/3/2022, Draz et al. s.n. (CAIRC)
-Alex-Cairo desert road, 85 Km from Cairo, 23/7/1970, Ibrahim &

Zygophyllum simplex Mahdi s.n. (CAI)

- Siwa-Matruh road, 25/1/1987, A Fahmy,39 (CAI)

-A310
- cai. 48.248.269.232

- cai. 48.248.269.233
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Morphological examination

Morphological data were obtained from both
fresh and herbarium specimens. For each taxon,
at least 3-4 specimens (if available) were
selected to reflect the morphological diversity
observed within the species. The examined
characters included habit, vegetative structures,
as well as floral and fruit features (Table 2).

Pollen grains and seed examinations

Pollen samples and seeds were obtained from
the anthers of mature unopened flowering buds,
while the seeds were collected from mature
fruits. Pollen grains for light microscopy (LM)
were produced following Erdtman's (1960)
method and subsequently mounted in drops of
glycerin jelly. Light microscopic examinations
were performed using a Serico research
microscope at (E 40, 0.65) with a 16x eyepiece,
and the seeds were examined with a dissecting
microscope. For SEM examination, Pollen and
seeds were fixed onto stubs using double-sided
tape. The stubs were subsequently coated with
gold utilizing an lon-sputter JFC-1100
apparatus. The samples were examined using a
FE-SEM QUANTA FEG250Y at the Electron
Microscopy Unit, National Research Centre,
Dokki, with an accelerating voltage of 20 KV.
A minimum of 15-20 pollen grains per
specimen was measured. Pollen characteristics,
such as shape, size, aperture type, and exine
ornamentation, were evaluated (Table 3).
Pollen terminology is followed Punt et al.
(2007), Hesse et al. (2009), and Halbritter et al.
(2018), whereas seed coat terminology is based
on Barthlott (1981).

Anatomical examination

For anatomical analysis, 3-5 specimens of the
fourth internodes from the apex, mature blade,
and petiole (if present) were selected and
preserved in Formalin Acetic Alcohol (FAA) to
preserve internal tissue structures. The samples
were processed using the paraffin wax method
following Johansen (1940) to prepare them for
microtome sectioning at a thickness of 10-15
pm. Sections were mounted on glass slides
using Haupt’s adhesive, prepared by dissolving
1 g of gelatin in 50 ml of warm distilled water,
followed by the addition of 7.5 ml of glycerol
and a small phenol crystal, and refrigerating for
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24 hours until solidified. After drying for 24
hours, the sections were stained using the
standard Safranin-Fast Green double staining
technique and mounted in Canada balsam (Sass,
1958). Sometimes, hand sectioning was also
performed.

For epidermal studies, three pieces of lamina
were treated with 5% KOH for 24 — 48 hr. to
clear the tissues. Both the upper and lower
epidermal layers were examined under a light
microscope for stomatal and trichome
characteristics. Terminology followed Metcalfe
and Chalk (1957) and Evert 2006, and
anatomical descriptions are summarized in
Tables (4-6).

Statistical analysis

A multivariate clustering analysis was
performed on a data matrix comprising 219
morphological, palynological, and anatomical
character states of six studied taxa using
Minitab statistical software (version 2022).
After the analysis, a dendrogram would be
plotted, displaying the similarity and distance
levels among the investigated taxa.

Results

Using both light microscopy (LM) and scanning
electron microscopy (SEM), six taxa
representing three genera within the family
Zygophyllaceae were investigated for their
morphological, anatomical and palynological
characteristics in order to identify the most
important characters for taxonomic
identification and  differentiation.  The
diagnostic features observed are summarized in
cumulative tables (2-6) and in Plates (1-6), with
each character encoded in binary form (0/1) to
facilitate comparative analysis. The studied taxa
exhibited considerable variation in both macro-
and micro-morphological traits, supporting
their clear delimitation at both interspecific and
intergeneric levels.

Macro-morphological variations

The most informative and diagnostic
morphological characters among the studied
taxa were observed in both vegetative and
reproductive structures, including growth habit,
stem characteristics, leaf composition, and
surface texture, as well as floral and fruit
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morphology (Table 2). Tribulus taxa
characterized by an herbaceous habit,
paripinnate leaves with scarious stipules, and
eglandular trichomes. In contrast, Fagonia
species exhibit a suffrutescent growth form,
unequal trifoliate leaves with spiny stipules, and
glandular trichomes. Zygophyllum simplex is
morphologically distinct from both genera,
possessing sessile, unifoliate succulent leaves
with scarious stipules, glabrous and a
decumbent habit.

Floral morphological characters also showed
significant variation among the studied taxa,
particularly in flower size, sepal persistence,
petal color, and structural traits at the stamen
base. Tribulus taxa were distinguished by
relatively large flowers (>10 mm in diameter),
persistent sepals, yellow petals, and the
presence of intrastaminal glands, while Fagonia
species featured medium-sized flowers with
mucronate, persistent sepals and violet petals.
In contrast, Zygophyllum simplex exhibits the
most distinct floral morphology, characterized

by the smallest flowers (<5 mm in diameter),
caducous sepals, clawed yellow petals, and the
presence of filament scales. At the generic level,
Tribulus  species distinguished by their
schizocarpic fruits, with tuberculate, hairy
surfaces and prominent features such as dentate
wings or spines. In contrast, Fagonia and
Zygophyllum produce capsular fruits with
variable shapes and surface textures, ranging
from smooth to moderately hairy. Seed
morphology provided additional micro-level
diagnostic features, with distinct differences in
seed shape, hilum position, and surface
sculpturing. Tribulus species exhibited a
reticulate seed surface, with prolonged ellipsoid
to obovoid shapes and a terminal hilum; while
Fagonia showed puncticulate seed surfaces
with globular projections, suborbicular seed
shapes, and a subterminal hilum. In contrast,
Zygophyllum simplex characterized by smooth,
ellipsoid seeds and a terminal hilum, further
emphasizing its unique taxonomic identity
within the group (Plate 1).

Table 2: Data matrix of Morphological characters for six studied taxa of Zygophyllaceae. (0 = absent, 1 = present):

2 & § § g
g2 Lg 22§ s S
sz £% £ § 0§ 38
Organ Character Character state S 3 29 g 5 23 § = g-
S5 5% 35 5 & 89
S8 S S <
&= &= S
. Herb 1 1 1 0 0 1
| Habit Shrub or Low shrub 0 0 0 1 1 0
Plant Annual 1 1 1 0 0 0
Duration Biennial 1 0 0 0 0 0
Perennial 0 0 0 1 1 1
Prostrate 1 1 0 1 0 0
direction Ascending 0 0 1 0 0 0
Procumbent 0 0 0 0 1 0
Stem Decumbent 0 0 0 0 0 1
Pubescent 1 0 0 0 0 0
Densely hairy 0 1 1 0 0 0
Surface Glandular hairs 0 0 0 1 1 0
Glabrous 0 0 0 0 0 1
Division of leaves i:)rrrrllll;)lsund (1) (1) (1) (1) (1) (1)
Size Equal 1 1 1 0 0 1
Unequal 0 0 0 1 1 0
Many-foliolate 1 1 1 0 0 0
Number of leaflets  Trifoliate 0 0 0 1 1 0
Unifoliate 0 0 0 0 0 1
2 Shape Ovate-rhombical 0 0 0 1 0 0
s Elliptic-lanceolate 1 1 1 0 0 0
g Ovate-oblong 0 0 0 0 1 0
= Ellipsoidal 0 0 0 0 0 1
S Hairy on both sides 1 0 0 1 0 0
Surface Lower side hairy 0 1 1 0 1 0
Glabrous 0 0 0 0 0 1
Papery 1 1 1 1 1 0
Texture Succulent 0 0 0 0 0 1
. Eglandular 1 1 1 0 0 0
Type of hairs Glandular 0 0 0 1 1 0
Apex Obtuse 1 0 1 0 0 1
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Acute

Mucronate

Base

Symmetric

Asymmetric

Petiole

Presence

Present

Absent

Stipule Shape

Scarious

Membranous

Spiny

Flower

Diameter

Less than 5 mm

6-8 mm

More than 10 mm

Persistence

Persistent

Caducous

Shape

Lanceolate

Ovate

Sepal
Surface

Eglandular

Glandular

Glabrous

Apex

Acute

Mucronate

Colour

Violet

Yellow

Petal
Shape

Spathulate

Clavate

Clawed

Stamens

Filament base

Without basal scales

With basal scales

Intrastaminal
glands

Present

Absent

Shape

Globoid

Oblong

angular ovoid

Winged conical

Ovary Style Il:It’)eSSe(;r}[t
. 5-lobed
Stigma Simple
Hairy
Surface Glabrous
Fruit stalk Shorter or long as the fruit

Fruit

Much longer than fruit

Size (diameter)

2-3 mm

4-6 mm

Over 6 mm

Type

Schizocarp

Capsule

Surface

Pubescent

Densely hairy

Tuberculate

Shape

Obovoid

Obconical

Spheroidal

Pyramidal

Appendage

5- lobed

Narrowly winged

2-4 spines

Dentate triangular wings

Seeds

Colour

Brown

Creamy

Shape

prolonged ellipsoid

Obovoid

Suborbicular

Ellipsoid

Hilum position

Terminal

Subterminal

Sculpture

Reticulate

puncticulate with globular

particles

Smooth
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Plate 1: SEM photographs of the studied taxa seeds:
(A) Tribulus pentandrus; (B) Tribulus terrestris; (C)
Fagonia glutinosa; (D) Fagonia scabra; (E)
Zygophyllum simplex

Micro-morphological variations
Palyno-morphological characters

Pollen characteristics of the studied taxa
exhibited significant morphological variation,
particularly in aperture type, pollen size, and
exine sculpture, reflecting clear intergeneric
differentiation. The findings are summarized in

Table (3) and representative photographs of
pollen grains are shown in Plates (2)

Among the studied genera, Tribulus exhibited
the largest pollen grains (35-45 um in diam.).
the grains were apolar, poly-pantoporate, and
spheroidal although some appeared cup-shaped
due to the presence of a monocryptic pore, with
a semitectate exine and coarsely reticulate to
coarsely reticulate -cristate ornamentation
pattern (Plate 2, A-D) In T. pentandrus, the
tectum showed straight muri and regular
hexagonal or pentagonal lumina, while T.
terrestris featured winding muri with prominent
pyramidal thickenings at the intersections and
irregularly polygonal lumina. In contrast,
Fagonia species displayed smaller to medium-
sized pollen grains, with mean polar axes
ranging from 22.36-26.65 um and equatorial
diameters from 18.46-21.13 um. The grains
were isopolar, tricolporate, and subprolate in
shape, with slit-like to fusiform colpi and a
tectate exine with microreticulate to foveolate
sculpturing pattern (Plate 2, E & H).
Zygophyllum simplex exhibited the smallest
grains among all examined taxa, with a mean
polar axis of 9.96 um and a mean equatorial
diameter of 8.88 um. The grains were prolate-
spheroidal, tricolporate, with slit-like colpi and
a microreticulate—foveolate tectate exine (Plate
2,1 &)).

Table 3: Data matrix of Palynological characters for studied taxa (0 = absent, 1 = present)

T.

Character state
pentandrus

Character

T. terrestris
var. terrestris

T. terrestris
var. orientalis

F. glutinosa F. scabra Z. simplex

1.00

1.21-1.26

1.12

Isopolar

Polarity | P/E ratio

Apolar

Prolate -spheroidal

Subprolate

Pollen
shape

Spheroidal

Very small

Small

Pollen size

Medium

Poly-pantoporate

Apertu
re type

Tricolporate

Coarsely Reticulate-
cristatate

Exine

Coarsely reticulate

O © |OR|IR|Oo|R|O|o] = (OO
OO P |OR|IR|OOo|R|C|0] » |Oo|0|(o]|m

sculpture

microreticulate to faveolate

OO = |OR|IR|Oo|R|(O|0] = OO

ROl © |R(O|R|OC|O|(R|o] © (Rr|o(r|S
ROl © |R(O|IC|R|O|o(R|o] © (Rr|Io(r|S
ol © |R(Oo|IC|oR|O|o|Rk] © (kIR |(o|o
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Plate (2): SEM photographs of the studied taxa
pollen grains of: (A & B) Tribulus pentandrus; (C &
D) Tribulus terrestris; (E & F) Fagonia glutinosa;
(G & H) Fagonia scabra; (I & J) Zygophyllum
simplex.

Anatomical characters

Comparative anatomical features, such as the
presence or absence of petioles, stomatal
positioning, trichome types, leaf outlines,
mesophyll differentiation and vascular bundle
arrangements, exhibit distinct patterns that are
both taxonomically and adaptively significant,
allowing clear differentiation among genera and
species. Significant variation in anatomical
characters was observed among the studied
taxa, as presented in Table (4-6) and illustrated
in Plates (3-6).

Stem Anatomy
The anatomical features of the stem of the

present study showed significant variations in
stem outline, cuticle thickness, cortex structure,
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pith characteristics, and stele type (Table 4 &
Plate 3). The outline of the stem cross section
was useful for distinguishing between the
studied taxa. It varies from terete in Tribulus
and Z. simplex to terete with ridges and furrows
in Fagonia species. A thick cuticle was
observed in all studied taxa except Z. simplex,
which uniquely possesses stem stomata. The
cortex comprised parenchyma in Tribulus and
Zygophyllum, while Fagonia exhibited both
collenchyma and parenchyma with scattered
patches of cortical fibers (Plate 3, D & E).

The vascular system differed significantly, was
a eustele with 15-25 discrete vascular bundles
in Tribulus, and an ectophloic siphonostele
with continuous vascular rings in Fagonia and
Z. simplex (Plate 3, D-F). The pith in all taxa
composed of thin-walled parenchymatic cells,
wide and centric in Tribulus, and narrow,
excentric or crescent-shaped in the Fagonia and
Z. simplex. Notably, lignified pith parenchyma
was observed only in Z. simplex (Plate 3, F).
Druses crystals were present in Tribulus and Z.
simplex, but absent in Fagonia species. Within
Tribulus, crystals were restricted to the pith of
T. terrestris var. terrestris and were absent in
var. orientalis. Additionally, crystals were
observed in the vascular tissue only in Z.
simplex.

A/‘.

e
3

Plate 3: Photographs of transverse stem sections of:
(A) T. pentandrus; (B)T. terrestris var. terrestris;
(C) T. terrestris var. orientalis; (D) F. glutinosa; (E)
F. scabra; (F) Z. simplex.
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Table 4: Data matrix of stem anatomical characters for studied taxa (0 = absent, 1 = present)

T. T.
Character Character T. terrestris terrestris F. F. Z.
state pentandrus var. var. glutinosa scabra simplex
terrestris orientalis
Terete 1 1 1 0 0 1
L +Terete with
Outline in T.S. ridges & 0 0 0 1 1 0
furrows
Cuticle Thin 0 0 0 0 0 1
Thick 1 1 1 1 1 0
Presence Present 1 1 1 1 1 0
Absent 0 0 0 0 0 1
Dermal Trichomes Egl.andular 1 1 1 0 0 0
system Type unicellular
Glandular 0 0 0 1 1 0
. Radial 1 0 0 0 1 1
Epidermal cells Tangential 0 1 1 1 0 0
Stomata Present 0 0 0 0 0 1
Absent 1 1 1 1 1 0
. One 1 1 1 0 0 1
No. of tissues Two 0 0 0 1 1 0
Type of Polyhedral 1 1 1 1 1 1
Cortex tissues parenchyma
Collenchyma 0 0 0 1 1 0
Crystal Present 1 1 1 0 0 0
presence Absent 0 0 0 1 1 1
Position Centric 1 1 1 0 0 0
Excentric 0 0 0 1 1 1
. Hollow 1 0 0 0 0 0
Ground Thickness Solid 0 1 1 1 1 1
system ) Narrow 0 0 0 1 1 1
Width Wide 1 1 1 0 0 0
. Shape Circular 1 1 1 0 0 0
Pith Crescent 0 0 0 1 1 1
Non- 1 1 1 1 1 0
Types of ll.gl’llfl?d
parenchyma Lignified
(with pitted 0 0 0 0 0 1
walls)
Crystals Present 1 1 0 0 0 0
presence Absent 0 0 1 1 1 1
Type of stele Siphonostele 0 0 0 1 1 1
Eustele 1 1 1 0 0 0
Cycle 0 0 0 1 1 1
No. of V.B. 15-25 1 1 1 0 0 0
2ry xylem _ Fibers only 1 1 1 0 0 0
components
in Vessels &
Vascular system interfascicular  fibers 0 0 0 1 1 1
region
2ry xylem Vessels 1 1 1 0 0 0
components
in pfascicular Yessels & 0 0 0 1 1 1
. fibers
region
Crystals Present 0 0 0 0 0 1
Absent 1 1 1 1 1 0

Petiole anatomy

All examined taxa possessed well-developed
petioles except Zygophyllum simplex which
lacked a distinct petiole (Table 5, Plate 4). The
diagnostic significance of petiole morphology
is evident in their distinct outlines, which varied
among the studied species from arc-shaped in
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Fagonia scabra, circular in F. glutinosa and
circular with ridges in Tribulus species (Plate 4,
A-E). Notably, these ridges were divergent in
Tribulus pentandrus and adjacent in T.
terrestris. Cuticle thickness also varied, being
relatively thick in Fagonia species and thinner
in Tribulus species. Cortical tissue structure
also varied among species; F. glutinosa having
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multiple layers of polyhedral parenchyma,
while the remaining taxa featured an outer layer
of elongated chlorenchyma followed by
parenchyma. In  Tribulus, chlorenchyma
confined to the ridges, whereas in F. scabra it
formed a continuous ring. Vascular bundle
arrangement further served as a reliable
distinguishing  feature;  Tribulus  species
exhibited four main oval-shaped vascular

bundles with two smaller subsidiary bundles
located at the ridges (Plate 4, A-C). Meanwhile,
Fagonia species had a single arch-shaped
vascular bundle, with F. scabra also showing
distinctive scleridic patches beneath the
vascular tissue (Plate 4, E). Additionally, druses
crystals were observed in Tribulus taxa but were
absent in Fagonia species.

Table 5: Data matrix of leaf petiole characters for studied taxa (0 = absent, 1 = present)

T. T.

Character Character state T. terrestris var. terrestris var. F F.scabra . Z
pentandrus . ! . glutinosa simplex
terrestris orientalis
Occurrence Present 1 1 1 1 1 0
Absent 0 0 0 0 0 1
. Circular ‘;\i/ijtgei- slightly 0 1 0 0 0 0
z Circular \N.lth 2-adjacent 0 0 1 0 0 0
= ridges
§ Circular w1.th 2-divergent 1 0 0 0 0 0
= ridges
e + Circular 0 0 0 1 0 0
Arc shaped 0 0 0 0 1 0
Cuticle Thin 1 1 1 0 0 0
g thickness Thick 0 0 0 1 1 0
2 Trichomes Glandular 0 0 0 1 1 0
_59 Eglandular 1 1 1 0 0 0
< Radially
g Epidermis isodiametric ! 0 0 0 0 0
A arrangement Tangential 0 1 0 0 0 0
Mixed 0 0 1 1 1 0
. One 0 0 0 1 0 0
& No. of tissue Two 1 1 1 0 1 0
i Types of Elongated c_hlorenchyma 1 1 1 0 1 0
A . (palisade)
T tissue Polyhedral parenchyma 1 1 1 1 1 0
E Position of In complete ring 0 0 0 0 1 0
© elongate Restricted at the ridges 1 1 1 0 0 0
chlorenchyma
g One 0 0 0 1 1 0
@ Six
2 No. of V.B. (4-main V.B. & 2- 1 1 1 0 0 0
L:“ subsidary)
2 Shape of main Arch shaped 0 0 0 1 1 0
s V.B. Oval 1 1 1 0 0 0
Druses Present 1 1 1 0 0 0
Absent 0 0 0 1 1 0
Sclerieds Present 0 0 0 0 1 0
Absent 1 1 1 1 0 0

Leaf Blade Anatomical Characters

The anatomical characters of the leaf blades of
the studied taxa are summerized in Table (6)
and illustrated in Plate (5). These features
revealed distinct differences among the studied
taxa.

The outline of the leaf blade in cross-section
was found to be valuable for species
differentiation, ranging from plano -convex to
oblong in Zygophyllum simplex. Based on
mesophyll structure, three main types were
identified: dorsiventral (bifacial) leaves with a
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subdermal hypodermis and Kranz anatomy, as
observed in Tribulus species; isobilateral
leaves, in Fagonia species; and radial or centric
leaves, in Z. simplex. In Tribulus species, the
palisade tissue was uniseriate and confined on
the adaxial surface (Plate 5, A-F), whereas in
Fagonia species it was biseriate on both adaxial
and abaxial surfaces. Spongy mesophyll
consisted of 2-3 layers in Tribulus species, and
was reduced to 1-2 layers in Fagonia species
(Plate 5, G-J). The blade anatomy of Z. simplex
was unigue, consisting of a uniseriate epidermis
of isodiametric cells enclosing a centric
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mesophyll.  This mesophyll was further
differentiated into an outer palisade layer and an
inner water-storage parenchyma composed of
3-4 layers of large, thin-walled cells (Plate 5,
K-L). The midrib anatomy also showed
taxonomic significance. In Tribulus species and
Fagonia glutinosa, the abaxial outline of the
midrib was U-shaped; flattened-ribbon in
Fagonia scabra; while in Z. simplex, the midrib
was indistinct. A single central vascular bundle
was present in all species except F. scabra,
which exhibited two main vascular bundles

(Plate 5, I-J). The number of lateral vascular
bundles ranged from 10-18 in most taxa, and
reached up to 20-22 in T. terrestris I. In Z.
simplex, several small peripheral bundles were
embedded within the inner palisade layer, with
the xylem oriented outward and the phloem
inward. Druses crystals were observed in all
Tribulus species and absent in Fagonia species
and Z. simplex, further distinguishing these
genera.

Table 6: Data matrix of lamina anatomical characters for studied taxa (0 = absent, 1 = present)

T. T.
Character Character state T. terrestris var. terrestris var. F F. scabra . Z
pentandrus . ! . glutinosa simplex
terrestris orientalis
Raised 1 1 1 0 1 0
Stomata level Sunken 0 0 0 1 0 1
] Occurrence Present 1 1 1 1 1 0
£ Absent 0 0 0 0 0 1
S Types Eglandular hairs 1 1 1 0 0 0
= yp Glandular hairs 0 0 0 1 1 0
Cuticle Thick 0 0 0 1 1 1
5 thickness Thin 1 1 1 0 0 0
2 Radial - tangential 1 1 1 1 1 0
» Arrangement Radial 0 0 0 0 0 1
g 3 Recessed, +
5 L 1 1 1 1
] T: Anticlinal straight 0 0
g walls Recessed, undulate 0 0 0 0 1 0
3 Raised, straight 0 0 0 1 0 0
= -
5 Striated tabular to 0 1 1 0 0 0
Periclinal concave
walls Sm""iﬁﬁi‘;‘;l” to 1 0 0 1 1 0
Papillate + tabular 0 0 0 0 0 1
Dorsiventral 1 1 1 0 0 0
Type Isobilateral 0 0 0 1 1 0
= Radial or centric 0 0 0 0 0 1
= -
§ palisade One r;);/(\i/;n one 1 1 1 0 0 1
a .
= tissue 2-rows in each side 0 0 0 1 1 0
spongy 1-2 rows 0 0 0 1 1 0
tissue 2-3rows 1 1 1 0 0 1
Wate storage Present 1 1 1 0 0 0
layer Absent 0 0 0 1 1 1
- Flattened- ribbon 0 0 0 0 1 0
= Abaxial U- shaped 1 1 1 1 0 0
S outline Not
obvious 0 0 0 0 0 1
g main Single 1 1 1 1 0 1
@ vascular
? bundle Two 0 0 0 0 1 0
L:" No. of lateral 10-18 1 0 1 1 1 0
2 vascular
3 bundles 20-25 0 1 0 0 0 1
Crvstals Present 1 1 1 0 0 0
Y Absent 0 0 0 1 1 1
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Plate 4: Photographs of transverse petiole sections
of: (A) Tribulus pentandrus; (B) Tribulus terrestris
var. terrestris; (C) Tribulus terrestris var. orientalis;
(D) Fagonia glutinosa; (E) Fagonia scabra.

Plate 5: Photographs of transverse lamina sections
of: (A-B) Tribulus pentandrus; (C-D) Tribulus
terrestris var. terrestris; (E-F) Tribulus terrestris
var. orientalis; (G-H) Fagonia glutinosa; (I-J)
Fagonia scabra; (K-L) Zygophyllum simplex.
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Epidermal features and Indumentum

The current study focuses on micro-
morphological features of trichomes, epidermal
cells, and stomata. The data on the foliar
epidermal characters of the taxa examined are
presented in Table (6) and Plate (6).

Among the studied taxa, Zygophyllum simplex
was the only completely glabrous species, while
Tribulus and Fagonia species exhibited varying
degrees of indumentum, from pubescent to
densely hairy. Two distinct trichome types were
observed: eglandular unicellular hairs in
Tribulus taxa and glandular hairs in Fagonia
species. The epidermal cells were polygonal in
Tribulus taxa and Z. simplex (Plate 6, A-C & F),
but irregular and indistinct in Fagonia species
(Plate 6, D, E). Anticlinal wall patterns also
varied, with Tribulus taxa and Z. simplex
showing recessed, + straight walls, while F.
scabra had recessed, undulate walls (Plate 6,
E), and F. glutinosa displayed raised, straight
walls. Regarding periclinal walls, T. terrestris
had striated tabular to concave forms, Fagonia
species had smooth tabular to convex surfaces,
and Z. simplex exhibited papillate, + tabular
walls. Stomatal position was another

distinguishing feature; raised in Tribulus taxa
and F. scabra, whereas F. glutinosa and Z.
simplex exhibited sunken stomata (Plate 6, D &

Plate 6: SEM Photograph of the lamina adaxial
surface showing epidermal characteristics of: (A)
Tribulus pentandrus; (B) Tribulus terrestris var.
terrestris; (C) Tribulus terrestris var. orientalis; (D)
Fagonia glutinosa; (E) Fagonia scabra; (F)
Zygophyllum simplex.



Comprehensive Evaluation of Morphological, Anatomical,... Scientific Journal for Damietta Faculty of Science 15(2) 2025, 158-176

Cluster analysis

A multivariate statistical analysis was
performed  using 219  morphological,
palynological, and anatomical character states,
each represented by binary codes (0, 1), across
the six studied taxa belonging to the family
Zygophyllaceae. The analysis aimed to
elucidate patterns of similarity and divergence
among the studied taxa and to evaluate their
taxonomic affinities. The cumulative data
presented in Tables (2-6) and the resulting
phenetic relationships are illustrated through a
dendrogram (Fig. 1). The dendrogram shows
that the studied taxa were separated into two
main series (I, I1), which included four clusters
(1, 11, 11, and IV) at a similarity level of 32.08%.
Series | comprised all representatives of the
genus Tribulus, which characterized by many
foliate leaves, schizocarpic fruits, pantoporate
apolar pollen with coarse reticulate sculpturing,
dorsiventral mesophyll with kranz anatomy and
eglandular hairs. This series was further
subdivided into two clusters at a higher
similarity level of 84.32%. Cluster I included T.
pentandrus, whereas Cluster Il grouped the two
varieties of T. terrestris (T. terrestris var.
terrestris and T. terrestris var. orientalis)
showing the highest degree of similarity
(93.07%). Series Il included taxa from the
genera Fagonia and Zygophyllum, which were
divided into two distinct clusters at a similarity
level of 45.71%. This series is characterized by
uni-or trifoliate leaves, capsule fruits, tri-
colpate or colporate pollen, isobilateral or
centric mesophyll without kranz anatomy and
glandular hairs or glabrous. Cluster Il
comprised Fagonia glutinosa and F. scabra,
exhibiting a high internal similarity of 81.93%,
indicating close morphological and anatomical
affinities. In contrast, Cluster IV was composed
solely of Zygophyllum simplex, indicating its
relative distinctiveness within this group.
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Series | Series Il

32.08

Cluster Il Cluster VI

5472

Similarity

71.36

Cluster | Cluster Il

o

r. F.glutinosa  F.scabra Z simplex

100.00
T.pentandrus  T. terrestrisvar. T. terrestris va
terrestris ientalis .
Variables

Fig. 1 Dendrogram indicating the relationships
among the six studied taxa of Zygophyllaceae based
on combined morphological, palynological, and
anatomical data analysis using Minitab statistical
software

Discussion

The present study provides a comprehensive
comparative analysis of six taxa from three
genera within the family Zygophyllaceae,
focusing on a range of morphological,
palynological, and anatomical traits. The
diagnostic features examined include leaf
architecture, floral morphology, fruit and seed
characteristics, as well as palynological and
anatomical variations. When considered
collectively, these characters hold significant
taxonomic value and contribute to the accurate
identification and delimitation of taxa at both
the genus and species levels.

A Comparative analysis of Tribulus species,
Fagonia species, and Zygophyllum simplex
revealed distinct morphological differences that
support their generic separation within
Zygophyllaceae, Vegetative traits, particularly
leaf structure and trichome type, as well as
floral  morphology, fruit and  seed
characteristics, proved to be taxonomically
informative. These findings are consistent with
previous studies by El-Hadidi (1974, 1978),
Hosni (1988), Beier (2005), and Abdel Khalik
& Hassan (2012). This distinction is supported
by the findings of Shamso et al. (2013), who
conducted a numerical analysis  of
morphological characters across various species
within Zygophyllaceae. Their study revealed
the clear separation of Tribulus as a distinct
phenon, apart from the cluster that
encompassed both Fagonia and Zygophyllum
species. Draz et al. (2024) documented two
distinct forms of Tribulus terrestris, identified
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as T. terrestris var. terrestris (Form I) and T.
terrestris var. orientalis (Form I1), highlighting
the notable morphological plasticity of this
species. Based on our findings, the
morphological traits largely overlap between
the two varieties, with the exception of
differences in fruit surface characteristics,
appendages, and the number of vascular
bundles in the stem. Overall, the morphological
diversity observed supports the current
taxonomic delineation of these taxa and reflects
ecological adaptations. These characters may
serve as reliable diagnostic features for
identification and classification.

Pollen grain characteristics have proven
valuable for evaluating the taxonomy of
Zygophyllaceae (Perveen & Qaiser, 2006;
Bukhari et al., 2014). Significant variation was
observed across the three studied genera
Tribulus, Fagonia, and  Zygophyllum,
particularly in aperture type, pollen size, and
exine sculpturing. In Tribulus, pollen grains
exhibited a high degree of ultrastructural
uniformity, especially regarding aperture type,
exine ornamentation, and overall shape and
size. These observations are in agreement with
previous findings reported by Praglowski
(1987), Perveen & Qaiser (2006), Ben Nasri-
Ayachi & Nabli (2009), Semerdjieva (2011),
and El-Atrush et al. (2015). Tai et al. (2021)
reported dimorphic pollen in Libyan accessions
of Fagonia, characterized by the presence of
two distinct aperture types within a single
taxon. In contrast, the current study observed
monomorphic pollen in Egyptian populations of
F. glandulosa, exhibiting only a single aperture
type. This variation may be attributed to
geographic or environmental influences on
pollen development and highlights the need for
further  molecular and  biogeographic
investigation. The two Egyptian Fagonia
species examined in this study exhibited prolate
pollen shapes, tricolporate apertures, and
microreticulate-foveolate exine sculpturing,
whereas Zygophyllum simplex displayed the
smallest pollen grains among all taxa studied.
These results are consistent with previous
findings by El-Ghamery et al. (2002), Perveen
& Qaiser, (2006); Abd El Khalik, (2012);
Bukhari, (2014). Overall, the distinct
palynological differences observed among
Tribulus, Fagonia, and Zygophyllum validate
their separation at the generic level within
Zygophyllaceae. These results highlight
diagnostic the value of pollen morphological
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traits in resolving taxonomic relationships and
underscore their potential as supplementary
tools in future phylogenetic and ecological
studies.

Anatomical characteristics are valuable
taxonomic traits that play a significant role in
resolving some taxonomic challenges at both
the genera and species levels (Metcalfe & Chalk
1957; Ganeva et al. 2009; Song & Hong 2018;
Sathee & Jain, 2022; Gabr & Ragab 2023).
They also reflect a plant adaptation to the
extreme environmental conditions (Hameed et
al. 2009; Ashraf & Harris, 2013; Elkharbotly,
2016; Taia et al., 2017).

The outline of the stem cross section varied
from terete in Tribulus taxa and Zygophyllum
simplex to terete with ridges and furrows in
Fagonia species, the same shape of the stem
outline has been described by many authors: El
Hadidi (1966); Taia et al. (2017). The vascular
system showed notable variation among the
studied taxa. Tribulus exhibited an eustele,
while both Fagonia and Zygophyllum simplex
possessed an  ectophloic  siphonostele
characterized by continuous vascular rings.
These findings are consistent with those
reported by Ahmed & Mohamed (2005b) and
Gabr & Ragab (2023). In the present study, the
pith consisted of thin-walled parenchymatous
cells in all taxa, being wide and centric in
Tribulus, but narrow, excentric, or crescent-
shaped in Fagonia species and Z. simplex
(Elkamali et al., 2016). Notably, lignified pith
parenchyma with pitted walls was observed
only in Z. simplex (Sheahan & Cutler, 1993).
This finding supports the explanation proposed
by EI Hadidi (1966), who stated that excentric
pith formation may result from abnormal
secondary xylem growth and lignification of
pith cells, with pitted walls developing after the
initiation of secondary growth.

The anatomical characteristics of the petiole
also showed considerable variation among the
studied taxa, providing valuable diagnostic
features for species delimitation. Distinct
petiole outlines, variations in cortical tissue
structure, and the arrangement of vascular
bundles served as reliable distinguishing
features. These anatomical characteristics
features are consistent with previous findings
reported by Metcalf & Chalk (1957) and Gabr
& Ragab (2023), highlighting the taxonomic
significance of petiole morphology.

Leaf anatomical features provided a significant
taxonomic distinction among the studied taxa.
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A distinct abaxial layer of water storage cells
(hypodermal layer) was observed only in
Tribulus taxa, aligning with the findings of
Metcalfe & Chalk (1957), Sheahan & Cutler
(1993), and Nikolova & Vassilev (2011). The
variability in mesophyll types ranging from
dorsiventral and isobilateral to centric, along
with differences in vascular tissue organization,
has proven useful for both species and genus
identification, and supporting its relevance in
taxonomic studies. In Tribulus, the dorsiventral
mesophyll comprises a single palisade layer and
2-3 compact spongy layers with reduced
intercellular spaces, a structure associated with
efficient CO: transfer in the C4 pathway
(Welkie & Caldwell, 1970). In contrast,
Zygophyllum simplex exhibits a centric
mesophyll, differentiated into an outer
photosynthetic palisade layer and an inner water
storage parenchyma composed of 3—4 rows of
cells, consistent with the observations of Waly
et al. (2011). These anatomical adaptations are
characteristic of xerophytic environments, as
supported by Zaman & Padmesh (2009), Abd
Elhalim et al. (2016), and EI Kharbotly (2016).
The consistent presence of Kranz anatomy
strongly indicates that Ca photosynthesis is a
defining feature of both Tribulus taxa and Z.
simplex. In Tribulus, a complete Kranz sheath
was observed encircling the vascular bundles,
whereas in Z. simplex, the sheath appeared arc-
shaped (Crookston & Moss, 1972; Sheahan &
Cutler, 1993; Sheahan & Chase, 1996; Sage et
al., 2011; Edwards & Voznesenskaya, 2011;
Lauterbach et al., 2016). These findings are in
accordance with Taia et al., (2017), who
reported that the leaves of Fagonia species lack
Kranz anatomy. In addition to the previous
findings, druses crystals were absent in all
Fagonia species but present in Tribulus and
Zygophyllum simplex. In Tribulus, crystals were
observed in the petiole, leaflets, and the stem
pith of var. terrestris. In Z. simplex, druses were
restricted to the vascular tissue of the stem. The
complete absence of both Kranz anatomy and

crystals in Fagonia further supports its
anatomical distinction from Tribulus and
Zygophyllum.

The present findings support the generic
specificity of trichomes, as noted by Sheahan &
Cutler (1993) and Gabr (2023). Zygophyllum
simplex was completely glabrous, while
Tribulus and Fagonia species showed varying
degrees of indumentum. Eglandular unicellular
hairs were observed in Tribulus, and glandular
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hairs in Fagonia, both of which provide
valuable  taxonomic  characters.  These
epidermal features, consistent with the
observations of Abdel Khalik & Hassan (2012)
and Gabr et al. (2013), support species and
genus-level distinction within the family.
Cluster analysis of the combined characters
revealed  high intra-generic  similarity,
particularly between the two Tribulus varieties
and between Fagonia glutinosa and F. scabra,
and lower inter-generic similarity. Tribulus
formed a distinct cluster, clearly separated from
Fagonia and Zygophyllum, which grouped
together. The separation of Tribulus from the
other taxa supports its distinctiveness,
characterized by several unique morphological
(many foliate leaves and schizocarpic fruits),
anatomical (dorsiventral mesophyll with Kranz
anatomy and the presence of eglandular hairs),
and palynological (pantoporate, apolar pollen
with coarse reticulate sculpturing) characters.
These findings align with traditional taxonomic
classifications and previous numerical studies
(Abdel Khalik, 2012; Shamso et al., 2013; Gabr,
2023), supporting the placement of Tribulus in
its own subfamily (Tribuloideae) or even a
separate family (Tribulaceae), distinct from
Zygophylloideae, which includes Fagonia and
Zygophyllum (Sheahan & Cutler, 1993; El
Hadidi, 1978; Saleh et al., 1982). Additionally,
this statistical analysis is consistent with
previous chemosystematic and fingerprinting
studies by Draz et al. (2024, 2025), further
supporting the distinct separation of Tribulus
from other taxa. Fagonia species showed closer
affinity to Zygophyllum simplex, suggesting a
possible evolutionary relationship. Overall,
these results confirm clear taxonomic
distinctions among the studied genera.

Conclusion

The combined morphological, palynological,
and anatomical data of studied taxa of Tribulus,
Fagonia, and Zygophyllum revealed clear
intergeneric and interspecific  distinctions
within Zygophyllaceae s. 1. Morphological
traits such as leaf form, trichome type, floral
and fruit structures, along with palynological
features, particularly pollen aperture and exine
patterns, provide valuable diagnostic characters
for taxonomic delimitation. Tribulus is notably
distinct in its pollen and fruit morphology,
supporting its recognition at a higher taxonomic
level. Anatomical characters, including
stomatal position, leaf outline, mesophyll
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differentiation, wvascular arrangement, and
crystal distribution, further reinforce these
distinctions. By integrating morphological,
palynological, and anatomical investigations
with previously performed chemosystematic
and fingerprinting analyses, this study provides
strong evidence supporting the placement of
Tribulus in a distinct subfamily (Tribuloideae)
or even a separate family (Tribulaceae), apart
from Zygophylloideae, which comprises
Fagonia and Zygophyllum. These findings
highlight the importance of integrative
anatomical, palynological, and morphological
studies in resolving taxonomic relationships
and understanding ecological adaptations
within the family Zygophyllaceae.
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Abstract

Damietta Port is one of the most important ports in Egypt, with increased rates of ship arrival,
loading and unloading during seasons and before holidays. We proposed an M/M/c/N queuing model
which describes maritime traffic and ships handling. Numerical data were also discussed and plotted
to investigate the attitude of the maritime traffic. The objective of the study is to improve the
efficiency of logistical procedures and reduces truck waiting time and reduces ground congestion
resulting from the transport, packing and unloading process.

Keywords: Queuing Model, M/M/c/N, Damietta port, Encouraged arrivals.

Introduction

Queuing systems are widely applied and clearly
observable in daily life. Our model in this paper
is based on the nature of the author's
surrounding environment and the place of life
that is Damietta port is a vital authority in
Damietta Governorate. The movement of
loading and unloading ships in the docks of
Damietta port represents a major and clear
challenge, that is encouraged arrivals in this
model represented by the increase in the number
and rates of ships arriving at the port during
seasonal or holiday periods, when the demand
for food commaodities and seasonal needs is at
its highest levels. Rates also reach their highest
levels during the harvest period of agricultural

crops that are exported to countries that lack
these crops.

This model contributes to improving the
efficiency of logistical procedures and
determining appropriate times for trucks to
enter the transport and unloading yards, which
reduces truck waiting time and reduces ground
congestion resulting from the transport, packing
and unloading process.

Model Description

Our model is a Markovian queuing model with
multi-server, finite capacity and encouraged
arrivals it subject to the following assumptions:
e Let P; denotes the probability that the

system has i customers (ships) in the
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system, thus P, means the probability that
the system is empty and Py express the
probability that the system is full.

e The arrivals of the customers (ships) occur
according to Poisson process with parameter
A(l+a), where «ais the percentage
expresses the arrival rate of ships which
calculated from observed and remarked data.

e In the case of decreases arrivals rate
a=0.75, and in the case of increase
arrivals rate we will take o =1.5.

e Service times are subjected to exponential
distribution with parameter u.

e Ships are serviced in the order of their arrival
(first come first served).

e The quay has maximum capacity C of ships,
which can be served at the same time.

e The total capacity of the operation of loading
and unloading ships isN .

waiting area

Fig. 1 arrivals and serving the ships as M/M/c/N
queuing model

This model is discussed in Gross and Harris
(1998) and Sharma and Tarabia (2000) where
the model is described in its simplest form. In
Som and Seth (2017, 2018) evolve Markovian
queuing model with a multi-server Feedback
and encouraged arrivals also with a good
addition which is customer impatience, and
retention of impatient customers. They obtained
the stationary system size probabilities. Also,
they calculate some measures of efficiency and
gave numerical discussions to illustrate attitude
of the system. Some special cases are obtained
and discussed. Recently in (2024) Cruz and
Julia are analysis and discussed the queuing
model of M/M/c with encouraged arrival, they
assumed that the arrival rate is a function of the
customer's number in the system. Their model
was discussed by the technique of continuous
time Markov chain, and the steady state
probabilities are obtained too.

In this paper, we developed a M/M/c/N queuing
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model to describe the maritime traffic and ship
handling, and applied this model to the ship
traffic in Damietta Port. The steady state
probabilities of this model and the expected
values of ship waiting times in the system and
in the queue were calculated, and the numerical
data of the model were discussed and plotted to
investigate the maritime traffic situation.

Mathematical Formulation of the Model

This applicable model can be described by the
following balance equations:

uPR =2 (1+a)Ry, i=0
(i+1) uRyy =(A(1+a)+iu)R -A(1+a)Ry,

1<i<c-1

cuPyy =(A(1+a)+cu)R -2 (1+a)Ry,

c<i<N-1

C,UPN =1(1+0{)PN_1, i=N

Solving the system recurrently, then

1{@} Py, 1< <c

! 7

i
A1+
1 [Al+a) P, c<i <N
el wu

c
where
Py = Pr {systemisempty}

Py = Pr{systemisfull}

Now, to calculate Py , we will use the normality

N
condition > P, =1, then

i =0
c i
1(A(l+a)
LN
N i
1 Al+a
3 ()
i=c+1C C! H
Some Performance Measures
Here, we will introduce some useful

performance measures, which can be calculated
easily to Controlling the facilitating of Maritime
Logistics:
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N
Expected system size Lg = Y iP,
i-1

N
Expected queue length Ly = > (i —c)P;

i=c
e Expected waiting time in the system
LS
* T A(l+a)
o Expected waiting time in the queue
Wy -0
e A(1+a)

Numerical llustrations

In this section we will introduce some
numerical examples which illustrate the
behavior of traffic flow in the port. In Table 1
and 2 we illustrate the case of un encouraged
arrivals by assumea =075, in Table 1, we
assume N =15,c=4,A=53<u<6, and

in Table 2 we assume N =15, c =4,
#=3,3<1<6. Table 3 and 4 are explaining

the behavior in the encouraged arrivals case
(e =1.5). In Table 1 we can see that the
predicted waiting time in the system and in the
gueue are decreasing while the service rate (u)
is increases with stable arrivals rate (). Data in
Table 2 provided that the expected waiting time
in the system and in the queue are increasing
while the arrivals rate () is increases with
stable service rate (). In Table 3 once x=cC

the length of the queue will excessively get low
as will as waiting time in the system and in the
gueue which give an approximated behavior for
decreasing the expected waiting time in the
system and in the queue when service rate (u) is
increases with stable arrivals rate (1) in the case
of encouraged arrivals. Also Table 4 illustrate
the case of encouraged arrivals that the
predicted waiting time in the system and in the
gueue are increasing while the arrivals rate (4)
is increases with stable service rate (u).

Table 1. Relation between variant values of f#at a=0.75N =15,¢c =4, A =5and performance
measures.
M Po L Lq Wy Wy
3 0.0646707 2.45420 0.09633140 0.280480 0.0110093
35 0.0919778 2.14252 0.01465560 0.244860 0.00167492
4 0.1207580 1.93880 0.00282091 0.221577 0.00032239
45 0.1502350 1.77124 0.00065603 0.202427 0.00007497
5 0.1796830 1.62734 0.00017807 0.185982 0.00002035
5.5 0.2085750 1.50241 0.000055019 0.171704 0.00000629
6 0.2365700 1.39334 0.000018997 0.159239 0.00000217
Table 2. Relation between variant values of Aat o« =0.75N =15,¢c =4, 1= 3and performance
measures.
y2 Po Ls Lq W Wy
3 0.179683 1.62734 0.00017807 0.309969 0.000039177
35 0.137568 1.83976 0.00120067 0.300369 0.000196028
4 0.106228 2.03448 0.00626306 0.290640 0.000894722
45 0.0826829 2.22582 0.02667790 0.282644 0.003387670
5 0.0.064671 2.45420 0.09633140 0.280480 0.011009300
5.5 0.0504011 2.81845 0.30137800 0.292826 0.031312000
6 0.0384047 3.51853 0.82029200 0.335098 0.078123000
6.5 0.0276457 4.837701 1.91069000 0.425232 0.167973000
Table 3. Relation between variant values of fat a=1.5MN =25,¢c =4, A =5and performance
measures.
H Po Ls Lq Ws Wq
3 0.0129190 13.8132 10.4064000 1.16506 0.832512000
35 0.0381802 3.34712 0.68578000 0.267769 0.054862400
4 0.0552472 2.47769 0.03714990 0.198216 0.002971990
45 0.0730428 2.27734 0.00273396 0.182188 0.000218717
5 0.0921072 2.12550 0.00026265 0.17004 0.00002101
5.5 0.1120620 1.98963 0.00003142 0.159171 0.00000250
6 0.1325310 1.86662 0.00000451 0.149329 0.00000036
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Table 4. Relation between variant values of Aat a=1.5N =25,¢c =4, gz=3and performance
measures.
u Po Ls Lq W Wy

3 0.0921072 2.1255 0.0002627 0.283400 0.00003502
35 0.0652450 2.35135 0.0080701 0.268726 0.00092229
4 0.0468044 2.68957 0.1537980 0.268957 0.01537980
4.5 0.0315383 4.68408 1.8857400 0.416362 0.16762100
5 0.0129190 13.8132 10.406400 1.105060 0.83251200
5.5 0.0021707 22.3296 18.448600 1.623970 1.34171000
6 0.00027818 24.3546 20.372600 1.623640 1.35818000
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Fig 2, 3 The performance of
a=0.75N =15,c =4, 1=5.
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Fig. 8, 9 The performance of
a=15N =25c=4, u=3.

Conclusion

We describe the maritime traffic and ship
handling in Damietta port as M/M/c/N
Markovian queuing model. The steady state
probabilities are calculated and some measures
of fulfillment status like expected system size

Ls, expected queue length Ly, expected
waiting time in the system Wy , expected

waiting time in the queue Wq .The numerical

data of the model were discussed and plotted to
investigate the maritime traffic situation which
raising the efficiency of logistical procedures
and optimizing the wasted waiting time in the
future.
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Abstract

This paper investigates the chaotic behavior of an in-plane electrodynamic tethered satellite system
(EDTSS) operating in a circular orbit under the influence of Earth's oblateness, represented by the
J2 zonal harmonic. The system is modelled using the dumbbell model, consisting of two point masses
connected by an inelastic tether. The equations of motion are derived through the Lagrangian
formulation, incorporating the effects of the Lorentz force generated by the current interacting with
Earth’s magnetic field and the radial acceleration due to the oblateness of Earth. To analyze the
conditions under which chaos may arise, the Melnikov method is applied, leading to the
identification of a necessary condition for the occurrence of chaotic motion. Based on this condition,
the parameter domains that are likely to result in chaotic behavior are determined. To confirm the
analytical findings, numerical simulations are conducted and discussed. The results highlight the
critical role of the oblateness effect and its interaction with electrodynamic forces in governing the
nonlinear dynamics of tethered satellite systems.

Keywords: Chaos; Electromagnetic Force; Melnikov Analysis; Poincaré Section; Tethered Satellite
System.

asteroid exploration (Mashayekhi MJ and Misra
AK, (2016) ; Zhong R and Wang Y, (2018) ).

Introduction

Space tether systems are a promising solution
for enabling highly efficient and low-cost space
operations, including debris removal (Ma X and
Wen H, (2023) ; Razzaghi P et al., (2021) ;
Svotina V and Cherkasova M, (2023) ), energy
generation (Liu J et al., (2020) ; Liu J and
Mcinnes CR, (2019) ; Hu W et al., (2018) ), and
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As space activities expand, these systems offer
a sustainable and effective approach to future
mission design. Thus, the tethered satellite
system (TSS) has emerged as one of the most
active areas of research in space sciences
(Huang P et al., (2018) ; Sanmartin JR et al.,
(2010) ; Kumar K, (2006) ; Modi V et al.,
(1990) ; Sanchez-Arriaga G et al., (2024) ). A
typical TSS consists of two or more satellites
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connected by a tether element. Extensive
studies have focused on these systems'
modelling, dynamics, and control (Hong AaT et
al., (2024) ; Andrievsky B et al., (2022) ). Both
Newtonian and Lagrangian mechanics are
commonly applied to derive the equations of
motion, with either orbital elements or libration
angles used to represent the system states. The
tether itself is modelled in various ways, either
as massless or massive, rigid or flexible,
depending on the objectives and assumptions
specific to each study ( Aslanov V and Ledkov
A, (2012) ; Troger H et al., (2010) ).

The dynamics of a tethered satellite mission are
significantly influenced by various
environmental perturbations that must be
carefully considered during modeling and
control design. Among the most prominent
perturbing forces are aerodynamic drag, which
is particularly relevant in low Earth orbits; solar
radiation pressure, which induces subtle but
continuous force variations; and the oblateness
of the Earth, represented by the J, zonal
harmonic, which alters the gravitational field
and affects orbital stability. In addition to these,
other perturbations such as third-body
gravitational influences and magnetic torques
may also impact the system depending on the
mission profile. Accounting for these forces is
essential to accurately predict system behaviour
and ensure the success and longevity of tethered
satellite operations.

Given the critical role of Earth's oblateness,
represented by the J, coefficient, many
researchers have explored its influence on
orbital and tethered system behaviour. Zheng P
et al., (2008) developed a mathematical model
using Lagrangian mechanics and numerical
simulations to analyse the deployment of a
tether-assisted deorbit system under Earth's J;
perturbation. Their results showed that J,
mainly affects in-plane motion during
deployment, without inducing out-of-plane
motion when the initial out-of-plane angle is
zero. Yu B and Jin D, (2010) modelled a
viscoelastic tethered satellite system and
examined the effects of J, and thermal
perturbations. They found that J, significantly
affects deployment, especially with friction,
while thermal effects mainly influence retrieval,
resulting in distinct motion behaviours. Yu B et
al., (2016) extended the analysis of a flexible
tethered satellite system under additional
perturbations, including air drag, solar radiation
pressure, and orbital eccentricity. Using a
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simplified two-degree-of-freedom model, they
conducted numerical simulations that revealed
bifurcations, quasi-periodic oscillations, and
chaotic motions. They concluded that J,
perturbation and thermal effects strongly
influence pitch dynamics and must be
considered, while air drag and solar pressure
have a lesser impact depending on orbital
altitude. Yu B et al., (2020) applied Melnikov
analysis to determine the conditions under
which chaotic motion arises in a tethered
satellite system operating in a circular orbit.
Their study considered the combined effects of
Earth’s J, perturbation and aerodynamic drag,
showing that these perturbations can induce
chaotic dynamics even when the tether is
modelled as rigid. Yuan W et al., (2024)
studied the chaotic motion of a tether-sail
system in polar orbits, considering J;
perturbation and orbital eccentricity. Using
Lagrangian modelling and Melnikov analysis,
they showed that both J, and eccentricity
enhance chaotic behaviour.

Electrodynamic tethers (EDTs) provide key
advantages over traditional tether systems by
generating Lorentz forces without propellant,
enabling efficient orbit control and power
generation. Studies have examined the impact
of Earth’s J, perturbation on EDT dynamics.
Tikhonov A et al., (2017) showed that an
electrodynamic control system can effectively
counteract gravity gradient torque caused by J,
in near-Earth orbits.

To the best of our knowledge, no previous study
has analytically examined the impact of Earth's
oblateness (J2 perturbation) on the dynamics of
electrodynamic tethered satellite systems.
Therefore, this paper aims to fill this gap by
focusing on the analytical characterization of
such effects. The paper is organized as follows:
In Section 2, the system is modelled as a
dumbbell model with non-negligible tether
mass, and the equations of motion are derived
using the Lagrangian approach. In Section 3, the
analytical Melnikov method is applied to
identify conditions under which chaotic motion
may occur. Section 4 presents numerical
simulations that validate the analytical results.
Finally, the conclusions are discussed in
Section 5.
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Mathematical Model

X

Fig. 1 Tethered Satellite System

Consider a tethered satellite system (TSS)
orbiting Earth in a circular orbit, as shown in
Fig. 1. A dumbbell model describes a TSS,
which consists of a mother satellite connected
to a subsatellite with a tether, where m;, m,, and

m, are their masses, respectively.
An inertial frame, (X,Y,Z),is considered,

which is centered at Earth's center. The X -axis
is oriented toward the vernal equinox, the Z -
axis aligns with Earth's rotation axis, and theY
-axis lies within Earth's equatorial plane,
maintaining a right-handed coordinate system.
A rotating frame, (e ,e,,e,),centered at

system's mass center, has a relative position
vector to the inertial frame, r,.The three unit

vectors, (e, ,e,,€,), points radlally outward

opposite to Earth's center of mass, oriented
along the velocity direction, and completes the
right-handed coordinate triad, respectively.

The mother satellite and subsatellite have
position vectors relative to the system's mass
center, p, and p,, respectively. The variabled

represents the in-plane angle, whilel denotes
the tether length at any given time.

Suitable expressions for both Kkinetic and
potential energies are essential for developing
the system's Lagrangian. By integrating kinetic
energy over the tether length and adding the
kinetic energies of both the mother satellite and
the subsatellite, one can obtain the total kinetic
energy, T, as follows Aslanov V and Ledkov A,

(2012)
T 1)

wherem=m,_+m, +m,is a total mass, the dot
represents the derivative with respect to time,

:%mr'c.r'c +%ye(|'2 7
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_(mg+m /2)(m, +m, /2) i< o
~ (m+m,+m)-m /6

mass, andv is the true anomaly.

By summing the potential energies of the
system's elements, noting that the tether length
is very small compared to the radius of the
mass's center, the system's potential energy, W,
can be written on the form

reduced

e

w =AM el” H%_(3c0s?0-1), @)
e 2rg
where 4 is  Earth's  gravitational  strength
constant.
Using Egs. (1) and (2), Lagrangian, L, can be
constructed asL=T-W. The system's
Lagrangian equations of motion have the form
d oL oL
- —QI
dtog, oq;
©)

where g, = 6,1 are generalized coordinates, and
Q, are not potential generalized forces.

Using the  following  nondimensional
transformation —= () 40, v,L= ! , equations of
dt dv I

r
motion in nondimensional form can be written
as

0"+ 2(0'+1) = +3cososino = (4
L v

L[ (6'+1)* - 3cos” 0 +1]= Q',Z, (5)
HeV

the accent means a derivative with respect to the
variablev andv?® = u/ 2.

The system is under the influence of the Lorenz
force resulting from the current flow through
the tether interacting with the magnetic field
and J, perturbation since the oblateness of Earth
is considered. A non-tilted dipole model of the
magnetic field is considered; its components in
orbital frame, B, B,, andB_, are determined as

1 Py Moo

follows Stevens RE, (2008) :

B, = 2—smv3|n| (6)
rC
B, _ﬂ—mcosvsml (7)
C
B, = ”m —2-cosi, (8)
rC
whereiis an  orbital inclination and

u =7.8510° N/ Am?, is the magnitude diploe
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of Earth. It's assumed that a constant current, I,
flows through the tether, and the magnetic field
vector remains unchanged along the entire
length. This constancy is attributed to the
relatively small length of the tether compared to
the system's mass radius. Following the
principle of virtual work, the generalized
electromagnetic torques Q,,,Q,, can be written

in the form:
1%(m, —
Q‘g’e —_ ( 2 ml) B
2(m+m,+m)
Q.=0.

The effect of Earth's oblateness on the tethered
satellite system can be evaluated using Earth's
nonhomogeneous  potential ~ function,U, as
mentioned in Kéchichian JA, (2021) as

4 35 (RY b
u_rc {1 Z;J[J Pn(sm(§))], (10)

where J is a zonal harmonic of ordern, Ris
Earth's equatorial radius, 6 is the declination of
the system's mass center to the equatorial plane,
and P, (sin(o)) is the Legendre polynomial of
orderninsin(d). Neglecting the J;and higher
zonals, replacingsin(o) by z /., and using the
transformation matrix to the rotating frame, one

can obtain the radial perturbation acceleration
as

n?

(9)

3 J,uR%r,
_Er—f
Follows Zhong R and Zhu Z, (2013) , the
oblateness torque on the satellites caused by the

acceleration is in the form

ay = (1—3sin2isin2v). (11)

Qy.op = 78IN(O) + Bsin(d)cos(2v), (12)
where
. Z-(l— 3sin?i J’ﬂ =;(.(3Sin2 i],
2 2
(13)

3J2,uR2I2[m2Mrf1 —my(1- Mm)ZJ
2r°

c

X = )
where M =(m, +m, /2)/ m.

In this paper, we delve into the nonlinear
dynamics of the pitch motion during the station-
keeping phase, where the tether length remains
constant. Substituting Egs. (9), (12) into Eq. (4)
with L' =0, noting thatQ, =Q, . +Q, . gives

6" +3cosfsinf = o, Sin0+ o, SiNGCcos2v + oy,
(14)
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where

<. 3sin?i « [ 3sin?i
o,=0 .|1- 0, =0 . ,
2 2

3J,R? [mzl\/l,f1 —m,(1- Mm)z]
o = > ,
24,1

(15)

_1(m, —my)u cosi

o 2m 1,
One can see from Eqg. (14) the electrodynamic

tethered satellite system under Earth's
oblateness is a nonlinear nonautonomous
system.

Analysis of Chaotic Motion

In this section, the Melnikov function is
employed to derive the necessary condition
under which the dynamical system may exhibit
a chaotic behavior.

Using 0=(6,6,)" =(6,6)', one can obtain
the state equation of Eq. (14) as
0=£(0)+g(0.v),

with

£(0) = f; _ 0,
f,| | -3sing, cosd, |

g 0
gov)=| 7= . :
g, o,8in 6, + o, sIing, cos 2v + o,

17
The perturbation vector, g(8,v) =9(0,v + E)), ?s
periodic of period p = 7.
Wheng(@,v) =0, the system corresponds to the
unperturbed Hamiltonian case, with the first
integral given by

l@f +sin? 6, =E,
2 2

(16)

(18)
where a constant, E, represents the total kinetic
energy of the system.

24

12 0 2
0

7
T,

24

Fig. 2 Phase portrait of unperturbed system
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24
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Fig. 3 Heteroclinic orbits

Figures (Fig. 2 and Fig. 3) present the phase
portrait of the unperturbed system and the
heteroclinic orbits that reach two different

saddle  points, p; =(¥7/2,0),i=12. The

heteroclinic orbits can be written in the form Yu
B et al., (2020)

(65 (v), 6 (v))
=(J_rsin‘1(tanh(\/§v)),4_r 3sech(J§v)).

(19)
In the case of the perturbed system when
g(8,v)=0,near the equilibrium points, the

heteroclinic orbits may split into unstable and
stable manifolds. Chaos likely happens if these
manifolds intersect transversally; according to
Melnikov's analysis, the Melnikov function
must have a simple zero ( Yu B et al., (2022) ;
Aslanov V, (2017) ).

The Melnikov function is given by Aslanov VS,
(2024)

M. (o) =[ ()~ g(65 vy )dv,  (20)
withv, [0, p].

Substituting Eq. (17) into Eq. (20), using Eq.
(19), yields

M. (vo) = [ [usindjs (v)+ o sin s (v)
.C0S2(V+v,)+ 03]02% (v)dv
=+ ﬁaljj:sech (\/§v)tanh (\/§v)dv
+/30, f:sech (\/§v)tanh (\/§v)

cos(2v)dv -cos2v,
F/30, .[j:sech (\/§v)tanh (Jﬁv)

sin(2v)dv -sin2v,

+/30, J.j: sech (\/§v) dv,
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(21)
calculating the integrals in Eq. (21), noting that
when an odd function is integrated over a
symmetrical interval gives zero. Under the
mathematical condition, sin2v, ranges in the
interval[-1,1], the Melnikov function M, (v,)

has simple zeros if

(22)

Eq. (22) gives the necessary, but not sufficient,
condition under which the system may exhibit a
chaotic motion near the saddle points.
According to Egs. (15) and (22), the following
four cases can be concluded

a) Caseone: This is the case when both o, and
o, vanish, the dynamical system equation
represents the unperturbed case, which is
plotted in Fig. 2 and Fig. 3.

Case two: This is the case when the system
is perturbed only by the effect of the
Lorenz force, i.e.o, #0ando, =0,chaos
doesn't occur since the condition, Eq. (22),
is not satisfied.

Case three: This is the case when theJ,
effect constitutes the sole perturbation of
the system, i.e.o;=0ando, #0, chaos
might occur since Eq. (22) is satisfied.
Case four: This is the case when the system
is perturbed by both the Lorenz force and
the oblateness acceleration, i.e. o, = 0and

o, #0, chaos may be estimated using Eq.
(22).

b)

d)

Numerical Results

This section presents a numerical simulation to
verify the necessary condition, Eq. (22). The
system's parameters are given as follows. The
mother  satellite ~ mass, m, =1020Kg, the
subsatellite mass, m, =70Kg, and the tether
mass, m, =3.4Kg. The system orbits Earth in a
circular orbit at an altitude of 600 Km, with an
inclination of 63",

One can note that o, and o, are dependent on the
current passing through the tether, I, the
inclination of the orbit, i, and the orbital altitude,

H.
Firstly, at a specific altitude, using Eq. (22), the
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chaotic zone in the parameter domain(l,i)is

plotted in Fig. 4. The initial states of the system
are(6,0")=(—x/2+ = 1100,0), where 7 /100 is

a given perturbed angle, positioning the system
near one of the unstable saddle points

(F712,0).The point(0.001,7/6)lies in the

chaotic zone, which corresponds to the system's
orbit having an inclination of z / 6 with one mA
current flowing through the tether. Fig. 5
presents a Poincaré section, indicating that the
system is chaotic. Fig. 6 shows that the pitch
motion angle is in irregular oscillation. If the
orbit inclination is altered to /60, the system
is in a nonchaotic zone, which is described by
Fig. 7 and Fig. 8, showing that the system is in
a periodic motion.

Secondly, the chaotic zone in the parameter

domain, (i,H), is plotted in Fig. 9 at 1 =1mA.
The point(z/6,900) lies in the nonchaotic

zone. Fig. 10 being a Poincaré section,
demonstrates that the system exhibits a periodic
solution. Fig. 11 confirms this observation,
showing that the pitch angle maintains a regular
periodic oscillation with respect to the variable
v. When the inclination is adjusted to 7z / 60, the
system transitions into the chaotic zone. This
transition is illustrated in Fig. 12, A Poincaré
section corresponding to this state indicates that
the system undergoes chaotic motion.
Furthermore, Fig. 13 reveals that the pitch angle
behaves as an irregular oscillator.

Finally, at an inclination of /30, the chaotic

region within the(1,H)parameter space is
illustrated in Fig. 14. The point
(0.3x10™,600), lies within this chaotic region.

Fig. 15 and Fig. 16 confirm this result,
demonstrating that the system exhibits chaotic
behavior. However, when the current flowing
through the tether is increased t00.3x1072 the
system no longer displays chaotic motion. Fig.
17 and Fig. 18 illustrate the resulting tumbling
periodic motion of the system.

w2
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Chaotic Zone

i/rad
<8
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7l8

0
0 0.2 0.4 0.6 0.8 1
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Fig. 4 Parameter domain for chaos
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Conclusions

In this work, the chaotic motion of an
electrodynamic tethered satellite system in a
circular orbit under the influence of Earth's
oblateness (J; effect) was analyzed. The system
was modelled using a dumbbell configuration,
representing two point masses connected by an
inelastic tether. The equations of motion were
derived wvia the Lagrangian approach,
incorporating the effects of both the Lorentz
force generated by the electrodynamic
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interaction and the radial acceleration due to
Earth's oblateness.

To assess the potential for chaotic behavior, the
Melnikov method was applied to establish a
necessary condition for the onset of chaos. This
condition enabled the identification of
parameter domains in which chaotic motion is
likely to occur. Numerical simulations were
then conducted to validate the analytical
predictions.

From the Melnikov-based analysis, three key
scenarios emerged:

1. When the system is perturbed solely by
the Lorentz force, chaotic motion does
not occur.

2. When the perturbation arises solely from
the oblateness effect, chaotic motion may
arise.

3. When both the Lorentz force and
oblateness effect are present, chaos may
occur depending on whether the system
parameters  satisfy the  necessary
condition.

These findings indicate that the presence of the
Lorentz force alone is insufficient to induce
chaos, even in combination with the J
perturbation, unless the parameter values fall
within the critical domain defined by the
Melnikov analysis. This highlights the
importance of carefully selecting system
parameters to avoid unintended chaotic
behavior in tethered satellite missions.
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Abstract

This paper investigates the chaotic dynamics of an in-plane electrodynamic tethered satellite system
(EDTSS) influenced by Earth's oblateness. The system is modelled using the dumbbell model, and
the equations of motion are derived via the Lagrangian approach, accounting for the Lorentz force
and the perturbation caused by the J, zonal harmonic. The onset of chaos is analytically examined
using Melnikov’s method, which provides a necessary condition for the emergence of chaotic
behavior in the system. To address this instability, a novel control strategy based on sliding mode
control (SMC) is proposed, with the tether length serving as the control input. The controller is
designed to suppress chaotic motion and guide the system toward either a desired oscillatory
behavior or a predefined equilibrium point. Numerical simulations are carried out to verify the
analytical condition for chaos and to evaluate the effectiveness of the proposed SMC-based tether
length control. The results confirm the controller’s capability to stabilize the system and eliminate
undesired chaotic responses.

Keywords: Chaos, Earth's oblateness, Electromagnetic Force, Melnikov Analysis, Sliding Mode
Control, Tethered Satellite System.

Introduction

function, Unoosa (2010). As of 05 May 2025,
the European Space Agency (ESA), using the
MASTER-8 model, estimates that
approximately 54,000 objects larger than 10 cm

Space debris represents one of the most pressing
challenges facing the global space community
today. It is defined as all man-made objects in
orbit or re-entering the Earth's atmosphere
including defunct satellites, spent rocket stages,
and fragments from disintegration, erosion, and
collisions that no longer serve any useful

192

are currently orbiting Earth, including around
9,300 active payloads. In addition, nearly 1.2
million debris fragments range in size from 1
cm to 10 cm, while an estimated 140 million
fragments measure between 1 mmand 1 cm. To
address this growing threat, researchers and
engineers have been actively developing
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innovative technologies for debris mitigation
and removal. Among these, electrodynamic
tethered satellite systems have emerged as a
promising solution for enabling highly efficient
and cost-effective space operations.(Ma X and
Wen H (2023); Razzaghi P et al. (2021);
Svotina V and Cherkasova M (2023))

As a result, the tethered satellite system (TSS)
has become one of the most prominent and
actively explored topics in space science
research (Modi V et al. (1990); Kumar K
(2006); Sanmartin JR et al. (2010); Huang P et
al. (2018); Sanchez-Arriaga G et al. (2024)).

A typical TSS consists of two or more satellites
connected by a tether. Extensive research has
been dedicated to the modelling, dynamic
analysis, and control of such systems (Hong
AaT et al. (2024); Andrievsky B et al. (2022)).
To derive the equations of motion, both
Newtonian and Lagrangian mechanics are
commonly employed, and the system states are
usually described using either orbital elements
or libration angles. The tether itself is modelled
in different forms either as massless or with
mass, and either rigid or flexible depending on
the specific objectives and assumptions of each
study (Aslanov V and Ledkov A (2012); Troger
H et al. (2010)).

The dynamics of tethered satellite missions are
highly sensitive to various environmental
disturbances, which must be carefully
addressed during the modelling and control
design phases. Key perturbative forces include
aerodynamic drag, particularly significant in
low Earth orbit, solar radiation pressure, which
exerts continuous but subtle variations in force,
and Earth's oblateness, characterized by the J,
zonal harmonic, which distorts the gravitational
field and influences orbital stability.
Additionally, other disturbances such as third-
body gravitational effects and magnetic torques
may also affect the system, depending on the
specific  mission  parameters.  Properly
accounting for these perturbations is critical for
accurately predicting system behavior and
ensuring the effectiveness and long-term
reliability of tethered satellite operations.

Due to the significant influence of Earth's
oblateness which is represented by the J,
coefficient, numerous studies have investigated
its effects on the dynamics of orbital and
tethered satellite systems. Zheng P et al. (2008)

developed a mathematical model using
Lagrangian  mechanics and  performed
numerical  simulations to analyze the
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deployment of a tether-assisted deorbit system
under the influence of J, perturbation. Their
findings revealed that the J, effect
predominantly influences in-plane motion
during deployment, without causing out-of-
plane motion when the initial out-of-plane angle
is zero. Yu B and Jin D (2010) examined a
viscoelastic tethered satellite system, assessing
the combined effects of J, and thermal
perturbations. Their results showed that J, has a
notable impact on deployment—especially in
the presence of friction—while thermal
perturbations mainly affect retrieval, leading to
distinct motion profiles. In a subsequent study,
Yu B et al. (2016) extended the analysis to a
flexible tethered satellite system subjected to
additional disturbances, including atmospheric
drag, solar radiation pressure, and orbital
eccentricity. Using a simplified two-degree-of-
freedom model, their simulations revealed the
emergence of bifurcations, quasi-periodic
oscillations, and chaotic dynamics. They
concluded that J, and thermal effects
significantly affect pitch motion and must be
considered in system design, whereas the
impact of drag and solar pressure depends on
orbital altitude. Later, Yu B et al. (2020)
employed Melnikov analysis to identify
conditions under which chaos emerges in a
tethered satellite system in a circular orbit.
Their study showed that the combined influence
of J, and aerodynamic drag could trigger
chaotic motion even in systems with rigid
tethers. Yuan W et al. (2024) further
investigated the chaotic dynamics of a tether-
sail system in polar orbits, demonstrating
through Lagrangian modelling and Melnikov
analysis that both J» perturbation and orbital
eccentricity contribute to enhanced chaotic
behavior.

Electrodynamic tethers (EDTs) offer significant
advantages over traditional tether systems by
enabling propellant-free generation of Lorentz
forces, which can be harnessed for efficient
orbit control and power generation. Several
studies have explored the influence of Earth’s J>
perturbation on the dynamics and control of
EDT systems. Hallaj MaA and Assadian N
(2016) modelled a tethered satellite formation
as a massless rigid dumbbell system subjected
to both electrodynamic forces and J.
perturbation. Their results demonstrated that
precise and fuel-free formation control is
achievable using electromagnetic actuation in
combination with sliding mode control.
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Tikhonov A et al. (2017) investigated an
electrodynamic control system’s ability to
counteract gravity gradient torques induced by
the J; effect in near-Earth orbits, confirming its
effectiveness in stabilizing satellite attitude.
Razzaghi P et al. (2019) developed a
viscoelastic tether model for space debris
deorbiting, incorporating both J, perturbation
and atmospheric drag. They compared the
performance of sliding mode control (SMC)
and state-dependent Riccati equation (SDRE)
controllers, finding that while both approaches
stabilized librational motion and reduced orbital
altitude, SMC achieved faster responses and
exhibited greater robustness to system
uncertainties. More recently, Liu J et al. (2021)
proposed a fuzzy logic controller for managing
continuous current flow in an EDT system
under the influence of J, and drag forces. Their
approach outperformed traditional on-off
control strategies by improving orbital boost
efficiency and enhancing libration suppression
across a range of orbital inclinations.

In this paper, a control strategy based on sliding
mode control is proposed to supress the chaotic
motion of the system, either by guiding it
toward a desired periodic trajectory or
stabilizing it at a predefined equilibrium state.
The structure of the paper is as follows: Section
2 presents the system modelling, where a
dumbbell representation with a non-negligible
tether mass is adopted, and the equations of
motion are derived using the Lagrangian
method. Section 3 applies the analytical
Melnikov technique to determine the conditions
under which chaotic motion may arise. In
Section 4, a sliding mode controller is
developed to mitigate chaotic behavior by
adjusting the tether length. Section 5 provides
numerical simulations that confirm the
analytical ~ findings and illustrate  the
performance of the proposed control scheme.
Finally, Section 6 offers concluding remarks.

Mathematical Model

A tethered satellite system (TSS) in a circular
orbit around Earth is considered, as depicted in
Fig. 1. The system is represented by a dumbbell
model, comprising a mother satellite connected
to a subsatellite through a tether. The
corresponding masses of the mother satellite,
subsatellite, and tether are denoted by m;, m,,
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and m, , respectively.

X

Fig. 1 Tethered Satellite System

An inertial coordinate frame(X,Y,Z),is

defined with its origin at the center of the Earth.
The X -axis points toward the vernal equinox,
the Z -axis is aligned with Earth's rotational
axis, and the'Y -axis lies in the equatorial plane,
forming a right-handed coordinate system.

A rotating reference frame, (e, ,e,,e,),centered

at the system’s center of mass, is defined with a
relative position vector r, with respect to the

inertial frame. The three unit vectors (e, ,e,,€,)

point radially outward away from Earth's center
of mass, align with the direction of velocity, and
complete a right-handed coordinate system,
respectively.

The position vectors of the mother satellite and
the subsatellite relative to the system’s center of
mass are denoted by p,and p,, respectively.

The variable 8 represents the in-plane angle,
whilel indicates the tether length at any given
time.

To construct the system's Lagrangian,
appropriate expressions for both kinetic and
potential energies are required. The total kinetic
energyT,can be obtained by integrating the
kinetic energy along the tether and summing it
with the kinetic energies of the mother satellite
and the subsatellite, as described by Aslanov V
and Ledkov A (2012).

1)

wherem=m, +m, +m,is a total mass, the dot
represents the derivative with respect to time,

T =%mr’c.r’c +%ye(|'2 12 (0+v),

py =(my+m /2)(my +m /2)/ (m +m, +m)—m /6

is a reduced mass, andv is the true anomaly.

By summing the potential energies of all system
components, and by considering that the tether
length is negligible compared to the distance
from the system's mass center to Earth, the total
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potential energy of the system,W,can be

expressed as follows:
I 2

HM - ul, 2
W=-"—-"2—(3cos"d-1), 2

2 ( ) @
where ¢ is  Earth's  gravitational  strength
constant.

Based on Egs. (1) and (2), the Lagrangian, £, is
formulated as the difference between the total
kinetic and potential energies, i.e.,L=T -W.
The corresponding equations of motion derived
from the Lagrangian take the following form:

d oL oL

————=Q @)
dt oq;  oq
here, the generalized coordinates areq, = 6,1
and Q, represent non-conservative generalized
forces.
By applying the following nondimensional
transformation:

d0_d0,, 1.

dt  dv I
the equations of motion can be reformulated in
nondimensional form as follows:

0"+ 2(0'+1) = +3cososino = (4
L v

L"-L[(¢'+1)* ~3cos* 0 +1]= Q{z, (5)
HeV

here, the prime symbol denotes differentiation
with respect to the variablev and v® = g/ r.°.
The system is influenced by the Lorentz force
generated from the interaction between the
electric current flowing through the tether and
the surrounding magnetic field, along with the
Jo perturbation caused by Earth’s oblateness. A
non-tilted dipole model is used to represent the
magnetic field, and its components in the orbital
frameB,,B,,andB_,are defined as follows
Stevens RE (2008):

B, =—2" M sinvsini, (6)
C
B, :”—g’cosvsini, @)
rC
B, =ﬂ—§cosi, (8)

re

here, i represents the orbital inclination, and
u =7.8510° N/ Am?, denotes the magnetic
dipole moment of Earth. It is assumed that a
constant current I, flows along the tether, and
the magnetic field remains uniform along its
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length. This assumption is justified by the
relatively short tether length compared to the
characteristic radius of the system. According
to the principle of virtual work, the generalized
electromagnetic  torques Q,,, andQ,, can be
expressed as:

”2(m2 —-m,)
WL~ g
Qe 2(m +m, +m) "

Q.=0.

The influence of Earth’s oblateness on the
dynamics of the tethered satellite system can be
assessed through its non-uniform gravitational
potential, denoted byU,as described by
Kéchichian JA (2021). This potential is given
by:

4l 3 (R b
U_rc {1 ;JH[J Pn(sun(s))}, (10)

where J represents  the  zonal  harmonic
coefficient of ordern, Ris Earth’s equatorial
radius, and & is the declination of the system’s
center of mass relative to the equatorial plane.
The termP,(sin(5))denotes the Legendre
polynomial of degree nevaluated atsin(¢o). By
disregarding higher-order terms such as J, and
above,  substitutingsin(d) withz/r,,  and

applying the transformation matrix to the
rotating reference frame, the radial component
of the perturbation acceleration can be derived
as:

(9)

__3 J,uR?r,
2 b

According to Zhong R and Zhu Z (2013), the
torque acting on the satellites due to Earth’s

(1-3sin?isin®v).  (11)

oblateness-induced  acceleration can be
expressed as:
Qy.00 = 7SIN(O) + Bsin(d) cos(2v), (12)
where
3sin?i 3sin?i
y=z-£1— 5 J,ﬁ=z-[ 5 j
(13)

3JzyR2|2[m2Mni —m, (1- Mm)z]
2r>

C

Z:

where M =(m, +m,/2)/m.
In this study, we focus on analysing the
nonlinear behavior of pitch motion during the

station-keeping phase, where the tether length is
held constant. By substituting Egs. (9), (12) into
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Eq. (4), assumingL'=0, and considering that
the total torqueQ,is the sum of the
electromagnetic and oblateness contributions,
i.e.,Qy =Qy. +Qy 4, We obtain:

0" +3cosdsin@ = o, sin0+ o, SiN@cos 2v + oy,

(14)
where
<, 3sin?i « [ 3sin?i
o,=0 |l1-———|,0,=0. '
2 2
3J2R2[m2M§,—m1(1—Mm)2}
o = 5 . (15)
24,
_ 1(m, —my) p, cosi
’ 2M 1,11
It is evident from Eq. (14) that the

electrodynamic tethered satellite system, when
influenced by Earth's oblateness, exhibits the
characteristics of a nonlinear and
nonautonomous system.

1 Analysis of Chaotic Motion
In this section, the Melnikov method is utilized
to establish the necessary condition under
which chaotic behaviour may appear in the
dynamics of the system.
By defining the

0=(0,0,)' =(0.0)",the
representation of Eq. (14) can be written as:

state vector as

state-space

0=f(0)+g(0.v), (16)
where

f; . 0,
f) :{fj _{—3sin 6, cos@j' (0

g 0
9@)=| " |=| . :
g, o,8In6, + 0,sIn 6, Cos2v + o,

(18)
The perturbation vector,g(@,v) =g(8,v + p), is
periodic of period p = 7.
Wheng(d,v) =0, the system reduces to the

unperturbed Hamiltonian form. In this case, the

first integral of motion is expressed as:
1., 3.,

-6, +—=sin“ g =E, 19
S0 +5sint4 (19)

where E is a constant that denotes the total
kinetic energy of the system.
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Fig. 3 Heteroclinic orbits

Fig. 2 and Fig. 3 illustrate the phase portrait of
the unperturbed system, along with the
heteroclinic orbits that connect two distinct
saddle points given by p, =(F7/2,0),i=12.
The analytical expressions for these
heteroclinic orbits are provided in Yu B et al.
(2020)

(Hf (V)05 (v))
= (isin—l(tanh(ﬁv)),iﬁsech(ﬁv)).

(20)
For the perturbed system, wheng(@,v) = 0, near
the equilibrium points, the heteroclinic orbits
may divide into unstable and stable manifolds.
Chaotic behavior is likely to occur if these
manifolds intersect transversely. Based on
Melnikov’s  theory, such a transverse
intersection takes place when the Melnikov
function has a simple zero (Yu B et al. (2022);
Aslanov V (2017)).
The Melnikov function is defined as stated by
Aslanov VS (2024)

Mi(vo)zj:f (495)/\ g(eoi,v+v0)dv, (21)
withv, €[0, p].
By substituting the expressions from Eq. (17)

and Eq. (18) into Eq. (21) and performing the
necessary integration steps, the resulting
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expression for M, (v, )reveals terms involving

products of even and odd functions over
symmetric intervals. Notably, the integrals of
odd functions over symmetric bounds cancel
out, yielding zero. Based on this analysis and
under the conditionsin 2v, €[-11], the

Melnikov function possesses simple zeros if the
following inequality holds:

931 <0.2881. (22)
0,
This condition, though necessary, is not

sufficient on its own to guarantee chaos. It
indicates that the system may exhibit chaotic
dynamics near the saddle points when satisfied.

Tether Length Control

In this section, the sliding mode control method
is applied to suppress the chaotic motion
observed in the electrodynamic tethered
satellite system by designing a controller that
acts through tether length modulation.

With  the state vector defined as

0=(6,,6,)" =(6,6")" ,using Eq. (9) and Eq.

(12), Eq. (4) can be rewritten in the state-space

form

6/ =6,,

6; =0,8in6 +0,sSiNGCOS2v + o,
—2(6, +1)u—3cossin g,

where u=L"/Lrepresents the control input,

which can be adjusted by actuating the reel

mechanism on the mother satellite.

The sliding surface for the controlled system is

defined by
s=Ae], (24)

where A=[a,,a,]is a constant vector with

(23)

a,=landa, > 0, (Hurwitz condition).
The tracking error state vector is defined as:

ol = Corr | _| & |_ 60—y
o e(;rr € 02 - 02d
where 6, and 6,, denote the desired states or

trajectories, depending on the control objective.
To proceed with controller design, the
derivative of the sliding surface is computed as
follows

s'=ae'+e’,
=a (0 -64)+(0;,-065)
=a, (6 —6y) +F(0,v)-2(60, +Du 06,4,

(25)
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(26)
where

F(0,v) =0o,5in0+ o, sin@cos2v + o, —3cos&sin 6.

By using the constant rate reaching law
s"=—ksign(s), k >0,and substituting into Eq.
(26), the control inputu can be obtained as

1 , , '
u Zm[al(el_eld)_'- F(aiv)_HZd (27)

+ksign(s)].

The selection of the gaink is a critical aspect of
controller design. As noted in Liu J (2017), a
small value ofk can result in an excessively
long reaching time, thereby diminishing the
controller's effectiveness. Conversely, a large
value may induce chattering, which is
undesirable in practical implementations.

To verify the stability of the controlled system,
a positive definite Lyapunov function is

selected asV = %sz.Taking its  derivative
yields:
V'=ss

(28)

=s(—ksign(s)) =—k|s|<O0.
From Eq. (28), it is evident that the Lyapunov
function is negative definite. Hence, the
controlled system described in Eq. (23) is
asymptotically stable.

Numerical Results

This section presents numerical simulations to
verify the necessary condition for the onset of
chaotic motion, as given by Eq. (22). This
condition indicates that for certain values of o,
(representing the Lorentz effect) ando,

(representing the oblateness effect), the system
may exhibit chaotic behavior if the condition is
satisfied. In addition to validating this analytical
condition, the effectiveness of the proposed
sliding mode controller based on tether length
control is also evaluated for its ability to guide
the system toward either a desired state or a
desired trajectory.

The system parameters used in the simulation
are as follows. The mother satellite mass,
m, =1020Kg, the subsatellite mass,
m, =70Kg, and the tether mass, m =3.4Kg.
The system is assumed to orbit the Earth in a
circular orbit at an altitude of 600Km, and an

inclination of 63",
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The initial conditions of the system are given by
(6,0")=(—n 12+ 7 1100,0), where z /100
represents a small perturbation angle that places
the system close to the unstable saddle point at
(Fr12,0).

It can be observed that o, and o, are functions of

the electric current | flowing through the tether,
the orbital inclinationi ,and the orbital altitude
H.

For a system orbit with an inclination of 7 /6 , a
current of 1 mA flowing through the tether, and
an altitude of 600 km, the necessary condition
provided by Eq. (22) is satisfied, indicating that
the system may exhibit chaotic behavior.

Fig. 4 confirms the presence of chaotic behavior
in the system, as the Poincaré section displays
discrete points clustered near the saddle point.
Fig. 5 illustrates that the pitch angle exhibits
irregular oscillations, further confirming the
chaotic behavior of the system.

24

2.4
-7 -ml2 0 /2 ™

Fig. 4 Poincaré section

o 1007

Fig. 5 Pitch angle versus v

When the system's inclination is /60, and a
current of 1 mA flows through the tether at an
altitude of 900 km, the necessary condition
given by Eq. (22) is satisfied. The Poincaré
section shown in Fig. 6, corresponding to this
state, indicates that the system exhibits chaotic
motion. Additionally, Fig. 7 shows that the
pitch angle behaves as an irregular oscillator,
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further confirming the presence of chaos.

24

-2.4
- -7l2 0 w2 b

Fig. 6 Poincaré section

0 257 507 757

Fig. 7 Pitch angle versus v

Another case is considered when the system has
an inclination of /30, with a current of

0.3x10™* (A) flowing through the tether at an
altitude of 600 km. In this scenario, the
necessary condition given by Eq. (22) is also
satisfied. Fig. 8 and Fig. 9 confirm this result,
demonstrating that the system exhibits chaotic
behavior.

24

-2.4
-7 -7l2 0 w2 ™

Fig. 8 Poincaré section

The following numerical simulations evaluate
the effectiveness of tether length control using
a sliding mode controller. This controller is
designed to suppress the chaotic motion
illustrated in Fig. 4 and Fig. 5, allowing the
system to either follow a desired oscillatory
behavior or steer the chaotic motion toward a
predefined pitch angle through the proposed
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control law.

i

Fig. 9 Pitch angle versus v

Fig. 10 and Error! Reference source not
found. demonstrate the controller's ability to
stabilize the system into a desired oscillatory
state. As illustrated, the controlled system
exhibits periodic behavior similar to that of the
unperturbed system, with a period of 11.2155.

Fig. 12 and

0 57 107 157 207

Fig. 13 demonstrate that the controller
effectively drives the chaotic motion toward the
desired equilibrium point from the initial
condition (- / 3,0).

Fig. 12 presents the Poincaré section, which
clearly illustrates the system’s convergence
toward the desired equilibrium point. This is
further supported by

0 57 107 157 207

Fig. 13, which shows the variation of the pitch
angle with respect to the true anomaly,
confirming the system's tendency to settle at the
target equilibrium.

24

24
- -nf2

Fig. 10 Poincaré section

0 5= 107
P

Fig. 11 Pitch angle versus U
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Fig. 12 Poincaré section
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v

Fig. 13 Pitch angle versus v

Conclusions
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This study presented a control strategy based on
sliding mode control (SMC) to regulate the
pitch motion of an electrodynamic tethered
satellite system (EDTSS) in a circular orbit
around Earth. The system was modelled using a
dumbbell configuration, taking into account
perturbations from both the Lorentz force,
generated by the interaction between the current
flowing through the tether and Earth's magnetic
field, and the Earth's oblateness (J; effect). The
equations of motion were derived using the
Lagrangian approach.

Melnikov analysis was applied to determine the
necessary condition under which the system
may exhibit chaotic behavior. Numerical
simulations were conducted to validate the
analytical findings and to demonstrate the
existence of chaos under certain conditions.
Furthermore, the effectiveness of the proposed
SMC-based controller, which utilizes tether
length as the control input, was verified. The
controller successfully suppressed chaotic
motion and steered the system either toward a
desired periodic trajectory or a predefined
equilibrium point.

The results confirm the robustness and
efficiency of the proposed control strategy in
stabilizing the chaotic behavior of the EDTSS.
However, further experimental validation is
recommended to support the theoretical and
numerical findings. This research offers
valuable insights into the dynamic behavior and
control of tethered satellite systems and
contributes to the development of reliable
methods for their real-world implementation
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Abstract

This paper extends our previous research on anisotropic conformal changes F(x,y) = F(x,y) =
e®@YF (x,v). The study focuses on the behavior of the Berwald connection, which measures the
deviation of a Finsler structure from a Riemannian one, and the Chern-Rund connection on conic
pseudo-Finsler surfaces under this anisotropic conformal transformation, along with the dynamical
covariant derivative. In particular, we express the Landsberg tensor of the transformed Finsler metric

F in terms of the difference between the horizontal coefficients of the Berwald and Chern-Rund
connections. Consequently, we find the necessary and sufficient conditions under which the
Landsbergian property is preserved under the anisotropic conformal transformation. Our findings
shed light on the relationship between anisotropic conformal transformations and the intrinsic
geometry of Finsler surfaces. Additionally, we provide explicit formulas for the anisotropic
conformal transformation of the dynamical covariant derivatives in the context of conic pseudo-
Finsler surfaces.

Keywords: anisotropic conformal change; conic pseudo-Finsler surface; modified Berwald frame;
dynamical covariant derivative; Berwald connection.

direction. In the Finsler geometry, this
transformation takes the form F(x,y)~

Introduction F(x,y) = e?@YF(x,y), where the function
¢ (x,y) encodes the directional anisotropy. This
anisotropy is important in various physical
scenarios such as enables richer models of
describing the universe, new solutions to
gravitational field equations, light propagation

Anisotropic conformal transformations
generalize classical (isotropic) conformal
changes by allowing the conformal factor to
depend not only on the position but also on the
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in anisotropic materials and potential
explanations for phenomena not addressed by
isotropic theories [Friedl-Sz'asz et al., 2025;
Heefer et al., 2023; Hohmann et al., 2020;
Pfeifer and Wohlfarth, 2012; Savvopoulos and
Stavrinos, 2023; Voicu et al., 2023; Youssef et
al., 2024; Youssef et al., 2025b].

The anisotropic conformal
transformation of a conic pseudo-Finsler
surface has been introduced and thoroughly
investigated in [Youssef et al., 2024; Youssef et
al., 2025a; Youssef et al., 2025b]. Unlike
isotropic conformal changes, anisotropic
conformal changes do not necessarily yield a
pseudo-Finsler metric. Consequently, we have
determined  the necessary and sufficient

conditions for (M, F) to remain a conic pseudo-
Finsler surface under such transformations.
Notably, there exist non-homothetic conformal
factors ¢ (x, y) that preserve the geodesic spray.
Moreover, it is possible to transform a pseudo-
Finsler metric into a pseudo-Riemannian one,
and vice versa. These results highlight the
greater geometric flexibility and significance of
anisotropic conformal transformations. We
have further investigated the relationships
between key geometric objects of F and their

counterparts for F, including the Berwald,
Landsberg, and Douglas tensors, as well as the
T-tensor. In particular, we have determined the
conditions under which the geodesic spray of a

two-dimensional pseudo-Berwald metric F is
metrizable by a two-dimensional pseudo-
Riemannian metric F. Furthermore, we study
the Cartan connection and derive several
identities satisfied under the anisotropic
conformal transformation.

In Finsler geometry, the Berwald and
Chern-Rund connections are canonical linear
connections defined on the pullback bundle or
the tangent bundle of a Finsler manifold [Miron
and Anastasiei 2012; YOUSSEF, 2008;
Youssef et al., 2009 ] The Berwald connection
generalizes the Levi-Civita connection of
Riemannian geometry and measures how far a
Finsler  structure departs from being
Riemannian. A Finsler space is called a
Berwald space if its Berwald curvature vanishes
[Antonelli et al., 2013; Bao et al.,, 2012;
Bidabad and Tayebi, 2011; Youssef et al., 2010;
Shen and Shen, 2016; Bucataru and Miron,
2007]. Both Berwald and Chern connections are
torsion-free and only slightly fail to be fully
metric-compatible, an expected feature in the
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Finsler setting. These connections coincide
when the underlying Finsler structure is
Landsbergian and when the structure is of
Berwald type, they reduce to a linear connection
on the manifold M that acts directly on the
tangent bundle TM.

In this paper, we explore specific
properties of the Berwald connection on conic
pseudo-Finsler surfaces (M, F). We express the
connection coefficients in terms of the modified
Berwald frame. The transformation of the
horizontal coefficients under anisotropic
conformal changes has already been studied in
our previous work [Youssef et al., 2024]. Here,
we further examine the dynamical covariant
derivative and provide an alternative proof that
the dynamical covariant derivative of the
modified Berwald frame vanishes.
Additionally, we analyze how the dynamical
covariant  derivative  transforms  under
anisotropic conformal changes. Furthermore,
we study the Chern-Rund connection, express
its horizontal coefficients using the modified
Berwald frame and derive their transformation
under anisotropic conformal changes.

It is known that the difference between
the Berwald and Chern-Rund connections is the
Landsberg tensor. Therefore, we drive the
anisotropic conformal transformation of the
Landsberg tensor. As a result, we determine the
necessary and sufficient conditions under which
the Landsbergian property is preserved under
the anisotropic conformal transformation
Proposition 4.7.

Notation and preliminaries

Let M be a smooth manifold of
dimension n. The tangent bundle of M is
denoted by (TM,my, M), where TM is the
disjoint union of all tangent spaces at each point
of M, and m,:TM — M is the the canonical
projection onto the base manifold. The slit
tangent bundle is defined as TM = TM\{0},
which is the tangent bundle with the zero
section removed. A local coordinate system on
M is denoted by (x!), which induces local
coordinates (x%,y") on TM, where x' are
coordinates on the base and y! are the
components of tangent vectors in each fiber.

A smooth function f € C*(TM) is
considered to be positively homogeneous of
degree r in the fiber coordinates y, denoted
f € h(r), if it satisfies
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fl,Ay)=Af(x,y), YA>0.
A conic sub-bundle of TM is a non-empty open
subset A S TM such that my(A) = M and A
is invariant under positive scaling of the fiber
coordinates; that is, for any (x,y) € A and any
A > 0, 0ne has (x,1y) € A.

Definition 2.1 A conic pseudo-Finsler
metric on M is a smooth function F: A - R,
with F € h(1), defined on a conic sub-bundle
A S TM. For each point (x,y) € A, the
Hessian matrix

1. .
gij(x,y): = Eaiasz(x' y),
0
oy’
must be nondegenerate. The pair (M,F) is
called a conic pseudo-Finsler manifold.

In terms of the Finsler metric F, there
exists a unique nonlinear Cartan (Ehresmann)
connection in the conic sub-bundle A c TM
with coefficients determined by

G] =20i[g7 (y"0m0iF? — 0,F?)].
This nonlinear connection defines the
horizontal derivatives 6;:= 0; — Gifa'j. The
coefficients of the geodesic spray coefficients
of F can be expressed as
Gl =3 g™ (YOm0 F? — 0, F?).
It is evident that G are smooth and positively
homogeneous of degree 2 in A; furthermore,
the geodesic spray can be defined globally on
TMasS = y'd; — 2G'0;.

We are concerned with a two-
dimensional Finsler space (M,F) with
coordinates x = (x), y = (v%), where i = 1,2.
Then we have

A . -
€l=Fyl, 1?i=6iF, hU=F6161F,
The angular metric tensor h;; of an n-

dimensional Finsler space has the matrix (h;;)

of rank n — 1. In a two-dimensional space, the
angular metric has a matrix of rank one and we
have

where 9;:=

det(h;;) = hy1hyy — (h12)? = 0.(2.2)
If hy; = hy, = 0, then (2.2) implies hy, = 0,
leading to a contradiction h;; = 0. Therefore,
we assume h;; # 0 and choose the signe = +1
for hy;. We find that ehy; = (m;)? uniquely
determines a non-zero m, up to the sign of h,;.
Subsequently, €h,, = mym, determines m,,
and (2.2) gives €h,, = (m,)?%. Consequently,
we have (m,, m,) and the sign &, satisfying
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hij = emim]-. (23)

Henceforward, we work in a two-
dimensional conic  pseudo-Finsler space
equipped with a modified Berwald frame
(£i,m;). The components g;; of the metric
tensor are given by

apd its in\(erse as
gy =Lt + em'm/. (2.5)

Consequently, the Kronecker delta takes the
form
§f =414 + em'm;, (2.6)
where ¢ is called the signature of F. The two
vector fields £ = (#1,42) and m = (m!,m?)
have been chosen in such a way that they satisfy
g&,. ) =1, g¥,m)=0, gimm) =c¢.
The main scalar J(x,y) is a h(0)-smooth
function that is derived from the Cartan tensor
[Antonelli et al., 2013] and defined by
FCijk = 7mimjmk. (27)
For a smooth function f € C*(TM), the
vertical and horizontal scalar derivatives
(f.1, f.2) and (f4, f2) inaFinsler surface (M, F)
are given by
Fof = fqt; + f;zmi,}
6if = fali + famy
where
f;l = ylaif'ﬁZ = EF(aif)m_L'
f1= () f2 = e(6if)m".
In particular, if £ is h(r), then f,; = rf.
Lemma 2.2 [Matsumoto, 2003] Let
(M,F) be a conic pseudo-Finsler surface
equipped with modified Berwlad frames. Then,
we have the following:
(i) #'m; =£;m' =0, m'm; = ¢,
{)i'gi = 1,
(ll) Fajt’l = emimj = hi
Faj{’i = emimj,
(|||) Fajml = —('Bl — £7ml-)mj,
Fajmi =—(¢'+ eﬂmi)mj.
Definition 2.3 [Youssef et al.,, 2024] An
anisotropic conformal change of a conic
pseudo-Finsler metric F is defined by
F— F(x,y) = e?®YF(x,y), (2.9)
where the conformal factor ¢ (x, y) is a smooth
h(0)-function on A. Under this transformation,
the following condition holds:
=0—(p.2)*+e#0,
with o = ¢, + €7, + 2(¢.2)%

(2.8)

jr
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In this case, we say that F is
anisotropically conformally changed to F. The
transformation (2.9) is called proper if the
conformal factor ¢ (x, y) is neither isotropic nor
homotbhetic, i.e., ¢, # 0.

Now, we define the v-scalar derivatives
(f.a» f.p) and h-scalar derivatives (fg, f) in
(M, F) for f by:

Foif = fatit fpmu
8if = fali + fpm,
where
fa=Y'0if, fip= eF (0,f)m’,
J— —1 — i
fa= G, fp=e@if)m,
In [Youssef et al., 2024], we studied the
anisotropic conformal change of a conic
pseudo-Finsler surface (M, F) equipped with a
modified Berwald frame and determined how

this change affects the components of the
Berwald frame (¢, m) of F, that is,

7 =e® i (2.10)

. (2.11)
m =e~? [ep [m' — e, t'].
1
p = rw (212)
Furthermore, the anisotropic conformal
change of the geodesic spray coefficients,
geodesic spray, Barthel connection coefficients
and Berwald connection coefficients are given,
respectively, by
G =Gl +Qmi+Pe (2.13)
S=5-2(Qm!+ Pe)o,, (2.14)
—i 1 ; .
G; =G+ ={2Pee; + (Po — Q) t'my
+2Q¢;m' + (¢P + Q,, — €IQ)m'm;},
(2.15)
—i . 1 . .
ij = Gjlk + ﬁ [(ZPW + Zle)fj'l?k
+H{(Pz — Q)" + (¢P + Q, — €7Q)m'}
(jmy + £xmy) + {(eP + Pp;p — 202
+eJP,) " + (2ePy +€Q + Q.2
_gj;ZQ - ng;Z)mi}mjmk]' (216)
where
2Q = epF*(dpp1 + D12 — 26 ), (2.17)
2P = —pF?¢,(hap1 + d12 — 26 2)
+F2¢ 4, (2.18)
28¢;zQ + 2P = Fz(l)'l. (219)
Also, we have the following identities [ Y oussef
et al., 2025a]:

%(sz,l —2£p,,Q) = Py + 2£¢,5,,Q
—F?¢,1+0Q, (2.20)

22 (F2p1 — 26p2Q) = ~Po — 26020 +
F¢p, + Q. (2.21)
25 (F2p1 = 26p,Q) = P — €0 —7Q. (222)

¢;2P + P;Z + gd);ZQ;Z - :](I);ZQ
—F%$,—Q = 0. (2.23)

Berwald connection and
covariant derivative

dynamical

Definition 3.1 [Antonelli et al., 2013] For a
conic pseudo-Finsler surface (M,F) there
exists a unique linear connection Bl =

( jik, ji, 0), that satisfies the following:
Bl: yll] = 0 |e G]L = Gjlkyk,
B2: BI is h-metric: F; = 0,
B3: BT is h-symmetric: T, = 0, i.e. G} =

Gij»
B4: the (v)hv-torsion tensor: Pf, = 0, i.e.
a'iji = jik’

B5: (h) hv-torsion vanishes, i.e. Cj"k =0.
This connection BT = (G}, G/,0), is called
Berwald connection. The horizontal and
vertical covariant derivatives of X; with respect
to Berwald connection are given respectively
by:

V8,Xj = Xjje: = 8iX] + X Gpye — X3Gfr,

B i wi A o

V5 X[ = X[lx:= 0iX}.

Proposition 3.2 Let (M,F) be a pseudo-
Finsler surface. Then, for the Berwald

connection BI" = (G}, G},0), the following

relations hold:

(i) €;=0, £y;=0, mj=
elymim;, my; = —el mym;,

(i) Fmi|j = —fimj — eﬂmimj, Fmy|; =
—t;m; + eJm;m,

(iii)F{’i|j = emimj, F¢;|; = emym;,

(iv) (¢;m; + €ymy) ) = —€3 . (£;m; +

{’]ml)mk .
Proof.

(i) Since y'=F¢! take the horizontal
covariant derivative of both sides and using

B1 and B2, we obtain £{; = 0. The Berwald
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connection is not h-metrical, then
gij|k = —2.‘],1ml-mjm,.( (31)
Moreover, since £; = g;;¢/, then from (3.1)

and Lemma 2.2 (i) along with ¢{; = 0, we
have
Cir = Gijirt? + gij{){r
= —27,1mimjmr£j = 0.
Next, differentiating #;m‘=0 and

giym'mJ/ = ¢ horizontally, leads to £;m; =
0 and mym|; = J,m;. Thus we get
mfj = e.‘]llmimj.

Fromm; = g;;m" and (3.1), we get
My = Girjm” + Girmy;
= —27;mym,mym" + &J,g;,;m"m;
= —&Jymym,. '
Consequently, we obtain
i _ —
=0 £y =0,
my; =elymimy,  my; = —el ymym.

(i) From Lemma 2.2 (iii) and the vertical

covariant derivative of BT, we obtain

Fmi|j = Fajmi = —{’imj — sﬂmimj.

le|] = Fajml = —{’lm] + ejml-mj.

(iii) Similarly to (ii), from Lemma 2.2 (i) and the
vertical covariant derivative of BI', we have
F¢l|; = FO;¢' = em'm;.

Fti|; = Féj{’i = em;m;.
(iv) Follows directly from (i).
(v) From (i), we have , then

=0, so &t +45G) =0.

By B1,

0 = F&t' + y*G}, = Fo;¢ + G/

Therefore,

Gl = —F&;t'.
Definition 3.3 A nonlinear connection induces
a dynamical covariant derivative Vj, that acts
on functions f € C*(A) and Finsler vector
fields X € I'(m*TM) as follows:
VWf=y'sf=s), (32
VpX = (VXH9;, VX'=y/5X" +G/X/,(3.3)
where X = X'9; in local coordinates. This
definition allows V, to map functions and
Finsler vector fields to their corresponding
counterparts.

Let Tsrllsrz2 Sr” (x,y) be the components

of an (p, )dtensor field T. Then the
dynamical covariant derivative V, maps T to a
tensor field with components:
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™. _ k ™. Tp T mnry..
VDT5152 sq =Yy S T5152 Sq +Gstlsz sql
47 rr
+-+G Tsllsz2 Sq

mmT1T2-Tp mmT1l2- rp

—Gg" Tms2 s T —qu TSIS2 (3.9)
A scalar functlon with vanishing dynamical
covariant  derivative is constant along

geodesics, and therefore is a first integral of the
geodesic spray S.

Lemma 3.4 In Finsler surfaces, a scalar
function f € C*(A) is constant along the
geodesic, that is, it is a first integral of the
geodesic spray if and only if f; = 0.

Proof. A function f is constant along geodesics
if its total derivative along the spray vector field
vanishes:

df

- ="of =5(f)=0.

From (2.8), we have

0=y'6if =y (f1li + f2amy).

The conclusion follows from Lemma 2.2 (i),
which implies that this holds if and only if
f:l = 0

Lemma 3.5 The dynamical covariant
derivative V,, the Berwald connection V2 are
related by

y v = Vp.

We present an alternative proof of the
well-known result that the dynamical covariant
derivative of the Berwald frame of a conic
pseudo-Finsler surface vanishes [Bucataru and
Miron, 2007].

Lemma 3.6 Let (M,f) be a conic pseudo-
Finsler surface equipped with a Berwald frame
(¢,m). Then the dynamical covariant
derivatives of (¢, m) vanish.

Proof. From Proposition 3.2 (i), we have
;=0 £y, =0,

my; =elym'my,  omy; = —ed ymymy
Along with Lemma 3.5, we get

Vpt' =ylt}; =0,

VD‘g =Yy €l|1 = 0

Vp,mt = meU = eFJm! m; £/ =0,

Vpm; =y/my; = —eFﬂrlmlm]{’ =0.
Hence, the dynamical covariant derivative of
the Berwald frame vanishes.

Under the anisotropic conformal
transformation F — F = e®F, we define the
dynamical covariant derivatives in (M, F) as

Vpf =¥'8:f = S(f), (3.5)
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VpX! = yX 5.X! + G Xk — G XL, (3.6)
where S and E; are given by equations (2.14)
and (2.15), respectively, and the horizontal
derivative §; is defined by

F8; = F§; — (2P¢¢; + (P, — Q)¢'m; +
2Q¢;m' + (eP + Q., — €9Q)m'm;)9;.  (3.7)
Proposition 3.7 Let the conic pseudo-Finsler
metric F be anisotropically conformal to F =
e®F. Then we have:

= 2
Vpf =Vpf — ;(f;1P + £f,Q). (3.8)
_ 1
VpXi=VpXi+ 7 [(—2P A,y —2eQ A,
+eQB + 2P A + P, B) ¢
+(—2P B, — 2¢Q B, + PB + £Q,B
+ QIB)m!]. (3.9)

Proof. Firstly, from (3.5), (2.14) and (2.8) for a
scalar function f € C* (M), we have
Vof = (S —2(P ¢ +Qm)d;)(f)

=S(f) —2(P L'+ Qm)(f1li + fomy)
By using Lemma 2.2 (i), we obtain

Tof = Vof —=(f1P + f20)
Secondly, on a Finsler surface, any tangent
vector can be expressed in the form
X' = A(x,y)¢' + B(x,y)m!, with
A,B € C®(TM).
Consequently, From (2.8) and Lemma 2.2 (ii)
and (iii), we get
Fo;X' =F9;(A¢' +Bm')
= A;lﬁiﬁj + (A;Z - B)f‘mj + B;lmifj +
(B, +eA— sﬂB)mimj.
According to (3.6), we get
VpXi = y* 8, X! + G Xk = S(XD) + Gy X*
=SXH —-2(P ¢/ +Qm))9; (Xt

(3.10)

. 1 .
+GLX® + F(ZPW{’R + (P,
—Q)¢'my, + 2Q¢,m' + (eP + Q,

—£JQ)mimy,) (4 €% + B m¥)
From (3.10) and Lemma 2.2 (i), we obtain

VpXi=VpXi+ F(-2P A1 —26Q A,

+eQB + 2P A + P, B)¢
+(_2P B,‘Z - ZSQ B;Z + PB + SQ;ZB
+QIB)m!].

Chern-Rund connection and anisotropic
change

Definition 4.1 [Antonelli et al., 2013] For a
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conic pseudo-Finsler surface (M,F) there
exists a unique linear connection RI =
(I3, G}, 0), that satisfies the following:
R1: yfj =0,ie G} =T;y*,
R2: RIis h-metric: g = =0,

ijlk
R3: RI is h-symmetric: Tji = 0, i.e. Tk =T,
R4: (h) hv-torsion vanishes, i.e. Cj,l{ =

This linear connection is called Chern
(Rund) connection. The geometric objects
associated with Chern connection will be
marked by a star.

The horizontal and vertical covariant
derivatives of X]-‘ w.r.t. Chern connection are
given respectively by:

in?k: = 8;X) + XI5 — XiTik, X}l = 0pX].
Lemma 4.2 Let (M,F) be a conic pseudo-
Finsler surface. Then the modified Berwald
frame satisfies

fi (6k€j) + ¢ ml(6km])

= —»fj(&k»fl) — & mj(5km‘)
Proof. Since we have
8§} =4, + em'm;,
taking the horizontal derivative yields
0 = 8,(8]) = 8 (£4; + em'my)

= fj(dki"') + ¢ (6kt)) + ¢ mj(Skmi)
+¢€ mi(5kmj)

Consequently, we have
fi ((Skfj) + ¢ ml(SRm])

= ——BJ((Sk»fl) — & m](6kml)
Proposition 4.3 Let (M,F) be a pseudo-
Finsler surface. Then, for the Chern-Rund

connection RI' = (I3, G/,0), the following
relations hold:
@i =0, £+~ =0, mk =0, m+ =0,
j ilj |j ilj
(i) Fm'|; = —¢'m; — eIm'm;,
lel] = —{’imj + &‘7mimj,
(|||)F'€L|J = £mimj, F'ellj = smimj,

fjmi)mk.
(V) Tj = €18 8; + em'Sm;.
Proof.
(i) Since  the Finsler metric satisfies

F? = g;jy'y/, it follows from R1 and R2
that
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F« =0. 4.2)

li . .
Since yt=F ¢,
horlzontally gives
o_yI —F {"+F{’l

differentiating

1j
By (4.1), we have {ﬂT' = 0.
j

Next, taking the horizontal covariant
derivative of the covector ¢; = gi]-#f, we
obtain

L+ =g -« £f+gij£f;.

i|r ij|r

By R2and ¢/ =0, wehavef* = 0.

|r i|r
Moreover, differentiating #;m‘ =0 and
giym'mJ = & horizontally, we get gim%' =
]
0 and mimlT‘ = 0. Thus we get m‘T_ = 0.
] ]
Finally, from ml girm” and R2, we get

m« =g +»m" +g,ms =0, where
l|J ir|j lj

J
(i)From Lemma 2.2 (iii) and the vertical
covariant derivative of RI", we obtain

Fm'|; = Fom' = —f'm; — eJm'm;.
lel] = Fajml = —flm] + sﬂmimj.
(iii) Similarly to (ii), from Lemma 2.2 (i) and

the vertical covariant derivative of RT, we
have

F#llj = Fajfl = smi‘mj.
Fgll] =F61€l = S‘mi‘mj.

(iv) Follows directly from (ii) and (iii).
(v) From (i), we have {)'Tk =0andm » =0,
j

jlk
then

&m; —m, I} = 0. (4.3)

Multiply (4.2) by ! and (4.3) by em!, then
solve these equations to find U,i(taking
into account 8/ = £.¢; + em'm;), we get
Fkij = €l8k€] + smiﬁkmj
Remark 4.4

(2) From Proposition 4.3 (i), we have {)if' =0
, j
and mLT' = 0. Therefore, we obtain the
j
following equations:

8§t + 5Ty = 0, (4.4)
§m' +m*T;; = 0. (4.5)

By multiplying (4.4) by ¢, and (4.5) by
em,., and solving these equations to find
Tk (taking into  account §f =41 +
em'm;), we get

I},lc =—¥; 5k€ — sm](Skm

(b) The symmetry of T (i.e., I‘]k = I‘kj) is
obtained from (a), Lemma 4.2, and
Proposition 4.3 (v).

Proposition 4.5 Let (M, F) be conic pseudo-
Finsler surface and (2.9) be the anisotropic
conformal transformation.The transformation
of the horizontal coefficients of Chern
connection are given by
—1
F2Tj, = F2Tjf 4+ 2P4'0;8) + 2Qm' 4,4y
+(P, - Q)(eimjfk + £L0;my,)

<F2¢ +F2¢22—(1+5¢22

+e¢ Z)(SP +Qz — £90)) iy,
+(eP + Q. — €7Q)(m'¢ymy, + m'm; 4,

P2 3
<£F2¢2_5F25—<€7+¢2 2)

2p
(eP + Q. — €7Q) )ym'mmy.

Proof. The anisotropic transformation
of [}, in view of Proposition 4.3 (v), is given
by
szjl'k = —injgk?l - €F2mjgkmi (46)
Firstly, using (2.10), (2.1) and (3.7), we can
find the anisotropic transformation of the first
term of (4.6).

F22 5,2 = e P4i(F25, — [2PL74) + (P,
—Q)t"my +2Q4,m" + (eP + Q.

—JQ)M M JF0,) (e®(¢; + ¢.,m)))

From (2.8), we get

F22 5,2 = e 4 (e F2[8,2; + (12
+2mi) () + P amy) + ¢26my
+ (@210 + P2 2mi)my]
— eP[2P47 8, + (Pp — Q)" my
+2Q¢ym" + (eP + Q.
— eJQ)m my ] [pam,(€; + P,2m)
+ emim, + ¢,z omim, + ¢ (—€m,
+ eImym,)])

By using Lemma 2.2 (i), we obtain

F22 5,8, = F2L15,8; + F2¢p,6i5,m,
+F2E (1t + P 2my) (%) + ¢.2my)
(P21 0k + B2 omy)m;] — £1[2eQ 1y
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+(P + SQ;Z - jQ)mk][(p,Z({] + ¢;2mj)
+£mj + (P;Z;ij + (P,Z(_{] + eilm])]
From the formula of p (2.12), we get
F22 5,8; = F20L8,8; + F2¢,£15,m;
2@t + D om) (&) + domy)
+(P21 8k + D2 2my)my] — £4[2Q ) + (P
1
+€Q,2 — 7Q)mk]; m;
= F28'8,4; + F2 ot 5,m;
+F2(p 1ty + P oamy) e,
2¢ .
+[F2p 01+ Fp1 — ) Qle'm;ty

1
+[F2p. 0, + Fp,, — ;(P + €0,

—7Q)]{’imjmk 4.7
Secondly, we find the second term of (4.6), by
(2.10) and (2.11) along with (3.7), we have

F2m' s, m; = e(e~® Jep(m
—e¢.y tD))(F28, — [2PL7 ¢y + (P,
- Q)t"my, +2Q€,m" + (eP + Q.

. £
- sﬂQ)mrmk]Far)e‘f’\Emj.
From (2.8), we get
F?m' 6, m; = efep(m! — e, ¢Y)

€
FZ\/;mj(¢,1£k + ¢ my
Fz\/_ (1% ‘;.Dzmk)

&
+F2\/;(Skmj - [2P€T£’k + (P;Z

—Q)'Ermk + Zkamr + (€P + Q;Z

—eJQ)ym" my] \E%zm]’mr

pm €
Ep My ——— 2,02 ;(_’?jmr

+ eJmjm,.)

By applying Lemma 2.2 (i), we can rewrite the
express_ion as follows:
eF?m' 8, m; = eF*mism; — F2¢,0'6,m;
—qu');z'Qf‘{’jfk — q,');;(P + Q.
=JQ) iy + 2Qm' ity + (eP + Q,,

—eJQ)m'€;my, + (eF%¢p, — eF? g;

P2
(P + Q. — €7Q) (2 20
i P
+el))ymimymy, + (eF?¢, — eF? %
p,
—2Q(¢., — 2—; + &7))m' mﬁ?k

+(—F ¢2¢1+F2¢2—p+23¢2Q(¢2
—g—;+sﬂ))€‘m]€k+( F2.,

+F2¢>2 5T 2P +eQ, — I (b2 —
5 + e?))#lm]mk (4.8)

From (4.7) and (4.8), we determine the
anisotropic conformal transformation of the
horizontal coefficients of Cartan connection

—i
F2Tj = F2Tjf + (F2¢ 1 — 26Q¢p ) 0144y
+ (F2¢2 — ¢, 2(eP + Qa2 — €9Q)) £ieymy
+(F2¢22——5¢2 20 +F2p,, —2Q
—2&Q¢;2;2)t" mjfk + (F2¢;2 5 +F2¢,5,

p;
—(1+ epp + €02 2—;)(eP + Q.

—eJQ)) P mymy, + 2Qm' 8y + (eF? ¢,
P1 , P2 i
T 2 + 7Q —2eJQ — 2¢,Q)m'm; £y,

P2 P;2
F2p, — eF222 — 5 —22)(eP
+(eF ¢ —¢€ 20 T+, Zp)(e

+Q., — IQ))m'mymy, + (¢P + Q,,
—eﬂQ)mi{’jmk.

From (2.19) and (2.20)- (2.22) the formula of
—i

[’ can be obtained.

Proposition 4.6 Let the conic pseudo-Finsler
metric F be anisotropically conformal to F =
e®F. Then the Landsberg tensor of F is given
by
1

Lk_ij+ [((eP + P22 — 2Q;2

+eJP. ){" + (2eP, + €Q + Q22 €7,0Q

~£7Q,) miymmy, — (F? ¢ £2

p
+F2 o0 — (1 + e, +ed;, 5)(51)
+0Q.,—¢ 7Q))£imjmk — (eF? ¢,

| P;2
—eF% == 2 —(eT+ ¢, — 5)(£P +Q.,

—& JQ))mimjmk].
Proof. Let (M,F) be a conic pseudo-Finsler
surface equipped with the Chern connection
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RT = (Tj;, G}, 0) and the Berwald connection
BT = (G}, G},0). The Landsberg tensor is
defined as the difference between the horizontal

coefficient of the two connections,
consequently,

[L .= Gl —Ti

jk = Yjk — Lk

Under the given anisotropic transformation, the
transformed Landsberg tensor is given by

i o= F
From (2.16) and Proposition 4.5 we get
—i . 1
Ljp = Ly + 72 [((eP + Py — 2Q
+eIP,) €' + (2ePy + €Q + Q.2
—£7,Q —€7Q,) mi)mjmk
P2
_(FZ ¢;2

2p +F2$ap — (1+e ¢
+e ¢;2 Z_lpz)(gp + Q;Z — & «7Q))€lm]mk

P2
Z— (8.7 + d);z

—[Z)—Z)(SP +Q.; — £9Q))m'm;my].

—(eF? ¢, — €F?

Proposition 4.7 Let (M, F) be a conic
pseudo-Finsler metric and (2.9) be the proper
anisotropic conformal transformation,
provided that the conformal factor is
horizontally constant. Then the property of
being Landsbergian is preserved if and only if
$.22 = 0.

Proof. As, if the conformal factor is
horizontally constant (¢, = ¢, = 0), that is
P =Q =0 [Youssef et al., 2024, Theorem
4.11]. From Proposition 4.6, we have

—1

i 1 P2
— 2 )
L = Ly + 7z [—(F* ¢,z 2

+F? ¢y )0 mimy, + eF? Pz

2p
Consequently the Landsbergian property is
preserved under the anisotropic conformal
transformation if and only if
b.2 g—; + ¢22=0, Z—; =
Since (2.9) is proper i.e. ¢., # 0, then the
Landsbergian property is preserved if and only
if ¢;2'2 = 0

mimjmy].

0.
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Abstract

In this paper, spectral analysis of infinite triangular double-band matrices acting as operators on the
Cesaro space g, is given. The study includes a detailed analysis of the spectrum, distinguishing
between different types of the spectrum (e.g., point spectrum, residual spectrum, continuous
spectrum, defect spectrum, compression spectrum and approximate point spectrum). Besides, a finer
subdivision of the spectrum is given. A generalization of the study to symmetric and non-symmetric
tridiagonal matrices is also derived. The technique used in this study is flexible enough to address
the spectral problem of the underlying operators in various sequence spaces.

Keywords: Spectrum, Sequence spaces, Infinite matrices.

Introduction

Several authors have analyzed the spectra
of various infinite matrix structures, such as
band matrices (matrices with non-zero elements
confined to diagonal band, which includes
lower and upper triangular double-band
matrices), Jacobi matrices (tridiagonal matrices
with specific properties), and more general
matrix forms. Such matrices can usually be
identified with linear operators on sequence
spaces. Also, several operators, like the
difference operators, which are defined by
difference equations, often involve infinite band
matrices. It should be noted that, no general
method exists for finding the spectrum of an
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arbitrary infinite matrix. In fact, in the case of
infinite matrices, the methods used are often
tailored to the specific matrix operator and the
type of sequence space being considered.

In this paper, we concern ourselves with
obtaining the spectra of infinite double-band
matrices, in both lower and upper forms.
Furthermore, tridiagonal matrices are also of
our concern. Our results, in the current paper,
substantially complement recent results on the
difference operators and their adjoints from
[Altay and Basar 2004, Altay and Bagar 2005,
Akhmedov and Basar 2006, Akhmedov and
Bagar 2007, Karakaya and Altun 2010, Dutta
and Tripathy 2013, Tripathy and Das 2015, El-
Shabrawy and Abu-Janah 2018, El-Shabrawy
and Sawano 2021], the Jacobi operators from
[El-Shabrawy and Shindy 2020], the tridiagonal
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non-symmetric matrices as operators from [El-
Shabrawy and Shindy 2025] and other related
results.

Before giving a complete description of the
spectral problem we want to address, we recall
some notations used in this paper.

By ¢%, ¢ and c,, we denote the Banach
spaces of bounded, convergent and null
sequences of complex numbers with the
supremum norm, respectively. We use ¢P
(1 < p < ) to denote the Banach space of p-
absolutely summable sequences with the well-
known £P-norm. The symbol bv stands for the
Banach space of all sequences x = (xy)x=o for
which the following norm

xllpy = [ Jim x| + xo] + Ziy I = s
k—o0

is finite. Furthermore, the space bv, = bv N ¢,
is a Banach space with the bv-norm, whose dual
space is norm isomorphic to the Banach space
bs (cf. [Wilansky 1984, Theorems 7.2.9 and
7.3.5(ii)]), where

bs = {x = (XKk=o
Illos = sup|Ehe x| < ool
N=0

The space of p-bounded variation sequences,
denoted by bv,, (1 <p < ), is the Banach
space of all sequences x = (xi)x=o for which
(xk — xk_l);:;() € gp’ where X_q1 = 0. The
space cs is the Banach space of all sequences
x = (X )p=o SUch that Y3, x; is convergent,
with the norm

llxlles = SIYllpIZLo X
The Hahn sequence space h [Rao 1990] is
defined by
h={x= ()0 €Eco:
lIxlln = Xizo (k + Dlxgs1 — x| < 0},

which is a Banach space. Also, we consider the
Cesaro sequence space o, defined by

0 = 1 = s :
- 1 N
Il = sup iz [ SR ] < oo}
In this paper, we give attention to the Cesaro-
type space ag,, which is the Banach space
defined by
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T 1 yvN —
Op = {x = (Xr)k=o : I\IIET(}OmZk:o Xk = 0}

with the o -norm. Moreover, it is known that

0" = h (cf. [Goes and Goes 1970, Theorem

3.7 (iD]).

Throughout the paper, we adopt the
following conventions:

e Suppose
N=1{1,23,...}and N, ={0,1,2,...}.

e The set of real numbers and the set of
complex numbers are denoted by R and C,
respectively.

e Let X be an infinite-dimensional Banach
space and write B(X) for the space of all
bounded linear operators from X into itself.
For an operator T € B(X), its adjoint
operator T* € B(X™), where X* is the dual
space of X.

e In a sequence space, we typically represent
the zero element as 0 = (0,0,0,...).

e The symbol @ denotes the empty set.

e For a nonzero real number r, define the
closed disc A,., circumference dA, and open
disc A,. as follows:

Av:={1eC: | <|r},
0A:={1€eC: |1 =]r|}
and
A:={1e€C: |A] <|r|}
When r = 1, the index is omitted.

To introduce our problem, consider the
infinite-dimensional lower triangular double-
band matrix B(r,s) = (b,x) [Altay and Basar
2005];

r, ifk=n,
bue=1s, ifk=n-1,
0, otherwise,

where r, seR and s+ 0. On a Banach
sequence space u, this matrix can be identified
with a linear operator B(r,s): i — i;

(B(r,8)x)y, = Xy + SXp_1,
where x = (x)meo0 € 4, M € Ny,

The operator B(r,s) is called the generalized
difference operator. In fact, if r=1 and
s = —1, the operator B(r,s) is reduced to the
difference operator A [Altay and Basar 2004].
Also, for the case s =1—r, the operator
B(r, s) coincides with the Zweier operator Z"
[Altay and Karakus 2005]. The spectral
problem of the operator B(r,s) has been
extensively studied in various sequence spaces.
Notable investigations include ¢y, ¢ [Altay and
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Bagar 2005], # (1<p <), bv, (1<p<
o) [Furkan and Bilgic 2006, Bilgi¢ and Furkan
2008], cs [Dutta and Tripathy 2013], bvy, h
[EL-Shabrawy and Abu-Janah 2018] and £,
bv [El-Shabrawy and Sawano 2021].

The transpose of the matrix B(r,s) is
denoted by U(r,s), which can be identified
with a linear operator in many sequence spaces
[Karakaya and Altun 2010]. If r =1 and s =
—1, the operator U(r,s) coincides with the
operator A* [Diindar and Basar 2013]. In many
investigations [Karakaya and Altun 2010,
Tripathy and Das 2015], the spectra of the
operator U(r,s) have been studied in the
Banach spaces ¢, ¢ and cs.

Furthermore, for r,s,q € Rand n, k € Ny,
we consider the tridiagonal matrix

T = T(T, q, S) = (tnk);

q, if k=mn,

s, ifk=n-1,

r o ifk=n+1,

0, otherwise.

This infinite matrix can be identified with a
linear operator on a Banach sequence space u as
Tip—p

(T(T, q, S)x)n = (Tx)n

= SXp-1+t qxy + X441,

tnk -

1)

where x = (xp)m=o € 4, N € N.

If s = r, then T(r, q, s) is reduced to the Jacobi
matrix J(q,v) =T(r,q,v) [Altun 2011,
Berezanskii 1968, El-Shabrawy and Shindy
2020]. Furthermore, B(r,s) =T(0,r,s) and
U(r,s) =T(s,r,0) are included in the class of
T(r,q,s); see [Altay and Bagar 2005, Karakaya
and Altun 2010]. So, it seems natural to firstly
assume that r, s # 0. However, for either the
case r=20; or the case s=0, see the
conclusion in the last section. The spectra of
T(r,q,s) were determined in the spaces ¢, c,
£1 and ¢% in [Bilgic and Altun 2019]. More
recently, this problem was studied in the
Banach spaces h and bv, [EI-Shabrawy and
Shindy 2025].

To the authors’ knowledge, the spectral
problem has still not received enough attention
in the Cesaro sequence space o,. So, in the
current paper, we address the study of the
spectra of the operators B(r,s), U(r,s) and
T(r,q,s) on a,. This investigation represents a
natural continuation of the studies by
Akhmedov and Basar (2006, 2007), Altay and
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Bagar (2004, 2005), Karakaya and Altun 2010,
Dutta and Tripathy 2013, Tripathy and Das
2015, EIl-Shabrawy and Abu-Janah 2018,
Sawano and El-Shabrawy 2021, and El-
Shabrawy and Shindy (2020, 2025).

Our work in the current paper is outlined in
the following way: Section 2 provides a brief
overview of basic definitions and facts related
to the spectrum and various types of the
spectrum. Section 3 focuses on the study of the
spectra of the operators B(r,s) and U(r,s)
acting on the sequence space o, A
generalization of the study to tridiagonal
matrices has been obtained in Section 4. Finally,
in the last section, a conclusion and future
research are provided.

Preliminaries

To ensure the paper is self-contained, we
briefly gather some basic definitions and
preliminary facts which will be useful
throughout the paper.

For any given A € C and T € B(X), we
write T, =T — AI, where [ is the identity
operator on X. The spectrum of T, denoted by
o(T, X), is the set of all scalars A € C for which
T, is not bijective. Its complement in C is known
as the resolvent set of T, denoted by p(T,X).
The spectrum o(T,X) can be partitioned into
various subsets, classified according to the
properties of R(T,) and the bounded
invertibility of the operator T;. The point
spectrum o, (T, X) of T is defined by

op(T,X) ={A € C: T is notinjective};
the residual spectrum o,.(T, X) of T is defined
by

or-(T,X) = {1 € C: T,isinjective,
but R(T3) is not dense};

the continuous spectrum o.(T,X) of T is
defined by

0.(T,X) ={A € C: T, isinjective and
R(Ty) is dense, but T; ! is unbounded}.

Following [Appell et al. 2004] three more
subsets of the spectrum can be defined as
follows:

0s5(T,X) = {1 € C: T, is not surjective};
0.o(T,X) = {1 € C: R(T) is not dense};
0ap(T, X) = {1 € C: 3 (xy) in X such that
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lxill = 1V k € N, lim [Tyl = 0},
which are called the defect spectrum,
compression spectrum and approximate point
spectrum, respectively. Note that these subsets
of the spectrum overlap and

o (T, X) = 0,p(T, X) U 05(T, X)
= 0ap(T, X) U 0o (T, X).

Another important classification of the
spectrum, which is due to [Taylor and Halberg
1957], is also considered. To be more precise,
let T be a linear operator on a Banach space X
into itself. The operator Tj is classified I, II or
I11, according as R(Ty) = X; R(Ty) = X, but
R(Ty) # X; or R(Ty) # X. Furthermore, T is
classified 1, 2 or 3 according as T; * exists and
is bounded; exists, but is not bounded; or does
not exist. By combining these possibilities, we
obtain different states of the operator. If T €
B(X), the complex plane is subdivided into
parts corresponding to the states of the operator
Ty; 1,0(T, X), 1,6(T, X), 130(T, X), 11,6(T, X),
,0(T, X), l130(T, X), I1l,0(T, X), l1l,o(T, X)
and Ill;0(T,X). Consequently, we obtain a
complete disjoint subdivision of the spectrum.
Precisely, the following relations hold:

o(T, X) = 156(T, X) U ll,6(T, X) U ll;0(T, X)
U Il a(T, X) U lll,a(T, X)
U lL;0(T, X);

0, (T, X) = 130(T, X) U ll30(T, X)
U lL;0(T, X);

0. (T, X) = ll,0(T, X) U lll,o(T, X);
o.(T,X) = I,o(T, X).

It should be noted that II,o(T,X) =0
since any boundedly invertible operator on a
Banach space into itself should have a closed
range (cf. [Taylor and Halberg 1957, Theorem
10]). Furthermore, Lo(T,X)=0 as a
consequence of the closed graph theorem. We
observe that A € p(T,X) if and only if
T, € 1;0(T, X); otherwise 1 € o(T, X).

From the definition, we notice that

o5(T,X) = (T, X)\I30(T, X).
Also, we have
Jap(T'X) = O-(TlX)\IIIIO-(TIX)

(cf. [Taylo and Lay 1986, p. 282]).
It is worthwhile to assert that, if T € B(o,)
is represented by a matrix A, then its adjoint T*
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€ B(oyp) is represented by the transpose matrix
At; see [Taylo and Lay 1986, Problem 7,
P.233].

For the sake of simplicity for the reader, we
recall the following theorems which are
concerned with the spectra of the operators
U(r,s) and B(r, s) on the Hahn sequence space
h. In fact, these results are crucial in the sequel.

Theorem 2.1. [El-Shabrawy and Shindy 2025,
Theorem 3.4] We have U(r,s) € B(h).
Moreover, the following results are satisfied:

1): o(U(r,s),h) ={AeC: |A—r| <|s|}.
(2): 0p,(U(r,s),h) ={A€C: |[A—1|<]|s|}.
(3): a,(U(r,s)",h") = 0.

@): o,(U(r,s),h) = 0.

(5):

Theorem 2.2. [EL-Shabrawy and Abu-Janah

2018] We have B(r,s) € B(h). Moreover, the

following results are satisfied:

(1): o(B(r,s),h)y={r€C: [A—7r| < |s|}

(2): op(B(r,s),h) = 0.

3): op(B(r,s)", h") ={1€C: |[A—-71|<
s}

o.(U(r,s),h) ={1eC: |A—r|=|s|k.

4): o.(B(r,s),h)y={1€C: |A—7|<|s|}
(5): 0c(B(r,s),h) = 0.
(6): 04p(B(r,s),h) ={1€C: [A—7|=|s]}.

(:
(8):

os(B(r,s),h) ={A€C: |[A—r|<|s|}.
Oco(B(r,s),h) ={1€C: |A—7r| <]s|}.

Furthermore, we report on some recent
results concerning the spectra of the operator T
acting on the Hahn space h.

Theorem 2.3. [EI-Shabrawy and Shindy 2025]
For |r| < |s|, we have T € B(h). Moreover,
the following results are satisfied:

(1): o(T,h) = Q (Z\Ag).

(2): 0,(T,h) = 0.

(3): 0,(T"h") = Q (Z\Ag).

@) 0.(T,h) = Q (Z\Ag).

(5): 0.(T,h) = .

Theorem 2.4. [El-Shabrawy and Shindy 2025]

For |r| > |s|, we have T € B(h). Moreover,
the following results are satisfied:

(1): o(T,h) = Q (ZE\A).
(2): 0,(T,h) = Q (AE\Z).
(3): 0,(T",h") = 0.
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@): 6.(T)h) = 0.
©): 0.(T,h) = Q <6A U aAz).

=o(U(r,s),h)\Iza(U(r,s),h)
={1eC: [A-1|=]s]},
where we have used the result in Theorem
2.1(2).
(3): Follows immediately from the relation
0o (U(r,5),h) = a,(U(r,s)",h")
and using Theorem 2.1(3).

Theorem 2.5. [El-Shabrawy and Shindy 2025]
For |r| = |s|, we have T € B(h). Moreover,
the following results are satisfied:

(1): o(T,h) = Q(an). S
(2): 0,(T,h) = . The next is our first main theorem.
(3): 0,(T",h") = {882;{1}). g 7 Theorem 3.2. We have B(r,s) € B(ap).
Q(aA\{l’}) i r :; ) Furthermore, the following statements are
@) o.(T,h) = {Q om s satisfied:
Q({l})' = ' 1): a(B(r,s),00) ={1€C: |A—1|<|s|}.
(5): 6.(T,h) = {@ CTTS 2): 0,(B(r,s),00) = 0.

(3): op(B(r,s)",00) ={AEC: |A—7|<]|s|}.

4): 0.(B(r,s),00) ={1€C: |A—1|<|sl|}.
Spectra of the operators B(r,s) and U(r, s) (5): 0.(B(r,s),00) ={A€C: |A—71|=]s|}.
on oy (6): 04p(B(1,5),00) ={AEC: |A—71]=]s[}

(7): 05(B(r,s),00) ={1€C: |A—71|<|s|}.

In this section, we completely determine the
spectrum and various parts of the spectrum of
the operators B(r, s) and U(r, s) on the Cesaro

(8):
(9):

0c0(B(1,5),00) ={A€C: [A—71|<]s|}.
I;06(B(r,s),0q) = lI30(B(r,s),0p) =
[lI;0(B(r,s),0,) = 0.

space a. Firstly, the following theorem, which (10): 11,6(B(r,s),00) ={AE€C: |A—71| =|s]|}.
completes the results in Theorem 2.1 is given. It (11): 1L a(B(r,s),00) ={A€C: |A—7| < |s|}.
is necessary for our proofs in the current (12): 1l6(B(r,s),0,) = 0.

section. Proof.

Theorem 3.1. We have the following results:
(1): 05p(U(r,5),h) ={A€C: [A—71| < |s]}.
(2): o5(U(r,s),h) ={r€C: |A—7r|=]s|}
(3): 0,,(U(r,s),h) = 0.
Proof.
(1): By utilizing Theorem 2.1(4), we obtain
thatIll;o(U(r,s),h) = @. Combined this
with the fact that
oap(U(1,5),h)

=a(U(r,s), D\Ill;ac(U(r,s),h),
implies
oap(U(r,s),h) ={A1€C: |[A—1|<|s]},
where we have used the result in Theorem
2.1(2).
In fact, we have
I30(U(r,s),h) € 0,(U(r,s),h)

={1eC: |A—r| <]|s|}

Conversely, let A € C such that |1 —r| <
|s|. Then, U(r,s) — Al is not injective.

(2):

Furthermore, from [El-Shabrawy and
Shindy 2025, Proposition  3.2(3)],
U(r,s)—Al is  surjective.  Then

A € I30(U(r,s),h). This concludes that,
I;o(U(r,s),h) ={AeC: |[A—7r|<|s|}.
Thus,

os(U(r,s),h)
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(2): The result follows from [Appell et al. 2004,
Proposition 1.3] and Theorem 2.1(1). In
fact, we have
o(B(r,s),0,) = o(B(r,s)", 0p)

=og(U(r,s),h)
={1eC: |A—-r|<|s|}

(2): 1t can be shown that, for all 1€C,
(B(r,s) —A)x =0 has only the zero
solution for x.

(3): Since

o, (B(r,s)",00) = ap(U(r,s),h),
then applying Theorem 2.1(2) yields the
desired result.

(4): Follows immediately from the relation
O'r(B(T, S)' GO)

= Up(B(r' S)*'GB)\Up(B(T: S)'GO)
and then applying Statements (2) and (3).

(5): Since o, (B(r, 5),0¢), 6. (B(1,5),00) and
o.(B(r,s), o,) form a disjoint subdivision
of a(B(r,s),0y), then, by applying
Statements (1), (2) and (4), we obtain that
0c(B(r,5),00) ={A€C: |[A—71| =|s]}.

(6) — (7): Follow immediately from [Appell
et al. 2004, Proposition 1.3] and using
Theorem 3.1(1)-(2). Indeed, we have
0ap(B(r,5),00) = 05(B(r,5)",00)

= 05(U(r,5),h)
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={1eC: |A—r|=]s|}
and
US(B(T' S), 00) = Oap (B(T, S)*, OJ(;)
= 0,p(U(7,5),h)
={1eC: |A—7| < |s|}
(8): Follows immediately from [Appell et al.
2004, Proposition 1.3] and Statement (3).
Indeed, we have
Oco (B(T, S)' 00) = Up (B(T' S)*, 0-8)
={1eC: |A—-7r| <]s|}
(9): The result follows from Statement (2) and
the fact that
Up(B(T' S), 00) = I3O'(B(T, S), 00)
U ll;0(B(r,s),0,) Ulllza(B(r,s),00).
(10): Simply observe that
I,0(B(r,s),00) = a.(B(r,s),0,)
and then apply Statement (5).
(11): LetA e {1 e C: |A—r| <]|s|}. Since
or(B(r,s),00)
= 1ll;0(B(r,s),0,) Ulll,a(B(r,s),0,),
then, to show A € lll;o(B(r,s),0p), it
suffices to show that B(r,s)* — Al is
surjective [Taylor and Halberg 1957,
Theorem 4]. This follows from the fact that
05(B(r,s)",00) = 05(U(r,s),h)
={1eC: |[A—-r|=|sl},
where we have used Theorem 3.1(2). Thus,
we conclude that
fAeC: |A—-r|<]|s|}
C Ill;o(B(r,s),0p).
The second inclusion follows by using
[Gindler and Taylor 1962, Theorem 3.3].
In fact, we have
I,0(B(r,s),00)
cintfAeC: |A—-71|<|s|})
={1eC: |A-r|<|s|}
(12): Follows immediately.

Next, we give our second main theorem,
which is concerned with the spectra of the
operator U(r, s) on the Cesaro space oy.

Theorem 3.3. We have U(r,s) € B(agy).

Furthermore, the following statements are

satisfied:

(D:0(U(r,s),09) ={A€C: |A—7| <|s|}

(2): 0,(U(r,5),00) ={AE€C: [A—1]<|s[}\
{r + s}.

(3): op(U(1,5)",00) = @.

(4): .(U(r,5),00) = 0.

(5): a.(U(r,s),00) = {r + s}.

(6): 04p(U(1,5),00) ={AEC: |A—71| <|s[}

(7): a5(U(r,5),00) ={AE€C: |A—7|=]s|}
(8): 0o (U(r,5),00) = @.

(9): I30(U(r,s),00) ={A€C: [A—71| <|s|}.

(10): lI30(U(r,s),0p4) = O.

(11): I30(U(r,s),00) ={A€EC: |[A—1| =
IsIN\{r + s}

(12): ll,o(U(r,s),00) = {r + s}.

(13): Illo(U(r,s),0q) =1ll,a(U(r,s),0,) = 0.

Proof.

(1): The required result follows from [Appell
et al. 2004, Proposition 1.3] and Theorem
2.2(1). In fact, we have
o(U(r,s),0y) =a(U(r,s)",0p)

= og(B(r,s),h)
={1€eC: |A—7| < |s|}

(2): Firstly, we recall that,
op(U(r,5),00) € a(U(r,5),00)

={1eC: |A—7r| < |s|}
Furthermore, suppose that
(U(@r,s) —A)x = 0 for x # 0. Thus,

A—r\"
xn=<s )xo, n € N,

Then, we should assume that x, # 0 and
% # 1 since otherwise we would obtain
either x =0 or x & oy. With this, if
A —7| <]sl,

A-r k
Yk=0 Xk = X0 Xk=0 (T)

1_(ﬂ)n+1

-(5)

Then, ﬁzﬁé:o x; — 0 as n — oo, That
is, x = (x) € o, and so,
A € ap(U(r,s),00).

(3): The result follows immediately from the
fact that
op(U(r,8)",00) = 0, (B(r,s),h)
and then applying Theorem 2.2(2).

(4): Using the relation

or(U(r,s),00)
= O-p(U(r' S)*, 0-6)\0-p(U(r' S), 0'0)
along with Statements (2) and (3), the
required result follows.

(5): The result follows based on the fact that
op(U(r,5),00), o0(U(r,5),00) and
o.(U(r,s),0,) form a disjoint partition
of a(U(r,s),0,), and then applying the
results in Statements (1), (2) and (4).

(6) - (7): Follow immediately from [Appell
et al. 2004, Proposition 1.3] and then
using Theorem 2.2 (6)-(7). Indeed, we
have
Oap(U(r,5),00) = 05(U(r,5)",00)

= ag5(B(r,s),h)
={1eC: |[A—-7|<|s|}
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and
0s(U(r,s),00) = 0ap(U(r,5)",0p)

= 0ap(B(1,5),h)

={1eC: |A—r|=|s|}
It follows from [Appell et al. 2004,
Proposition 1.3] and Statement (3) that
O'CO(U(T, S), GO) = Up(U(TJ S)*'O-B) = Q)
It is known that
I30(U(r,s),00) € a,(U(r,5),00).
Then, applying [Gindler and Taylor
1962, Theorem 4.2], we obtain

(8):

(9):

I;0(U(r,s),00) S{A€C: |A—71| <]|s|}

Conversely, let A€ C such that

[A—7r| <|s|. Then 1 & a5(U(r,s),0)

and A € a,(U(r,s),00). This implies

that U(r,s) — Al is surjective and not
injective. Consequently

A €130(U(r,s),0,). Thiscompletes the

proof of the statement.

Clearly,

3a(U(r,s),00) € 0p,(U(r,5),00)

={A€C: [A—r| < |[s|}\{r +s}.

Conversely, for all A€ C such that

[A—r|<|s| and A #r+s, we have

A€ a,(U(r,s),00) and

A& o, (U(r,s)",00). This implies that

U(r,s)—Al is not injective and

U(r,s) —Al has a dense range (cf.

[Taylor and Halberg 1957, Theorem 1]).

Consequently, A & lll;0(U(r,s),0p).

Thus, Iz (U(r, s),0,) = 0.

From the definition of Il;a(U(r,s),0,)

and using Statements (2), (9) and (10),

we obtain

lI30(U(r,s),00)

= 0, (U(r, ), 50)\
[I350(U(r,s),04) Ulll;o(U(r,s),00)]
={1€eC: |A—7r|=|s|}\{r+s}.

Follows from the fact that

I,o(U(r,s),0,) = 0.(U(r,s),0,) and

use Statement (5).

(23): It is known that o.(U(r,s),0p) =
I,o(U(r,s),0,) Ulll,a(U(r,s), o).
With this and the result in Statement (4),
we obtain the required result.

(20):

(12):

(12):

Spectra of the operator T(r, q, s) on oy

For the sake of brevity, if there is no
confusion, we sometimes use T instead of
T(r,q,s), especially when combined with
another symbol. Now, the method on which we
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proceed in order to find the spectra of T depends
on examining the injectivity and surjectivity of
the complex functions;

Q(z)=sz+q+rz ! and
P(z)=rz+q+sz7%,

where r, g and s are fixed real numbers
with r, s # 0. Observe that, if ; and a,, are the
roots of Q, they are nonzero, and a;* and a;*
are the roots of P. Furthermore, the following
relations are satisfied:

(2)

The right-shift operator and the left-shift
operator are defined by (Rx), =x,_; and

T
and o, =-

-q
a +a, =— .
1 2 S 3

(Lx)y, = xp41, respectively: they vyield a
factorization of the operator T;
T =s(—ail) o (R—a,l), 3)

where a; and a, are the roots of the function Q
and interchangeably. As an immediate
consequence, the boundedness of T on o
follows from the boundedness of R and L.

We need the following proposition.

Proposition 4.1. T € (gy: ay) is injective if and

only if one of the following conditions holds:
(i): the function Q has a root inside A,
(ii): either 1 or —1 is a double root of Q.

Proof.

The operator T is not injective if and only if

there exists x = (x,) # 0 in o, with Tx = 0.

From [Bilgi¢ and Altun 2019, Lemma 1.1], the

solution of Tx = 0 is given by

C(Z—;—g—é) if ap # ay,

1+n

an’
where a, and a, are the roots of the function Q.
So, in the forthcoming, we will validate the
result by considering three cases for the
possibilities of @; and «,.

(i): Suppose a; # a, and |a4| = |a;| = |al.
We may assume that a; = |a|(cosf +
isinf) and a, = |a|(cosf — isinf) for
some 0 < 8 < m. Then

Xp =
if = a; =q,

n C( || (cosf—isind) _
k=0" \|a|k(cosh+ising)k
|a|(cos@+isinB) )

|a|¥(cos@—isinB)k
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. 1
= —2iclim —
n-ooon+l

1)8)=0
for |a;| = |ay| = |a| = 1. However, for
la;] = |ay] =lal <1, we have x =
(x,) & 0, [El-Shabrawy and Shindy
2025, Proposition 2.2(1)]. Thus, T is not
injective in o, if and only if |a;| =

k=0 m% sin((k +

lay| = |la] = 1.
(ii): Suppose a; # a, and |aq| # |ay|. We
have
Yk=0Xk = CXk=0o (Z_g - Z_zc)
:C[ ﬁ:oa_lzc_ g:oa_i]-
az az

Hence, we have the following two cases:
@: If lag| > |az| =1 or |az| > |aq] =

1, then limn_,ooﬁzzzo x, = 0.
If lai| < |az| <1, |ag| < |ay| <1,
la;| <1 <|ay| or |az] <1< |ayl,
then x = (x,) € 0w. SO, x = (x,) €
0p.

Thus, in Case (ii), T is not injective in o,

ifand only if |a;| = 1 and |a,| > 1.
(iii): Suppose a; = a, = a. Then, @, and a,

are real. So, we study three cases:
(@): If || > 1, then
lim LZZ‘:O Xk

(b):

n-oon+1
_ . 1 n 1+k _
- CTP—IEon+1 k=0 gk — 0.
(b): If |a| <1, then x = (x,,) & 0. SO,

x = (x,) € oy.
If |a| = 1,thena = —1ora = 1. For
a = —1, we have

. 1 on
lim —— ¥ x,

(c):

n-oo n+1
n+2 e
1 )5 if n is even,
=clim —
n—-oo n+1 n+

—71, if n is odd.
So,
i 1oy
rlll—rgo nr1 k=0 Xk # 0.
However, for « = 1, we have
C 5.
n—-ocon+1 Erlll—l;lgo(n + 2)

From Cases (a), (b) and (c), we
conclude that, in the case where a; = a,, T
is not injective in o, if and only if |a;| =
lay| > 1.

: 1 yvn —
lim =57 x, =

As an immediate result of Proposition 4.1,
we have the following:

Corollary 4.1. T — Al € (0y: 0p) is injective if
and only if one of the following conditions
holds:
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(i): the function @ — A has a root inside A,
(ii): either 1 or —1 is a double root of Q — A.

Now, we consider the following lemma for
the right-shift operator R:

Lemma 4.2. Let a€C. Then, R—al €
(0o: 0p) is surjective if and only if a ¢ A.
Proof. The result follows directly from
Theorem 3.2(7).

As a consequence of Theorem 3.3(7), we
establish the following lemma.

Lemma 4.3. Let a €C. Then, I —al €
(09: 0y) is surjective if and only if a & 0A.

With the help of Lemmas 4.2 and 4.3, we
can introduce the following analogy to [El-
Shabrawy and Shindy 2025, Proposition 2.3],
whose proof can be derived in a similar manner.

Proposition 4.2. T € (0y:0,) is surjective if
and only if the roots of the function Q do not lie
on dA and at least one root of Q is outside A.

Consequently, from Proposition 4.2, we
have the following corollary.

Corollary 4.2. T — Al € (0y: ay) is surjective if
and only if the roots of Q — 4 do not lie on 9A

and at least one root of Q — A is outside A.
Next, we give our first main theorem on the
spectra of the operator T.

Theorem 4.1 For |r| <|s|, we have T €
B(oy). Furthermore, the following statements
hold:

2):
(2):
3):
(4):
(5):
(6):

o(T,00) = Q (Z\Ag).
0,(T,00) = 0.
0,(T*,05) = Q (A\Zg).
0:(T,00) = @ (M\E:),

0.(T,00) =Q <6A£ u 6A>.

I30(T,00) = 1I30(T,00) =
Il;0(T,0,) = Q.

I,6(T, 6) = Q (aAg U aA).
(8): 1l,0(T,04) = Q (A\Z£>.

(9): Nll,o(T,04) = 0.
(10):04 (T, 60) = Q (aAI u aA).

(7):
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(11):05(T, 00) = Q (Z\Ag).
(12):040 (T, 59) = Q (A\ZE)

Proof.

(D)

(2):

@)

(4):

(5):

From [Appell et al. 2004, Proposition
1.3], we have

o(T,0y) = o(T", 0p) = (T, h),
where T is the transpose of T. Now, by
applying  Theorem  2.4(1), with
swapping r and s, we thereby obtain
o(T,00) = P (Bs\a) = 0 (Bar ),

T S
where swapping r and s implies
replacing Q by P.

Since the product of the two roots of
Q — A equals g then, Q — A has a root
inside A. By Corollary 4.1, T — Al is
injective. Therefore, T has no
eigenvalues in o, so that

o, (T,00) = 0.

Follows immediately from Theorem
2.4(2). Indeed, we have

0p(T",05) = o (T, ) = 0 (M\ar ).
S
By using the relation
O-I'(TJ GO) = O-p(T*:O-B)\O-p(TJ 0-O) and
applying Statements (2) and (3), the

result follows directly.
It is known that

o.(T,0,)
=o(T, 00)\[% (T, 00) U o (T, 00)]
- o(Bar)\o (o)
co (E)Ag vaa).

Conversely, let A€Q (aAE U aA).

Then, A€P (E)Ag U 6A>. Therefore,

there exists a root y of P — A such that
¥ € dAs U A. Thatiis |y| = |§| or y| =
1. Therefore, there exists a root of P —
A, which lies on 0A. Hence, by [EI-
Shabrawy and Shindy 2025, Proposition
2.1], T*— Al is injective, and then,
A& o,(T*,00). So, A & 0,.(T,0,). This
implies that 1 € a.(T, 6).
Consequently,
0 (aAz u aA) < 6,(T, o).

S
Thus, we conclude that

0.(T,00) =Q ((?Ag U OA).
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(6):

(7):

(8):

(9):

The result follows immediately from

Statement (2) and the fact that

op(T,00) =130(T, 0¢) U ll30(T, 0¢)
U lll3o(T, 04).

Simply observe that

I,0(T,04) = 0.(T,0,). It remains to

apply Statement (5).

We have

11,6(T,0,) S 0,.(T,04) = Q (A\Zf).
Conversely, let ’

1EQ (A\Z;) =p (Ag\Z). In this
case, there e>s<ists a rootry of P — A such
that y € As\A. From [EIl-Shabrawy and

Shindy 2025, Proposition 2.3], T* — Al
is surjective. That is T—AI has a
bounded inverse (cf. [Taylor and
Halberg 1957,  Theorem  4]).
Additionally, we have 1 € o,(T", 0p),
which implies that T*— Al is not
injective. Then, T — AI does not have a
dense range (cf. [Taylor and Halberg
1957, Theorem 1]). That is we have
A €lllyo(T,04). Thus,

,0(T,0,) = Q (A\Zr)

N
Based on the fact that
Il,0(T,0y) = 6.(T,cx)\Ill,0(T, 6¢)
and then applying Statements (4) and
(8), the result follows immediately.

(10): We have

05(T",00) = 0ap(T, 0¢)
= o(T,0o)\Ill;0(T,0y)
- o(Rar)e ()
cQ (aA U 6A£>.

Conversely, let

€0 (aA U 6A£> —p (aA U 6A;).

Then, there exists aroot y of P — Asuch
that y € dAU dAs. Therefore, P — A

should have a root on 0A. By [El-
Shabrawy and Shindy 2025,
Proposition 2.3], T*—Al is not
surjective. So, A € a5(T*, 0p).
Therefore,

0 (aA u 6A1) C o5(T", 05)
S
= 0ap(T, 0¢).

As a result
Gap(T: 0-0) = O-S(T*l 06)
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—Q (aA U aA:).
(11): The result follows direétly from the
fact that
05(T,00) = (T, 00)\130(T, 6¢)
=Q (Z\Af)

(12): Itisadirect consequence of Statement

(3) and the fact that
0co(T,00) = Op (T*, 00).

Theorem 4.2. For |r|>|s|, we have T €
B(ag,). Furthermore, the following statements
hold:

1): o(T,00) = Q (ZE\A).

() 0,(T,00) = Q (Zg\A).
(3): 0,(T",00) = @.

4): o.(T,09) = 0.

(5): 0.(T,00) = 0.

(6): 130(T,00) = Q (AE\Z).

7): 1,6(T,60) = Q (aAZ U aA).
(8): 1ll30(T,04) = 0. )

9): 1,0(T,04) = 0.
(10): 1l1yo(T, 0y) = lll,0(T, 0p) = O.
(11): 04p(T, 00) = Q (ZE\A).

(12): 05(T, 60) = Q (aAI U aA).
(13): O_co(Tv GO) = Q.
Proof.
(1):  From Theorem 2.3(1), we have
o(T,00) = a(T", 0p)

=o(T* h)
=P (Z\Ag)
=Q (Zg\A).

(2):  Firstly, we have
0,(T,00) S a(T,00) = Q (ZE\A).
Conversely, suppose that )
ALEQ (ZE\A)' Then, there exists a root

B of Q — 2 such that B € Ar\A. So,

1<|B] < |£| Therefore, the two roots

of Q — A lie outside A. Since it can
never happen that 1 or —1 is a double
root of @ — A, then, by Corollary 4.1,
T — Al is not injective, and then,
A € a,(T, 0). Thus, we conclude that
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(3):

(4):

(5):
(6):

0,(T,00) = Q (AE\A)

Follows immediately from Theorem
2.3(2). Indeed, we have

op(T*, 00) = 0,(T",h) = @.

By using the relation

O-r(T! GO) = O-p(T*! 06)\0-p(T! GO)

and applying Statement (3), the result
follows immediately.

Follows immediately.

Let A €l30(T,0,). Then, T —Al is
surjective and not injective. By,
Corollaries 4.1 and 4.2, it follows that

both roots of Q must be outside A. This
implies that Q — 4 has a root f

satisfying 1 < |B] < |§| Hence, f €
Ar\A, and so, 1 =Q(B) € Q <A5\Z>.

Thus, we conclude that
I,0(T,0,) € Q (A;\Z).
Conversely, let 1 € Q <A5\Z>. Then,
there exists a root 8 of Q — A such that
1< Bl < |§| So, by Corollaries 4.1

and 4.2, T — Al is surjective and not
injective. Thus A € 130(T,0,). So,

Q (A;\Z) C I;0(T, op).
S
This ends the proof of Statement (6).

(7)- (8): Simply observe

lI30(T,0,) Ulll30(T, 04)
= 0p(T, 00)\I30(T, 0¢)
- 0(&0)1e (s
cQ (aAI U aA).
Conversely, let A€ Q (aAg U 6A).

Then, A€ P (aAg U aA). Therefore,

there exists a root y of P — A such that
y € dAs U dA. Thisimpliesthat, P — 4

has the two roots inside A. So, by [EI-
Shabrawy and  Shindy 2025,
Proposition 2.1], T* — Al is injective.
From [Taylor and Halberg 1957,
Theorem 1], T — Al has a dense range.

On the other hand, 4 € Q (aA; U aA)
implies that there exists a root B of

Q — A such that |B| =1 or |B] =
Therefore, one of the roots of Q — 1

r
N
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lies on dA and the other one is not
inside A. So, by Corollaries 4.1 and
4.2, T — Al is neither surjective nor
injective.

Consequently, A € lI30(T, 6). Thus,
Q ((?Az U aA) = I1,0(T, 0,)

and Ill;0(T,04) = 0.
(9):  Simply observe that
I,0(T,04) = 0.(T,0p).
It remains to apply Statement (5).
(10): Since
0.(T,0,) = 1l1;0(T, 60) U lll,a(T, 6y),
then the desired result follows by
applying Statement (4).
(11): Indeed, we have
0ap(T, 0¢) = 0(T,00)\111(T, 00)

=Q (Zg\A).
(12): We have
05(T,00) = o(T,00)\I3(T,0¢)

= 0(a8) e (an\5)
cQ <6Ag U aA).

Conversely, letA € Q (aAg U aA). One

can show that T — AI is not surjective,
and then, A€ ag5(T,0,). Thus, we
conclude that

05(T,09) = Q (aAf U 6A>.
S
(13): It is a direct consequence of Statement

(3) and the fact that
0co(T,00) = Op (T*, 00).

Theorem 4.3. For |r|=|s|, we have T €
B(a,). Furthermore, the following statements
hold:

(1): o(T,00) = Q(AA). |
o -
(3): ap(T", 0p) = .

(4): 0.(T,00) = 0. |

(5): 0.(T,0,) = {g'({—l,l}), if r=s,

if r=—s.
(6) 130'(T' GO) = Q. |
(7): U50(T, 0,) = {Q(aA\{—l,l}), if r = s,

(8): lll30(T,04) = O. |
(9): HZO'(T, 00) — {8({_1:1}), if r=s,

i if r=-—s.
(10): M40(T,04) = 1ll,a(T,04) = 9.
(11): 0,p(T, 00) = Q(34).

(12): 05(T,0,) = Q(04).

Q(ah), if r=—s.

(13): 0co(T,00) = @.
Proof.
(1): From Theorem 2.5(1), we have
o(T,0y) =0a(T", 0p)
=o(T" h)
= P(0A)
= Q(04).

(2): Letr =s. Suppose that A € 0,,(T, o).
Then, T — Al is not injective. Since the
product of the two roots of Q — A equals
1, therefore, by Corollary 4.1, the two
roots lie on dA and that neither —1 nor
1 is a double root of Q — A. Let B be a
root of Q — A. Then, B € dA\{—1,1}.
That is, we have
A =Q(p) € Q(aA\{-1,1}). So,

0,(T, 0) € Q(AA\{~1,1)).
Conversely, let A€ Q(9A\{—1,1}).
Then, there exists § € dA\{—1,1} such
that 1 = Q(p). Therefore, S is a root of
Q — A that satisfies |f] =1 and
B & {—1,1}. By Corollary 4.1, T — Al
is not injective, and so, 4 € a,(T, o).
Hence,

Q(M\{-1,1]) € 6, (T, o).

This concludes that

0p(T,60) = Q(3A\{—1,1}).

Letr = —s. The proof is similar to case
r =S.

(3): This result follows directly from
Theorem 2.5(2). Indeed, we have
op(T*,00) = 0,(T*,h) = 0.

(4): Based on the relation
UF(T' GO) = Up(T*' GB)\O-p(T' 0'0)
and using Statement (3), the result
follows immediately.

(B): If r=-s, the proof follows
immediately from the relation
UC(T' GO)
= G(T' 00)\[Gp(T! GO) U Ur(Tl 00)]1
and then applying Statements (1), (2)
and (4). Now, letr = s. In fact, we have
0.(T,00) = Q(AA\Q(AA\{-1,1})

cQ({-11}.

On the other hand, let 1 € Q({—1,1}).
Then, —1 and 1 are the double roots of
Q — A. This implies that T — Al is
injective. Therefore, A €& 0,(T, o).
Consequently, A € a.(T, o).
We conclude that
Q({—l,l}) c UC(T' GO)'
This concludes the result.

(6): Letr = s. From the fact that
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I30(T,00) € (T, 0¢).
We have
I50(T,0,) S Q(AA\{—1,1}).
Conversely, let 1€ Q(aA\{-1,1}).
Therefore, there exists a root B of
Q — Asuchthat g € dA\{—1,1}. So, by
Corollaries 4.1 and 4.2, T—Al is
neither injective nor surjective. So,
A € 130(T,0,). This concludes that
I;0(T,04) = 0.
Letr = —s. The proof is similar to case
r =S.

(7)-(8): Let r =s. Simply observe that
II30(T, 0o) U lll30(T, 6p)

€ 0,(T, 00)\I30(T, 0p)
= Q(aA\{-1,1}).

Now, let 1 € Q(dA\{—1,1}). Then,
A€ P(0A\{—1,1}). Therefore, there
exists a root y of P—A such that
y € 0A\{—1,1}. This implies that the
two roots of P — A are inside A. So, by
[El-Shabrawy and Shindy 2025,
Proposition 2.1], T* — Al is injective.
Also, from [Taylor and Halberg 1957,
Theorem 1], T — Al has a dense range,

and consequently, A € ll30(T, o).
Therefore,

1130(T,0,) = Q(AA\{—1,1}).

and

lll30(T, 0p) = 0.

The case r = —s follows by a similar

argument.
(9): Simply observe that

II,0(T,04) = 0.(T,0p).

It remains to use Statement (5).
(10): Since
Oy (T' 00)

= 111,6(T, 04) U Il1,0(T, 6,),
then the desired result follows by
applying Statement (4).
Indeed, from Statements (1) and (10),
we have
Oap(T, 00) = (T, 00)\11 (T, 0¢)
= Q(04).
Follows directly from Statements (1)
and (6) that
Os (T' GO) = O'(T, 00)\13(T, 00)
= Q(04).

It is a direct consequence of Statement
(3) and the fact that
0co(T,00) = Op (T*, 00).

(12):

(12):

(13):

An important result is in order before
ending this section. Consider the special case

223

where r = s > 0. Then, the operator T(r,q, s)
is reduced to the Jacobi operator J(g, ). If this
is the case, we observe that
Q(04) = [q — 2r,q + 2r],

Q(@A\{-1,1}) = (q — 2r,q + 27),

Q({—l,l}) = {q — 2r, q+ 27"}
Consequently, we have the following important
corollary:

Corollary 4.5. Let r and g be fixed real
numbers with r > 0. We have J(q,7r) € B(ay).
Furthermore, the following statements hold:

(1): oU(q,7),00) =[q —2r,q + 2r].

(2) O-p(](q!r)! GO) = (q —2r,q+ 27')

3): a,U(g,1)",00) = 0.

(4) O-r(](q! T'), GO) = @

(5): o.U(q1),00) ={q—2r,q+2r}

(6) 130-(1(61' T),O'()) = w

(7): 130((q,7r),00) = (q —2r,q + 2r).

(8): lz0(J(q,7),00) = Q.

9): 1,0(J(q,r),00) ={q—2r,q + 2r}.

(10): I,o(J(q,7),00) =
Il,6(J(q,7),00) = 0.

(11): 04p(U(q,7),00) = [q — 27,q + 21].

(12): 05U (q,7),00) = [q — 27,q + 27].

(13) UCO(](q' T), 0-0) = @

In Corollary 4.5, the results established in
Statements (1)-(5) agree with the results in [EI-
Shabrawy and Shindy 2020, Theorem 4.1].
While, the remaining results are new
contributions.

Conclusion and work in progress

In this paper, a detailed study on the spectra
of the infinite matrices B(r,s), U(r,s) and
T(r,q,s) as operators on the Cesaro sequence
space o, has been given. In fact, the class of the
operators T(r,q,s) includes B(r,s)=
T(0,r,s) and U(r,s) =T(s,r,0). We assert
that the technique presented in Section 4 is
flexible to be adapted to study the spectral
problem of the operators B(r, s) and U(r, s). In
fact, analogous to Corollaries 4.1, 4.2, 4.3 and
4.4, the reader can easily verify the following
proposition.

Proposition 5.1. The following statements are
satisfied:
(1): B(r,s) — Al € (04:0y) is injective.
(2): B(r,s)" — Al € (h:h) is injective if and
onlyif |[A —7r| = |s].
(3): B(r,s) — Al € (04:0p) is surjective if
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andonly if |[A —r| > |s].

(4): B(r,s)* — Al € (h:h) is surjective if and
only if |[A —r| # |s].

(5): U(r,s) — Al € (0y:0p) is injective if
gither [A —r| > |s|orA=r+s.

(6): U(r,s)* — Al € (h:h) is injective.

(7): U(r,s) — Al € (0y:0,) is surjective if
andonly if |[A —r| # [s].

(8): U(r,s)* — Al € (h:h) issurjective if and

onlyif [A —7r| > |s].

Then, by similar calculations like in the
preceding section, we can obtain results that
agree with those in Section 3. This gives a new
technique for determining the spectra of the
operators B(r,s) and U(r, s).

Further study on the spectra of the operator
T(r,q,s) on sequence spaces, like o, and bs,
is required. However, some difficulties caused
some problems in characterizing the residual
and the continuous spectra of T(r, q,s) 0n 04
and bs. The problem is in progress and we hope
to have advances regarding these results in
future publication.
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Abstract

Soil salinization driven by seawater intrusion poses a growing threat to agriculture in the
northeastern Nile Delta, where shallow groundwater tables and intensive irrigation facilitate salt
accumulation at the surface. This study mapped surface salinity and its impact on vegetation along
a 50 km area from New Mansoura City to Mansoura using a Landsat 8 OLI. Unsupervised K-means
clustering identified five land-use/land-cover classes (water, vegetation, barren land, urban, and
sabkha), allowing for the computation of eight spectral indices per class: Normalized Difference
Vegetation Index (NDVI), Soil-Adjusted Vegetation Index (SAVI), Salinity Indices S1-S4,
Normalized Difference Salinity Index (NDSI), and Vegetation Soil Salinity Index (VSSI). Zonal
statistics quantified index distributions, and linear regression of index values against distance from
the shoreline assessed spatial trends. Vegetation indices (NDVI, SAVI) effectively highlighted
canopy stress but showed minimal coastal gradients (B: = —1.8 x 10° m™'; R? = 0), reflecting the
mitigating effect of local irrigation. Brightness-based indices and NDSI captured salt-crust
signatures, with mean S1-S3 values increasing from agricultural fields (13 222-14 972) to sabkha
(19 122-20 080) and positive but low-magnitude coastal slopes (e.g., S1 pi = 0.1255 m™'; R? <
0.003). The hybrid VSSI provided the strongest separation between vegetated and salt-stressed
zones (mean VSSI: —79 163 vs. =125 610). These results demonstrate differential sensitivity of
spectral indices to salinity and vegetation stress, which can be used to monitor soil salinity with
minimum cost and apply further analysis and surveys only when necessary.

Keywords: Soil salinity, Seawater intrusion, Landsat 8, Remote sensing, salinity monitoring

Rising sea levels and reduced river flows are
allowing saltwater to penetrate farther inland,

Introduction increasing soil salt content and harming crops

(Bear, 1999). In Egypt’s Nile Delta — one of the
Soil salinization from seawater intrusion is a world’s most vulnerable deltas — sea levels have
growing threat to coastal agriculture worldwide. been rising, pushing saltwater into soils and
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aquifers and leading to higher soil salinity.
Persistent irrigation practices combined with
seasonal fluctuations in the water table have led
to widespread salt accumulation, compromising
soil structure, reducing agricultural
productivity, and degrading ecosystem health
(Armanuos et al., 2022; Nofal et al., 2015).
Human activity in this region is intensive. The
Dakahlia governorate is a major agricultural
area where farms grow rice, cotton, wheat and
high-value vegetables and fruits, many of which
are irrigated from the Nile’s Damietta Branch
and local aquifers (Alshrabsy et al., 2024,
Mansour & Mark, 2025). New Mansoura is a
planned coastal city developed for housing and
industry. The local economy also includes agro-
industry and export-oriented horticulture. This
heavy water use, combined with low elevation
and rising sea levels, has worsened
waterlogging and salt intrusion. Sea-level rise
and reduced flow in the Damietta branch are
causing brackish water to invade croplands and
aquifers, leading to soil degradation and
deteriorated vegetation. Protecting this fertile
delta requires reliable monitoring of salinity
levels.

Remote sensing techniques offer a cost-
effective and spatially comprehensive approach
for monitoring surface salinity over large areas,
overcoming the limitations of sparse in-situ
measurements  (Nguyen et al.,, 2020).
Researchers have developed numerous spectral
indices that correlate with soil salt content or
with vegetation stress resulting from salinity
(Table 1). Common indices include the
Normalized Difference Vegetation Index
(NDVI) and Soil-Adjusted Vegetation Index
(SAVI), which drops as salt stress reduces plant
greenness; Normalized Difference Salinity
Index (NDSI) and various Salinity Indices (S1-
S4) that are designed to highlight bare soils with
high salt reflectance; and specialized indices
like the Vegetation Soil Salinity Index (VSSI),
which combines visible/infrared bands to detect
salt under partial vegetation cover. Many
studies have shown strong correlations between
these indices and measured soil electrical
conductivity (EC) in field surveys (Dehni &
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Lounis, 2012).

These spectral indices have been successfully
applied in coastal and delta regions worldwide.
In Vietnam’s Mekong Delta (Tra Vinh
Province), (Nguyen et al., 2020) used Landsat 8
to compute NDVI, SAVI, VSSI and other
indices and found that the near-infrared band
and the VSSI had the strongest correlation with
measured soil salinity (R*~0.80 and 0.70,
respectively). Their Landsat-derived salinity
maps (for the topsoil) agreed closely with in-
situ EC measurements, demonstrating that
satellite data can reliably track coastal salinity
intrusion. In Pakistan’s Indus Delta, (Aeman et
al., 2023) linked saltwater-driven changes in
vegetation to electrical conductivity using the
VSSI: areas undergoing erosion and intrusion
showed high VSSI values (0.7-1.2) and
elevated EC, whereas accreting regions had
lower VSSI and more mangrove growth. Other
studies in arid and semi-arid deltas have
reported similar results using multi-temporal
Landsat analyses (using NDSI, BI, SI, NDVI,
SAVI, etc.) and have mapped salinity variations
in Turkish coastal plains (Azabdaftari & Sunar,
2016).

The main objective of this study is to assess the
effectiveness of spectral indices derived from
Landsat-8 in detecting and mapping surface soil
salinity along a 50 km stretch between New
Mansoura and Mansoura. By evaluating how
well these indices reflect actual salinity patterns
in a region undergoing rapid environmental and
anthropogenic changes, we aim to identify
reliable remote sensing indicators for
monitoring salinity intrusion.

We hypothesize that vegetation- and soil-based
spectral indices, particularly VSSI and NDSI,
will show strong spatial correspondence with
observed salinity gradients in this part of the
Nile Delta, due to their sensitivity to both bare
soil reflectance and vegetation stress. The
findings could guide improved land
management, crop planning, and salinity
mitigation efforts to sustain agriculture and the
local economy in the face of environmental
stress.
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Table 1 Spectral indices employed for evaluating vegetation condition and soil salinity in the study area. Each
index is defined by its mathematical expression and associated reference, with formulations designed to enhance
sensitivity to either vegetation vigor or surface salt accumulation

Index Equation Reference
SAVI SAVI = ((1 + L) * NIR — Red)/(Red + NIR + L) (Huete, 1988)
NDVI NpvI = NIR—Red/ . . (Khan et al., 2001)
NDSI NDSI = (NIR — Red) /(NIR + Red) (Khan et al., 2001)
s1 $1 = y/Green? + Red? (Douaoui et al., 2006)
S2 $2 = VRed * Green (Douaoui et al., 2006)
S3 S3 = /Blue * Red (Khan et al., 2001)
S4 S4 = +/Green? + Red? + NIR? (Douaoui et al., 2006)
VSSI VSSI = 2 x Green — 5 * (Red + NIR) (Dehni & Lounis, 2012)
and an inland floodplain (Pennington et al.,
Study area 2017). Near the coast, the soil is predominantly

The study area is situated along a 50 km
southeastward profile in the northeastern Nile
Delta, extending from the northwestern margin
of New Mansoura City to Mansoura (Figure 1).
It is a flat, low-lying coastal plain formed by
Nile sediments and shaped by Mediterranean
marine influences. Geomorphologically, the
area comprises a narrow coastal belt of dunes
and sand flats, backed by a fluvio-marine plain

sandy (fine sand) with low organic matter,
while the soil on the former river delta
platforms is medium- to fine-textured loams
and clays (El Nahry et al.,, 2015). In the
Mansoura area, recent studies have recorded
extreme salinization (soil EC up to ~190 dS/m)
in some fields, attributed to shallow saline
groundwater and seawater intrusion (Youssef et
al., 2024).
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Methodology

This study combined geospatial processing in
QGIS 3.28 with quantitative analysis in Python
to characterize surface salinity and its impact on
vegetation in a coastal zone subject to seawater
intrusion. A Level-2T Landsat 8 OLI image
(September 2022) was selected for salinity
assessment based on local climatic conditions.
As shown in the climate (Figure 2), September
corresponds to a period of minimal precipitation
and moderate temperatures. This combination is
ideal for analyzing salinity using spectral
indices, as it minimizes surface moisture
interference that could obscure the spectral
signature of salt crusts and stressed vegetation.
Indices such as NDSI, Sl, and VSSI are more
effective under drier conditions, where
reflectance from salt-affected soils and stressed
vegetation is clearer and more distinguishable.
Additionally, avoiding months of peak summer
temperatures (e.g., July and August) helps
reduce the confounding effects of thermal stress
on vegetation, which could mimic or mask
salinity symptoms. Therefore, the September
image offers an optimal balance, with low
moisture and moderate temperature conditions
that enhance the reliability of salinity index
detection in coastal environments prone to
seawater intrusion.
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Figure 2 : Monthly Climatology of Average of
Minimum Surface Air Temperature, Average Mean
Surface Air Temperature, Average Maximum
Surface Air, Temperature & Precipitation 1991-
2020; Arab Republic of Egypt

Eight spectral indices (NDVI, SAVI, NDSI,
S1-S4, VSSI) were calculated via the Raster
Calculator tool in QGIS software (Table 1).
Employing the unsupervised K-means LULC
classification, we obtained 5 classes: water,
vegetation, barren, urban, and sabkha classes
(Figure 3). In Python, a Pearson correlation
matrix was calculated with pandas to assess
interrelationships among indices (Abdi, 2007).
Subsequently, ordinary least squares (OLS)
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linear regression models were used to evaluate
how each index varied with coastal distance,
yielding slope, intercept, %2, and p-values for
each LULC class. This integrated workflow
ensured reproducible spatial and statistical
analysis of salinity trends and vegetation stress.

Spectral indices

Landsat 8’s Operational Land Imager (OLI)
provides multispectral data at 30 m resolution
across visible, near-infrared (NIR), and
shortwave-infrared (SWIR) bands, enabling the
computation of spectral indices that exploit
contrasts in soil brightness and vegetation stress
associated with salinization (Cao et al., 2022).
A Level-2 T Landsat 8 OLI image processed for
atmospheric and geometric correction by
Landsat, acquired on 09 September 2022, was
obtained from the USGS Earth Explorer
archive, including bands 2 (Blue) through 7
(SWIR). No additional temporal images or in
situ salinity measurements were available;
instead, index performance was validated
through comparison with established results
from the literature.

313000 4000

31200

Figure 3 LULC map of the study area with class
proportions. Vegetation is dominant, while sabkha
and water cover minimal areas, derived from K-
mean classification of Landsat 9 image

Normalized Difference Vegetation Index
(NDVI).

Although originally developed for crop-health
assessment, NDVI serves as an indirect salinity
indicator in semi-arid and arid environments
(Table 1), since high soil salinity induces plant
stress and canopy thinning, which lowers NIR
reflectance relative to red. Thus, declines in
NDVI can signal zones of elevated surface
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salinity where vegetation is adversely affected
(Figure 4).

Soil-Adjusted Vegetation Index (SAVI).

To correct for soil-background brightness in
sparse vegetation, SAVI modifies NDVI by
introducing a canopy-density factor (L) (Table
1). This adjustment reduces soil-line influence,
particularly important in semi-arid sabkha
fringes, yielding improved detection of
vegetation stress due to salinity. Compared to
NDVI, SAVI offers greater sensitivity to
salinity-induced canopy changes in areas of low
to moderate vegetation cover (Huete, 1988)
(Figure 4).
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Figure 4 (a) Normalized Difference Vegetation
Index (NDVI) map highlighting vegetation density;
lower values indicate stressed or sparse vegetation.
(b) Soil-Adjusted Vegetation Index (SAVI) map
showing no difference in detection in sparsely
vegetated areas through soil brightness correction.
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Normalized Difference Salinity Index (NDSI).

Saline soil often exhibits higher reflectance in
the red region (due to salt crusts and soil
brightness) and lower reflectance in the NIR.
By inverting the NDVI formulation (Table 1),
NDSI directly targets salt-encrusted surfaces,
producing high values in sabkha and salt-
affected zones. Its simplicity and sensitivity to
surface salts make it a widely used index in
deltaic salinity studies (Figure 5).

Brightness-Based Indices (S1, S2, S3, S4).
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Figure 5 Normalized Difference Salinity Index
(NDSI) map identifying salt-affected zones; higher
values correspond to increased salinity presence.

Salt-affected soils typically exhibit high
reflectance across visible bands, producing
elevated S1-S4 values (Table 1). The S1-S4
indices were employed to quantify soil
brightness and surface reflectance
characteristics associated with salinity. S1
captures overall soil brightness by combining
the red and green bands using a Euclidean norm,
assigning higher values to bright or salt-
encrusted soils and lower va' - to darker,
organic-rich surfaces. Althougn 1t may face
limitations in sandy terrain, S1 is particularly
effective in the silty, dark soils typical of the
Nile Delta. S2 quantifies brightness as a
geometric mean of red and green reflectance,
offering a more balanced sensitivity to
vegetated and non-vegetated areas, though it
may be influenced by mixed land covers. S3
emphasizes reflectance in the blue and red
bands, enhancing detection of salt crusts that
strongly reflect in these wavelengths. S4
integrates green, red, and NIR reflectance into a
composite brightness index. However, its
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reliance on the NIR band can reduce its
effectiveness in areas with minimal vegetation,

especially where salinity obscures spectral
vegetation signals (Figure 6).
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Figure 6 (a) S1 index map capturing soil brightness variations linked to salt crust formation, with lighter areas
indicating higher salinity.(b) S2 index map showing enhanced spectral sensitivity to saline soils, useful in detecting
sabkha and salt flats.(c) S3 index map highlighting subtle salt-induced brightness changes in coastal soils, aiding
in delineation of salinized zones. (d) Salinity Index (S4) map reflecting soil salinity levels based on visible and
near-infrared reflectance, with brighter regions suggesting salt accumulation.

Vegetation—Soil Salinity Index (VSSI).

Proposed by (Dehni & Lounis, 2012), the VSSI
integrates  spectral responses from both
vegetation and bare-soil bands to discriminate
between vegetation stress and pure soil
brightness Table (1). High negative VSSI
values correspond to stressed vegetation over
saline soils, whereas less negative values mark
healthy vegetation or non-saline soils. In
practice, VSSI enhances separation of sabkha
from vegetated areas under mixed-cover
conditions, improving mapping accuracy along
ecotonal transitions Figure (7).

All spectral indices—namely NDVI, NDSI, SI,
S1, S2, S3, VSSI, and SAVI—were computed
from a single Landsat 8 Operational Land
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Imager (OLI) scene acquired in September
2022. Each index was calculated according to
its specific spectral formula and saved as a
separate raster layer for subsequent analysis. To
analyze the spatial trends of salinity indicators,
zonal statistics were extracted based on land
use/land cover (LULC) classifications derived
via unsupervised K-means clustering. This step
enabled the computation of mean, minimum,
maximum, and standard deviation values for
each index within each classified LULC zone.
These zonal summaries provided the basis for
understanding how salinity-related reflectance
patterns varied across different surface types
and their spatial relationship to coastal
proximity.

The statistical component of the analysis was
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conducted in Python (version 3.10), leveraging
the libraries pandas, numpy, and rasterio and
linregress linear regression from SciPy library
for data manipulation and linear regression
modeling. For each spectral index, a simple
linear regression model was constructed to
examine the trend of reflectance values as a
function of distance from the coast. This
approach was applied independently to each
LULC class to account for land cover
variability.
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Figure 7 Vegetation—Soil Salinity Index (VSSI) map
integrating vegetation and soil responses to
effectively distinguish salinity-affected ecotones.

The coefficient of determination (%?) was used
for model performance and o determine the
significance of the regression slope (p-value). A
statistically significant negative or positive
slope was interpreted as a potential indicator of
increasing or decreasing salinity gradients,
respectively, which may be linked to seawater
intrusion. The use of linear regression in this
context provides a quantifiable measure of
spatial salinity trends, building upon its
established application in environmental remote
sensing (Montgomery, 2013). By integrating
QGIS-based spatial processing with Python’s
robust statistical framework, the methodology

ensured a reproducible, transparent, and
scalable workflow for coastal salinity
assessment.

Results

This study evaluated the performance of
multiple spectral indices in detecting coastal
salinization and differentiating saline-affected
surfaces, particularly sabkhas, from vegetated
areas. Emphasis was placed on the ability of
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brightness- and salinity-related indices to
capture both absolute salinity and spatial
gradients from the shoreline inland.

Land-Use/Land-Cover Distribution

The unsupervised K-means clustering produced
a clear delineation of five land-use/land-cover
(LULC) classes across the 50 km profile (Table
2). Vegetation dominates the study area,
covering 66.05 % (1,618 km?), followed by
barren land at 23.70 % (575 km?). Water bodies,
urban areas, and sabkha account for the
remaining 4 % (98 km?), 5 % (129 km?), and 1
% (30 km?), respectively. This distribution
reflects the intensive agricultural use of the Nile
Delta’s fluvial plains, interspersed with salt-flat
(sabkha) patches near the coast and expanding
urban development in the study area.

Table 2: LULC class area statistics along the study
area.

Class Pixel Area Percentage
Count (km?) (%)

Water 109 309 98.38 4.00
Vegetation 1798179 1618.36  66.05
Barren 639383 57544  23.70

land

Urban 142 816 128.53 5.32

Sabkha 33794 30.41 1.19

Vegetation-Based Indices: NDVI and SAVI

The Normalized Difference Vegetation Index
(NDVI) and Soil-Adjusted Vegetation Index
(SAVI) both decline markedly in areas affected
by salinity stress, yet their sensitivity differs by
land cover. In the vegetation class, NDV1 values
range from —0.105 to 0.530 (mean = 0.200, SD
= 0.087), whereas barren land exhibits slightly
lower vegetation signals (mean = 0.185, SD =
0.098). Sabkha areas show near-zero NDVI
(mean = 0.067, SD = 0.066), reflecting minimal
healthy vegetation (Table 3). SAVI amplifies
these differences by compensating for low
canopy cover: vegetation areas yield a mean
SAVI of 0.330 (SD = 0.143), barren land 0.306
(SD = 0.161), and sabkha only 0.111 (SD =
0.109).

Linear regression of NDVI against distance
from the shoreline produced a slight negative
slope (B1 =—1.83x10° m™; p < 0.001), though
R2 was effectively zero, indicating that coastal
proximity exerts only a weak influence on
canopy greenness across the transect. SAVI
regression mirrored this trend (f: = —1.83x10°¢
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m'; p<0.001), confirming that soil-adjustment
does not substantially alter the spatial gradient
in vegetation stress under these conditions.
These results suggest that while NDVI and
SAVI effectively distinguish salinity-impacted
vegetation in mixed-cover zones, their spatial
trends are muted by irrigation and crop
management practices that mitigate coastal
salinity effects.

Table 3: NDVI and SAVI statistics by LULC class.

Index Class Mean SD Min Max
Vegetation  0.2000 0.0869 —0.1051 0.5299
NDVI Barren 0.1852 0.0976 -0.1268 0.5541
Sabkha 0.0673 0.0662 -0.1168 0.4331
Vegetation  0.3300 0.1434 -0.1733 0.8743
SAVI Barren 0.3056 0.1610 -0.2092 0.9142
Sabkha 0.1110 0.1093 -0.1928 0.7147

Salinity-Specific Indices: NDSI and Brightness
Metrics

The Normalized Difference Salinity Index
(NDSI) and brightness-based indices (S1, S2,
S3, S4, and SI) exhibited stronger sensitivity to
soil salinity than vegetation-based indices.
Mean NDSI values were consistently negative,
reflecting higher SWIR reflectance relative to
NIR—a pattern indicative of salinity presence.
Among the land cover classes, sabkha areas
recorded the highest (least negative) NDSI
values (mean = —0.067), followed by water (-
0.042) and vegetation (-0.200), consistent with
surface salt accumulation. However, linear
regression of NDSI against distance from the
shoreline produced negligible slopes (B: =~ 0; R2
< 0.01) (Table 4), suggesting limited capability
to capture subtle salinity gradients across mixed
land cover and moisture conditions.
Brightness-based indices displayed clearer
differentiation among land cover classes. The
S1 index showed the strongest contrast, with
mean values increasing from 13,222 in
vegetated areas to 19,122 in sabkha,
accompanied by a moderate standard deviation.
This suggests good class separation with limited
internal variation, making S1 the most effective
indicator of surface salinity under the study area
conditions. S2 and S3 indices exhibited similar
spatial trends, although S2 may be more
sensitive to mixed land covers or transition
zones. All three indices showed positive but
low-magnitude regression slopes (e.g., S1: 1 =
0.1255 m™', p < 0.001; R? < 0.003) (Table 4),
suggesting slightly increased soil brightness
near the coast.

In contrast, the S4 index displayed high
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standard deviation across all classes, indicating
substantial internal variability and potential
class overlap. Its reliance on the near-infrared
(NIR) band may reduce its reliability in highly
reflective  or mixed-cover environments,
consistent with (Douaoui et al., 2006) findings.
These results collectively highlight the
superiority of the S1 index in detecting surface
salinity and differentiating between stressed
sabkha and vegetated lands. While indices like
NDSI and S2 remain informative, their
performance is more susceptible to land cover
complexity and soil moisture variability.

Table 4 NDSI and brightness-based index statistics
by LULC class.

Index Class Mean SD Min Max
NDSI Vegetation —0.2000 0.0869 -0.5299 0.1051
Sabkha -0.0673 0.0662 -0.4331 0.1168
s1 Sabkha 19 122.40 4131.03 11 351.48 34 287.72
Vegetation 13222.02 2549.09 9528.08 30010.39
s2 Sabkha 13488.49 2904.09 8013.29 24 152.97
Vegetation 9334.83 1799.21 6737.05 21188.67
s3 Sabkha 12509.92 2503.71 7666.96 22 256.57
Vegetation 8841.66 1596.32 3103.01 19020.99
sa Sabkha 25 157.34 5633.83 13 596.55 45 909.51
Vegetation 16 929.69 4 266.71 13115.99 37 970.43

Vegetation—Soil Salinity Index (VSSI)

The Vegetation—Soil Salinity Index (VSSI)
exhibits strong class discrimination, with mean
values ranging from —79 163 in vegetation to —
125 610 in sabkha. More negative VSSI
indicates greater vegetation stress over saline
soils (Table 5). Despite this clear separation,
VSSI’s regression slope is effectively zero
across all classes, reflecting uniform salinity
stress within each LULC category rather than a
linear coastal gradient. Nevertheless, VSSI’s
ability to integrate vegetation and soil
reflectance makes it a powerful tool for
mapping  mixed-cover salinity  impacts,
especially in ecotonal zones where pure soil or
vegetation indices may fail.

Table 5: VSSI statistics by LULC class

Class Mean SD Min Max
Water -79163.38  26226.418 -195647  0.5299
Vegetation -115531.06 14321.255 -215576.25 0.5541
Barren land  -116886.53 14902.781 -242398.83 0.4331
Urban -122518.195 18939.1  -228510.69
Sabkha -125609.83 31828.773 -235678.62

Correlation matrix

The correlation matrix of the spectral indices
revealed distinct interrelationships  that
underscore their utility in monitoring soil
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salinity and vegetation status (Figure 8). Strong
positive correlations were observed between
vegetation-based indices, particularly the
Normalized Difference Vegetation Index
(NDVI) and Soil-Adjusted Vegetation Index
(SAVI), which showed a perfect correlation (r
=1.00). This reflects their similar mathematical
structure and consistent response to green
biomass, further confirming that soil brightness
is not a major issue in the study area and that
both indices can be used interchangeably.

Correlation Matrix of Spectral Indices

Figure 8 Correlation matrix showing relationships
between vegetation, brightness, and composite
salinity indices used to assess coastal salinization.
Strong contrasts highlight complementary index
behavior.

Salinity indices (S1, S2, S3) were also strongly
intercorrelated (r = 1.00), demonstrating their
coherence in capturing salt-affected bare soil
across the landscape. S1 in particular exhibited
the best class separation with moderate internal
variation, supporting its utility as the most
effective salinity index under local conditions.
The composite salinity index S4, while
positively correlated with S1 and S2 (r = 0.72),
showed a high internal standard deviation
across land cover classes, indicating substantial
within-class  variability  and reduced
discriminatory power—Iikely due to its
dependency on the NIR band, which introduces
noise in low-vegetation areas.

The Vegetation-Soil Salinity Index (VSSI)
exhibited a strong negative correlation with S4
(r = —0.99), further reinforcing its ability to
distinguish between vegetated zones and salt-
encrusted surfaces. Moderate to strong negative
correlations between VSSI and the brightness-
based indices (S1-S3, r = -0.60) further
highlight its effectiveness in detecting stressed
vegetation under salinity pressure. Overall, the
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matrix emphasizes the complementary nature of
vegetation and salinity indices and identifies S1
and VSSI as particularly effective for
characterizing salinity impacts within the
coastal Nile Delta setting.

Discussion

This study demonstrates that soil salinity from
seawater intrusion  measurably  affects
vegetation health and surface reflectance
patterns across the Mansoura transect. While
vegetation indices (NDVI, SAVI) successfully
indicated areas of plant stress, their spatial
coherence was limited, likely due to the
confounding effects of irrigation and land
management. In contrast, brightness-based
indices (S1-S3) captured more consistent
patterns of increasing soil salinity toward the
coastal sabkha. Among these, S1 emerged as the
most reliable indicator, offering strong mean
separation between sabkha and vegetated zones
and moderate internal variability, making it
particularly effective under the local soil and
moisture conditions. This is due to the
dependence on the red and green bands which
concentrate on soil brightness and identify the
salt patches. Although the area has high
moisture content, which was expected to hinder
measurement using brightness-based indices,
this index performed well due to the dark nature
of the soil which allowed for more visibility and
contrast of salt. S4, however, showed high
standard deviation within each land cover class
and poor class discrimination, in line with its
known sensitivity to NIR noise.

The Vegetation—Soil Salinity Index (VSSI), by
integrating both vegetation and brightness cues,
revealed a strong inverse relationship with
salinity indices, reinforcing its value in
highlighting areas of vegetation loss due to
salinity. While VSSI is not a direct salinity
proxy, its high negative correlation with salinity
indices makes it a powerful complementary tool
in mixed-cover landscapes. Although these
findings were based on a single Landsat image,
they underscore that no single index suffices for
brightness indices, especially S1, map salt
accumulation in bare areas, while VSSI helps
detect vegetative responses to salinity stress.
This model is based solely on remotely sensed
data without field validation due to lack of
funding and equipment at the time of the study.
We used previous work and previously
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validated indices, some of which were used in
the study area to validate our findings.

Conclusion and Recommendations

Soil salinity induced by seawater intrusion in
the northeastern Nile Delta significantly
reduces vegetation vigor and alters surface
reflectance. Among the tested indicators, S1
provided the clearest separation between
sabkha and vegetated zones, demonstrating its
effectiveness in identifying salt-encrusted soils.
The VSSI proved especially useful in mixed-
cover areas, where it helped delineate zones of
vegetation stress in response to underlying
salinity. While NDVI and SAVI remain valid
for vegetation monitoring, they are less reliable
in areas affected by variable irrigation or sparse
crop cover.

We recommend adopting a complementary
index approach: using S1 for soil salinity
detection and VSSI for early warning of salinity
stress in crops. Routine monitoring with these
indices, supported by targeted field surveys and
conductivity data, can inform improved
drainage, adaptive irrigation, and salt-tolerant
crop strategies to sustain productivity in the face
of rising salinization. for future work we
suggest analyzing the salinity mapping in the
area using different satellites imagery (e.g.,
Sentinel-2) to define the most efficient satellite
and indices these results should be compared to
field samples or geophysical studies to increase
model certainty.
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Abstract

A coumarine derivative namelyl,2,9-trimethyl-7H-furo[3,2-flchromen-7-one] (TFC) is subjected
to investigate thermal, structural, and AC conduction properties. The XRD investigation showed
that TFC in powder form is polycrystalline and demonstrates monoclinic crystal system. Thermo-
grave metric analyses proved that TFC has a good thermal stability from room temperature up to
approximately 460 K. furthermore, it undergoes decomposition in one major step in the temperature
range 460 — 583 K. Ac and dc electrical conductivity measurements revealed that TFC showed a
semiconductor behavior. The thermal activation energy for DC conductivity AEqc are found to be
0.0576 and 0.617 eV in the low and high temperature regions, respectively. The analyses of AC
conductivity as a function of temperature and frequency revealed that the correlated barriers hoping
(CBH) conduction mechanism is the dominant mechanism for conduction of charge carriers in TFC.
The related parameters for the CBH are calculated.

Keywords: Coumarine, XRD, thermal properties, AC conductivity, electrical modulus, Correlated
barrier hopping (CBH)

because of their wide range of applications in
Pharmacology (Barot et al. 2015; Kadhum et al.

Introduction

Among organic materials is Coumarin family
which is naturally occurring organic compound.
Coumarin derivatives are utilized in various
fields like medicine, dyes, and fluorescence (P
n.d.; Sontisiri et al. 2025; Sun et al. 2020).
Coumarin was first isolated in 1820 (Sarker and
Nahar 2017). Coumarin and its derivatives have
gained considerable attention for decades
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2011; Xu et al. 2021) and biological activity
(Mohammed and Ahamed 2022).

Researches continue to produce new coumarin
derivatives and providing insights into how
modifications can enhance their functionality
and effectiveness in biological systems (Detsi,
Kontogiorgis, and Hadjipavlou-Litina 2017).
Also, the change of substituent group certainly
will affect thermal properties of coumarins.
This effect appeared obviously in the
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derivatives of 2-[(4-Methyl-2-0x0-2H-
chromen-7-yl)oxy]-N'-(substitutedmethylene)
where the milting point is varied from 252°C to
298°C (Satyanarayana et al. 2009). Many
coumarin derivatives showed
photoluminescence and electroluminescence
properties (Kotchapadist et al. 2015; Pramod,
Renuka, and Nadaf 2019). The presence of
these properties strongly recommend caumarin
derivatives in optoelectronic application such as
OLEDs (Goel et al. 2012; Kumar, Puttaraju, and
Patil 2016). Also, some coumarin derivatives
have been investigated as temperature
thermometer in polymer-supported materials
(Pedro et al. 2023).

Kotchapadist et al. reported that, N-
Coumarin derivatives demonstrated thermal
stability up to a temperature of about 400 °C and
recommended these derivatives for OLED due
to the precast of emission spectra in the visible
region of spectra. The emission properties of
these N-Coumarin derivatives have been tuned
by varying thiophene units in the conjugated
backbone or changing the type of substituent
(Kotchapadist et al. 2015).

To our knowledge, there is no direct
investigation concerning the ac conductivity
properties of natural or synthetic Coumarins. In
this study we aimed to extract infarction about
the thermal stability of new synthesized
coumarine derivative as well as its structural
and electrical properties arriving to the possible
conduction mechanisms, which can help in
propose these compounds under investigation
for the suitable technological applications.

Experimental
Materials

In the present study, one of the coumarine
derivatives which is 1,2,9-trimethyl-7H-
furo[3,2-flchromen-7-one] (TFC) (Elgogary,
Hashem, and Khodeir 2015) is subjected to
investigation without any further treatment. The
chemical structure of TFC shown in Fig.1.

Thermal Analysis

Thermo gravimetric analysis (TGA) and
differential scanning calorimetric (DSC)
measurements are recorded by (Simultaneous
Thermal Analyzers DSC/TGA, TA Instruments
STD Q600) in the temperature range 300 - 650
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K.®
X-ray Diffraction Analysis

The crystal structure of TFC in powder form is
investigated by using X-Ray diffraction (XRD)
technique and recorded by "D2 phaser company
bruker, Germany" X-ray diffractometer having
Cu as a target. The Ni-filtered CuK, radiation of
wavelength (A= 1.5406 A) is used. The X-ray
tube's voltage and current were 30 kV and 10
mA, respectively. The experimental results are
analyses using fullprof software (Dinnebier
n.d.; Linetal. 2008), and optimized by Chekcell
software (Tan and Shaari 2008).

Alternating current (AC) measurements

The AC measurements are carried out by the
programmable automatic RLC bridge model
Hioki 3532-50 LCR Hi Tester, in the frequency
range from 100 Hz to 1 MHz and temperature
range 300 - 443 K. The powder of TFC is
compressed to form pellets under a pressure of
5 tons/cm2. The resulting pellets have a
diameter of 1.2 cm and a thickness of about 1
mm. The samples are placed in a holder
specially designed to minimize stray
capacitance. The temperature of the sample is
monitored during the measurements by using a
NiCr-NiAl thermocouple. All measurements
are done in dark and in air.

Results and Discussion
Thermal

The TGA and DTG curves for TFC, in the
temperature rang 300 — 650 K are presented in
Figs.2 and 3.The carves prove a good thermal
stability from room temperature up to
approximately 460 K. It is noticed that TFC is
undergo decompaosition in one major step in the
temperature range 460 — 583 K with a maxima
transition temperature of 581 K (see Fig.3).

Fig.4 presents the DSC charts of TFC in the
temperature range 300 — 650 K. It is found that,
the first endothermic peaks for TFC is in the
range 473 — 492 K. Taking into account that,
there is no loss of mass occurs up to this
temperatures range, it can be confirmed that all
these endothermic peaks can be attributed to the
melting process at melting temperature (Tm).
The values of T can be extracted from DSC
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curve and found to be about 500K. This result
is confirmed by visual observation by melting
apparatus. The last endothermic peaks in the
DSC curves for TFC is positioned at the same
temperature of this maximum transition
temperature which extracted from DTG (see Fig
3). Taking this observation into account, the
phase transition process at temperature 585
TFC can be attributed to boiling process at
boiling temperature (Tp). As a conclusion, and
TFC is thermally stable up to the 500 K. This
result recommend the suitable temperature
range of studying the dielectric properties and
conductivity to be in the range from room
temperature to temperature below the melting
temperature (Tm). At this point, it is worth to
replace the expiration “decomposition” in TGA
analyses at the temperature range 555-581 K
with the term “loss of mass by evaporation due
to boiling process”.

X-ray diffraction (XRD)

The XRD patterns of TFC in the diffraction
angle range 26 = 4 -70° is illustrated in Fig.5.
The XRD pattern is characterized by many
sharp peaks which confirm the polycrystalline
nature of TFC in the powder form. Crystal
structure system, lattice parameters and Miller
indices (hkl) of the investigated compounds are
obtained by fullprof software (Dinnebier n.d.;
Lin et al. 2008), and optimized by Chekcell
software (Tan and Shaari 2008). It is found that
the TFC has monoclinic crystal system with
optimized space group P12/m  All mentioned
parameters are computed and summarized in
Tables 1 and 2.

The average crystallite size D can be calculated
using the following well known Scherre’s
equation(EIl-Ghamaz, Mogbel, and EI-Shabaan
2020):

D

_ mA
Bhkl COsehk’

€y

where S, Is the full width at half maximum in
radians, /4 is the wavelength of the incident x-
ray (1=1.5406 A) and 6. the diffraction angle of
the peak with miller indices hkl. Also the
dislocation density ¢ and the micro strain p can
be calculated using the following relations
(Correlation between ionic radii of metal
azodye complexes and electrical conductivity
n.d.; EI-Nahass et al. 2008)
5=+

DZ

(2)
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The values of D, ¢ and p is calculated and listed
in Table 3.

Dielectric properties
Electrical Modulus

The dielectric modulus M defined as the inverse
of the complex permittivity & and is a concept
used in the study of dielectric materials
practically in analyzing relaxation processes
and conductivity. The complex dielectric
constant € can be expressed by the following
relation (Conducting Polymers. VII. Effect of
Doping with lodine on the Dielectrical and
Electrical Conduction Properties of Polyaniline
n.d.):

E=¢& —i&

C)

where ¢; is the real part and & is the imaginary
part of the dielectric constant. &1 and &, are
calculated by using the following relations
(Dielectrical ~ properties and  conduction
mechanism of quinoline Schiff base and its
complexes n.d.; EI-Nahass and Ali 2012):

d
& =c~ (5)
&, = g tand (6)

where &, is the permittivity of the free space, C
is the measured capacitance and tand is the
measured dissipation factor of the three
compound in the tablet form. Also, the complex
electric modulus, M given by the following
relation (Jung 2013):

M =M, +iM, @)

where M; and M; are the real and imaginary
parts of the electric modulus respectively, and
can be calculated from the dielectric constant
using the following relations (El-Nahass and
Ali 2012):

€

M, = s%-l-lsg (8)
€

M; = £§+2£% ©)

The obtained values of M1 and M for TFC as a
function of frequency are depicted in Figs. 6 and
V, respectively. In the low frequency region, the
values of M; tends to zero. This behavior
suggests that the compound TFC exhibit
minimal polarization or motion at these
frequencies. This behavior is typical in
materials that may not have yet reached their
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characteristic response times which are needed
to effectively transition through energy
states(Barsoukov and Macdonald 2005). The
more increase of test frequency, the more
increase of M; as seen in Fig. 6. This behavior
could be due to the enhancement of polarization
of the TFC, as higher frequencies enable more
active molecular dynamics and dipole
orientations contributing to the overall
dielectric response(Liu, Cole, and Low 2013).
The spectra of M1 demonstrate a peak around
1000 Hz which is shifted toward higher
frequency with increasing temperature. It is
often attributed to thermal activation of charge
carriers,(Bose and Sarma n.d.). As temperature
rises, molecular motion increases, allowing the
materials to respond to oscillating electric fields
with higher frequency, thus shifting the peak to
higher frequencies (Jonscher 1999).

Fig.7 shows the variation of M, with frequency
for TFC. It is noticed that, a typical relaxation
peak that moves towards higher frequencies by
increasing temperature. The presence of a
typical relaxation peak indicates that the
materials exhibit a relaxation process that is
sensitive to frequency. As temperature
increases, this peak shifts towards higher
frequencies, suggesting that the molecular
dynamics become faster at elevated
temperatures (EI-Ghamaz, Moqgbel, and El-
Shabaan 2020; Yu et al. 2017). The
characteristic relaxation time is calculated by
inverse of frequency of the maximum position,
i.e., ==1/fmax. The variation of  with temperature
of TFC is calculated and depicted in Fig.7. It is
clear that the behavior of relaxation time is
affected by the temperature and shows
decreasing trend in general and has a peak value
at about 348 K (El-Nahass, El-Barry, and Abd
el Rahman 2006; Jung 2013; Yu et al. 2017).

Electrical conductivity

The AC (alternating current) electrical
conductivity is critically important in material
science. It provides insight into the behavior
and properties of material especially under
alternating electric field and give information
about how charge carriers move through a
material. The AC electrical conductivity (oac)
can be calculated wusing the following
relation(Dielectrical properties and conduction
mechanism of quinoline Schiff base and its
complexes n.d.):
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Oge = EQWE; (10)

Where o is the angular frequency (w=2xf. f is
the frequency). The temperature dependence of
conductivity can be discrepant by the following
archaic relation (Effect of Doping with Nickel
lons on the Electrical Properties of
Poly(aniline-co-oanthranilic acid) and Doped
Copolymer as Precursor of NiO Nanoparticles.
In: Foxit. https://www.foxit.com/pdf-to-word/
n.d.).

—AEgc

Ogc = 0o €XP (m) (11)
where g is the pre-exponential factor and AE is
the activation energy for AC conductivity, kg is
Boltzmann’s constant, and T is the absolute
temperature. The relation between o, and
1000/T for different test frequency is presented
in Fig.8. It is noticed that cs,c demonstrate
semiconductor behavior. The thermal activation
AE5. can be obtained from the slope of the
straight line segments in the low and high
temperature regions respectively. Fig.9 (a,b)
presents the relation of frequency dependence
of AEqc(1) and AEac(z) for TFC in the temperature
rang 303 — 385 K and 385 — 440 K, respectively.
The value of AEq can be determined from the
relation between Ln o4 Versus 1000/T for f=0
Hz (see Fig. 8). The values of AEqc) and AEc()
are found to be 0.0576 and 0.617 eV,
respectively. The relatively low values of
AEqc(1), suggests that the conduction process of
charge carries can be described by hoping
mechanism (Effect of Doping with Nickel lons
on the Electrical Properties of Poly(aniline-co-
oanthranilic acid) and Doped Copolymer as
Precursor of NiO Nanoparticles. In: Foxit.
https://www.foxit.com/pdf-to-word/ n.d.).
Furthermore, in the higher temperature range,
the obtained values of AEa) suggest that the
conduction of charge carries can be described
by thermal activation process.

The AC conductivity (oac) can be described as
a function of frequency according to the
following relation (Elliott 1987).
Ogc = Aw®

(12)

where, A is a constant depending on
temperature and S is the frequency exponent
that its behavior with temperature indicates give
information about the most probably
conduction mechanism(Dielectrical properties
and conduction mechanism of quinoline Schiff
base and its complexes n.d.). Fig 10. Presents,
Ln o4 as a function of Ln w in the temperature
range 303 - 443 K for TFC. It is observed that
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oac INCreases with the increase of frequency in
all the frequency range under test. Also, it is
observed that, all carves show two different
slopes in the low and high regions of frequency.
The value of S is directly the slope at the higher
frequency region. The value of S is obtained and
presented as a function of temperature in Fig 11.
The value of S show a continuous decrease with
the increase of temperature. This behavior
confirms that the correlated barrier hoping
(CBH) mechanism to be the operating condition
mechanism. Similar behavior has been recorded
for many organic compounds in which the CBH
conduction mechanism were proposed as the
operating conduction mechanism (N. A. El-
Ghamazl and E. n.d.; Yu et al. 2017). In CBH
model, oac iS given by the following relation
(Bose and Sarma n.d.; Effect of Doping with
Nickel lons on the Electrical Properties of
Poly(aniline-co-oanthranilic acid) and Doped
Copolymer as Precursor of NiO Nanoparticles.
In: Foxit. https://www.foxit.com/pdf-to-word/
n.d.):

— 1 352 6
Oac =5, T N4g ggwR,)

(13)

where N is the density of pairs of sites, and R.,
is the hopping distance which can be deduced
at angular frequency w. R,, is evaluated as
follows (El-Nahass, El-Barry, and Abd el
Rahman 2006; Geometrical structures, thermal,
optical and electrical properties of azo quinoline
derivatives n.d.):

2
R, =
TE1E9[Win+KkTIn(wty)]

(14)

where Wi, is the maximum barrier height (the
energy required moving the electron from a site
to infinity and 1o is the relaxation time with
frequency, the wR® component in the CBH
model represents frequency dependency and
may be represented in terms of the frequency
exponent S as shown below:

_ 1 _ 6kgT
s=1 Wy — kTin(1/wtg)

(15)

Which can be approached to the following
relation:
§=1— 6kgT

Wum

(16)

As a consequence, the CBH expects a
temperature-dependent exponent, S, to reduce
when the temperature rises and escalates to
unity when the temperature declines to zero
kelvin.

The maximum barrier height Wy, is determined
as 2.49 eV. The values of 1 rm, N, For TFC are
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determined in different temperature and listed
in Table 4.

Conclusion

1,2,9-trimethyl-7H-furo[3,2-flchromen-7-one]

(TFC) is one of coumarin derivatives that
showed good thermal stability from room
temperature up to approximately 460 K. It
decomposed in one major step with maximum
decomposition rate at 581 K. The powder of
TFC is polycrystalline and has a monoclinic
crystal structure with lattice parameters 13.446
A, 4566 A, 10.557 A, 90°, 90.62° and 90° for
a, b, ¢, a, B and vy, respectively. The average
crystallite size was estimated to be 506 nm. The
study of the dielectric modulus proved that TFC
exhibits minimum polarization at low
frequency. The polarization is enhanced with
the more increase of applied test frequency
which enables more active molecular dynamics
and dipole orientation contributing to the
overall dielectric response. In general TFC
showed semiconductor behavior in the
temperature range 303- 440 K. the investigation
of conduction mechanism confirmed that the
correlated barrier hoping (CBH) mechanism is
the operating conduction mechanism for AC
conductivity.

Obijectives

Computational methods can be employed to
provide valuable molecular information for
these coumarin derivatives. Therefore, the
principal objective of this work was to
investigate the structure, electronic and optical
properties of these same derivatives (Lin et al.
2008) in order to establish the relationship
between the chemical substitutions and
computed molecular properties to aid in the
design  of  materials  with  potential
optoelectronic applications.
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Tablel.The indexed Miller indies (h k ) and in
inter-planer spacing (d na) for TFC.

Selected reflections

Peak No. h k| d h 2000s 20ca A20)
1 101 82590 10.6470 10.7024 -0.0554
2 200 6.7083 13.1591 13.1592 -0.0001
3 2 01 50689 15.5783 15.5378 0.0405
4 201 56370 15.7396 15.6919 0.0477
5 002 52820 16.7894 16.7835 0.0059
6 011 41837 21.2021 21.1833 0.0188
7 3 01 41034 21.6428 21.6079 0.0349
8 112 33360 26.7225 26.6766 0.0459
9 104 2593 34.5080 34.5359 -0.0279

Table 2. The lattice parameters (a, b, ¢, a, p and y)
and crystal system for TFC.

parameters TFC

Crystal system Monclinc

a(A) 13.4460

b (A) 45660

c(A) 10.5570

o (deg) 90.000

B (deg) 90.62

Y (deg) 90.000

Space group P12/m

D (nm) 506.21

8 (m)2x10%? 3.9

u x10-3 0.68
Table 3. The value of D, ¢ and p for TFC.

parameters TFC

D(nm) 506.21

8(m)*x10%2 3.9

p x103 0.68

Table 4. The Wy, is the maximum barrier height, the
T, is characteristic relaxation time, N expects a

temperature-dependent exponent, rm represents
frequency, for TFC.

Compound TFC Wn(eV) =2.49 eV
TK FHZ ©*10° rmx101m Nx10%ev/m?
303 280 3.5714 1.5675 6.3237
323 452 22123  1.6648 5.1750
343 331 3.0211  1.5907 6.0459
363 383 2.6109 1.5568 6.5111
383 590 16949 1.5139 6.9906
403 732 13661 1.4804 7.1834
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