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ARTICLE INFO ABSTRACT
Article History: Marine bivalve molluscs represent a key functional group in marine
Received: June 30, 2025  ecosystems. In the present study, the shell morphology of Mactra stultorum
Accepted: Aug. 18,2025 (length, width, and height) was examined alongside the synthesis,
Online: Aug. 27, 2025 characterization, and biological evaluation of its chitosan (CS) and CS-CuQO
nanocomposite. Both chitosan and CuO nanoparticles are known for their
diverse biological effects. The CS-CuO nanocomposite was synthesized

Keywords: using a co-precipitation method and was characterized by infrared

Mactra stultorum, . . L
. spectroscopy (IR), X-ray powder diffraction (XRD), and transmission

Chitosan, . X .

Biometric electron microscopy (TEM). IR spectra confirmed the loading of CS onto

Anticance’r CuO, XRD analysis demonstrated the formation of monoclinic CuO

nanoparticles, and TEM images revealed CuO quantum dots with an average
size of ~5 nm. Biological assays showed that CS, CuO, and CS-CuO
nanoparticles exhibited strong antiproliferative activities against several
cancer cell lines. CS—CuO displayed the highest activity against HepG2 cells
(ICso = 19.81 pg/mL), while CS showed superior activity against HCT-116
and MCF-7 cells (ICso = 14.71 and 21.27 pg/mL, respectively), as determined
by MTT assay. Both CS and CS-CuQO nanoparticles demonstrated marked
antimicrobial activity (24-77%) against six different microorganisms. In
addition, all tested compounds exhibited potent antioxidant effects in a dose-
dependent manner, effectively scavenging DPPH and nitric oxide radicals and
reducing ferric ions. Furthermore, CS and CS—CuO nanoparticles inhibited
cyclooxygenase-2 (COX-2) activity, with inhibition rates of 61.27% and
52.31%, respectively, at 1.0mg/ mL. Overall, the findings highlight the
potential bioactivity of chitosan and its nanocomposites derived from Mactra
stultorum, suggesting promising applications in pharmaceutical and
biomedical fields, while also reflecting potential non-ideal environmental
conditions for this edible bivalve.

Antioxidants,
Anti-inflammatory

INTRODUCTION

Bivalves are filter feeders that are widely distributed worldwide in different
aquatic ecosystems with about 15,000 species (Mesquita et al., 2023). Their high
filtration ability gives a key ecological role in light penetration, water quality
improvement, bioremediation processes as well as nutrient and carbon cycles (Ferreira
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et al., 2014; Mesquita et al., 2023). In addition to their significant ecological benefits,
marine bivalves are considered as a healthy food since they are enriched with omega-3
fatty acids, minerals, proteins as well as essential vitamins that significantly impact
human well-being (Wijsman et al., 2019). Moreover, these edible organisms are valuable
sources of potent bioactive molecules that possess anticancer, antioxidant in addition to
antibacterial activity (Hasan et al., 2016; Odeleye et al., 2016; Chai et al., 2017;
Chernikov et al., 2017). Mactra stultorum (Linnaeus 1758) is an abundant benthic
bivalve species that is related to family Mactridae (Derbali et al., 2021). This edible clam
is one of the most commercial species along the Mediterranean coast in Port Said, Egypt.

Chitin is the most abundant aminopolysaccharide polymer in nature and serves as
a major structural component of the exoskeletons of many invertebrates, particularly the
shells of bivalves (Elieh-Ali-Komi & Hamblin, 2016). It provides support and strength
to withstand the harsh conditions in their environment in addition to its immune
responses against different types of pathogens and microbes (Lee et al., 2011; Hahn et
al., 2020). Chitosan is a naturally occurring biopolymer obtained through the
deacetylation of chitin, comprising repeating units of glucosamine and N-
acetylglucosamine (Perelshtein et al., 2013; Souza et al., 2020). Chitosan has gained
considerable interest in the biomedical and pharmaceutical sectors because of its wide
availability, low production cost, non-toxic nature, biodegradability, and high
biocompatibility (Barreto et al., 2017; Adhikari & Yadav, 2018). Moreover, chitosan
exhibits powerful antimicrobial activities that can suppress the growth of a panel of
bacteria by the electrostatic interaction between its positively charged moieties and the
negatively charged groups present on the surface of on microbial membranes (Adhikari
& Yadav, 2018; Ahmed et al., 2021).

Nanotechnology is a rapidly developing area of scientific research concerned with
the synthesis and development of small particles called nanoparticles that possess
significantly unique chemical, physical and biological properties because of their small
size (10- 100nm) (Gouda & Hebeish, 2010; Syame et al., 2017). Recently, using of
nanotechnology and polymers together has gained a great attention in different fields
especially therapeutic innovation and pharmaceutical industry (Agarwal et al., 2018).
Over recent years, metal oxide nanoparticles are considered as an interesting solution to
enhance the biological activities of the biopolymers due to their unique nanoscale surface
properties, excellent synergistic effects and potential applied aspects (AbdElhady, 2012;
Covarrubias et al., 2018). Copper oxide is among the most metal oxide nanoparticles
with specific chemical and physical properties that have attracted much attention to be
used in water treatment and food packages since they are effective antibacterial agents
(Lastovina et al., 2016; Syame et al., 2017; Covarrubias et al., 2018).

Currently, chitosan nanoparticles are extensively utilized in various biomedical
fields, including drug delivery, wound healing, tissue engineering, and stem cell
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technology, owing to their antimicrobial, anticancer, anti-inflammatory, and anti-obesity
properties (Azuma et al., 2014; Adhikari & Yadav, 2018; Ahmed et al., 2021).

The aim of this work was to invesigate some biological information of the edible
clam M. stultorum collected from Port Said, as well as synthesizing and characterizing
chitosan-copper oxide nanoparticles. The present study was also conducted to evaluate
and compare the biological activities (anticancer, antimicrobial, antioxidant, and anti-
inflammatory) of chitosan (CS), copper oxide (CuO), and chitosan-copper oxide
nanoparticles (CS-CuO NPs).

MATERIALS AND METHODS

Samples collection and measurements
A total of 250 Mactra stultorum individuals were sampled from the
Mediterranean coast in Port Said, Egypt. Measurements of shell length (SL), width
(SWi), and height (SH) were taken with a Vernier caliper to an accuracy of 0.01mm.
Shell weight (SWt) and total body weight (TWt) were determined using a digital balance.
Biometric relationships
The biometric relationships were performed according to Teissier (1948) as the
following:
1. Shell length-shell height/width relationship
The biometric relationships between SL and either of SH and SWi were
calculated separately by testing each pair of variables using the following equations:
SH=a+bSL
SWi=a+bSL
Where, SH is shell height in mm, SL is shell length in mm, SWi is shell width in
mm, “a” is a constant (the intercept of the regression line) and “b” is the regression
coefficient (slope).
2. Shell length-shell weight relationship
The following equation was used to calculate this relationship:
SWt=aSL"
Where, SWt is shell weight in grams, SL is shell length in mm, “a” is a constant
or intercept and “b” is the slope.
3. Shell length-total body weight relationship
This relationship was estimated by the following equation:
TWt=aSLP
Where, TWt is total body weight in grams, SL is shell length in mm, “a” is a
constant or intercept and “b” is the slope.
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Chitosan extraction

The extraction of chitosan from M. stultorum shells involved three main
processes: demineralization, deproteination and deacetylation (Thomas et al., 2015).
Briefly, the shells were incubated in 2M hydrochloric acid at the ratio of 10:1
(weight/volume “w/v”’) at room temperature for 24h in order to be demineralized. After
that, shells were thoroughly washed and were then treated with a 2% NaOH solution until
a neutral pH was attained. Deproteination process was carried out by the immersion of
the demineralized shells in 10% NaOH solution with solvent to solid ratio of 1:15 (w/v)
at 70°C for 2h. After cooling at room temperature, the deproteinized product was
deacetylized with 50% NaOH solution with 10:1 ratio (w/v) in a water bath shaker, then
filtered and washed using distilled water until pH 7. The solid matter (chitosan) was
finally dried at 80°C in an electric oven for 3h, and then crushed by using a blender to
obtain chitosan powder.

Synthesis of chitosan-copper oxide nanoparticles (CS-CuO NPs)

NaOH (3.2g) was added to copper acetate (7.9 g) dissolved in 100mL distilled
water, followed by stirring the mixture for 12h at room temperature, before adding
chitosan (2g dissolved in acetic acid). The previous mixture was subjected to further
stirring for another 24h. The resulting precipitate was filtered off and dried at 60°C.
Characterization of chitosan-copper oxide nanoparticles

1. Fourier transform infrared (FTIR) spectroscopy

Both chitosan (CS) and chitosan loaded onto CuO nanoparticles (CS-CuO NPs)
were analyzed using FTIR spectroscopy in order to investigate the formation of
nanoparticles. In addition, this analysis was performed mainly to identify the specific
biomolecules responsible for stabilizing and capping CuONPs. This test depends mainly
on KBr pellet technique that includes mixing KBr salt with samples and then followed by
the analysis using Perkin Elmer Spectrum BX FT-IR system in the range of 400-4000
cm (Lingaraju et al., 2019).

2. X-ray diffraction (XRD)

The XRD analysis was performed to ensure the presence of copper atoms in the
formed nanoparticles. This experiment was performed using monochromatized CuKa
radiation (1.541 A°) by X-ray diffractometer system (XPERT-PRO) operating at 40 kV
and 40 mA. The scanning was continuous and time per step was 0.6 S.

3. Transmission electron microscopy (TEM)

The morphological properties of nanoparticles such as surface texture, size,
dispersed state as well as shape were evaluated using high-resolution transmission
electron microscopy (HRTEM, Philips CM-20) operating at 200 kVV with magnification
power of 469.13 KX at scales of 10 and 100 nm.

Anticancer activities

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was used to

evaluate the in vitro anticancer activities of CS, CuO, and CS-CuO nanoparticles, as
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described by Mosmann (1983). Three human cancer cell lines— liver (HepG2), colon
(HCT-116) and breast (MCF-7)—along with normal human lung fibroblasts (WI-38),
were obtained from the Holding Company for Biological Products and Vaccines
(VACSERA), Cairo, Egypt. Cells were maintained in RPMI-1640 culture medium
enriched with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin. Cultures
were incubated at 37°C under a humidified environment with 5% COx to support optimal
growth conditions After that, cells were seeded on 96 plates (1x10* cells/well) for 25h,
and then each compound was added to the cells with serial concentrations (1.56-100ug/
mL). After 48h of treatment, MTT dye dissolved in a fresh medium (10 pL/well) was
added to cells and was incubated at 37°C for 4h to permit the formation of formazan
crystals in viable cells only. The dissolution of these crystals was achieved by dimethyl
sulfoxide (DMSO, 100uL/ well). Finally, the absorbance was measured at a wavelength
of 570nm using a Bio-Tek microplate reader (EXL 800, USA). Doxorubicin was
employed as the positive control, while untreated cells served as the negative control. The
percentage of cell viability was determined using the following equation:
Cell viability (%) = 100 x (As7o of treated cells/ As7o of untreated cells).

The half-maximal inhibitory concentration (ICs) for each treatment was
determined by analyzing dose—response curves, plotting dose concentration on the X-axis
against the percentage of cell inhibition on the Y-axis, using GraphPad Prism version
8.0.1 (244).

Antimicrobial activities

The in vitro antimicrobial activity of the tested compounds was assessed against
two Gram-negative bacteria (Escherichia coli and Pseudomonas aeuroginosa), two
Gram-positive (Staphylococcus aureus and Bacillus subtilis) in addition to two fungal
species (Candida albicans and Aspergillus flavus) using disc diffusion method (Bauer et
al., 1966; Mercan et al., 2006). Briefly, sterilized paper discs with standard size (5cm)
were soaked in 1.0mg/ mL of each treatment and were seeded aseptically in sterilized
petri dishes that contain nutrient agar media (20g agar, 3g beef extract as well as 5g
peptone) with each microbe species. Then, the plates were incubated under favorable
conditions of each tested microorganisms. Ampicillin was used as a standard antibiotic
and Colitrimazole was considered as a standard antifungal agent. While, DMSO
represents a negative control. Following incubation, the diameter of each inhibition zone
(in millimeters) was measured to represent the antimicrobial efficacy and the activity
index (%) for each compound was estimated using the following formula:

Activity index (%) = (Inhibition zone’s diameter of each tested compound /
inhibition zone’s diameter of positive control) x100.

Antioxidant activities
1. DPPH radical scavenging assay

The in vitro antioxidant activity of each compound was evaluated using the 1,1-

diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay, following the protocol
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described by Brand-Williams et al. (1995) with slight modifications. In summary, a 0.1
mM DPPH solution prepared in 95% methanol was mixed with several concentrations
(0.01- 0.1mg/ mL) of each tested compound and incubated at room temperature for 30
minutes. Ascorbic acid (vitamin C) was used as the positive control. Absorbance was
measured at 517nm using a UV-VIS spectrophotometer (Milton Roy), and the percentage
of scavenging activity was estimated using the following formula:

DPPH radical scavenging activity (%) = [(blank absorbance — samples or standard
absorbance) / blank absorbance] x 100.

The 1Cso values (the concentration of each treatment inhibits 50% of DPPH free
radicals) were calculated using the log dose inhibition curve using GraphPad Prism 8.0.1
(244).

2. Ferric reducing antioxidant power (FRAP)

The potential antioxidant capacity of the tested samples was evaluated using the
FRAP assay, as described by Oyaizu (1986). This method is based on the ability of each
sample to reduce ferric ions (Fe*") to ferrous ions (Fe*"). Briefly, 1.0mL of methanolic
solution containing varying concentrations of the samples (0.016 to 1mg/ mL) was mixed
with 2.5mL of sodium phosphate buffer (0.2M, pH 6.6) and 2.5mL of potassium
ferricyanide [KsFe(CN)s]. The mixture was incubated for 20 minutes at 50°C, after that
the pH was reduced to 3.6 by adding 2.5mL of trichloroacetic acid. The resulting solution
was centrifuged at 1000 xg for 10 minutes. Subsequently, equal volumes (2.5mL) of the
supernatant and deionized water were combined with 0.5mL of freshly prepared ferric
chloride. Vitamin C (Ascorbic acid) was utilized as the reference standard. Absorbance
was measured at 593nm using a UV-VIS spectrophotometer (Milton Roy). The ferric
reducing capacity (%) was calculated using the formula:

Ferric reducing capacity (%) = [(Absorbance of control - Absorbance of samples
or standard) / Absorbance of control] x 100.

The 1Cso values were determined from the dose response curve using GraphPad
Prism 8.0.1 (244).

3. Nitric oxide (NO) radical scavenging assay

Scavenging activities of CS, CuO and CS-CuO NPs for NO radicals were
evaluated using sodium nitroprusside (SNP) as described by Marcocci et al. (1994). The
reaction mixture (3 mL) containing 10 mM SNP, serial concentrations of all tested
samples or standard and Phosphate-buffered saline (PBS, pH 7.4) was incubated for 150
minutes at 25 °C. Following incubation, 1.0 mL of Griess reagent—comprising 1% (w/v)
sulphanilamide dissolved in 5% (v/v) phosphoric acid and 0.1% naphthyl
ethylenediamine dihydrochloride—was added to 0.5mL of the reaction mixture and
further incubated for 30 minutes at 25°C. Nitrite levels were quantified by measuring
absorbance at 546nm against an appropriate blank (excluding sodium nitroprusside, SNP)
and a reference standard (vitamin C). All experiments were carried out in triplicate for
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each tested sample. The inhibition percentage was determined using the following
equation:

Inhibition (%) = [(Absorbance of blank — Absorbance of samples or standard) /
Absorbance of blank] x 100.

The ICso values of all tested samples were calculated from the concentration
inhibition response curve using GraphPad Prism 8.0.1 (244).

4. Anti-inflammatory activities (cyclooxygenase “COX”-2 inhibition assay)

The ability of CS, CuO, and CS-CuO NPs to inhibit COX-2 activity is used as an
indication of their potential anti-inflammatory effect (Larsen et al., 1996). In the
presence of hematin, different concentrations of each tested sample or standard (0.016-1
mg/mL) were pre-incubated with COX-2 enzyme for 5 minutes at room temperature. The
enzyme mixture was then mixed with 50uM arachidonic acid, 500 uM Phenol, 20 uM 1-
leuco-dichlorofluorescein, and 1.0 mL Tris-buffer (0.1 M, pH 8). Nordihydroguairetic
acid (NDGA) was considered as a standard and the reaction mixture without enzyme
represented the blank. The absorbance was measured using a Milton Roy
spectrophotometer within 15 seconds at 502nm. The ICso value (mg/mL), which is the
concentration of each tested sample or standard that inhibited 50% of cyclooxygenase,
was estimated from the concentration inhibition curve.

Statistical analysis

All experiments were designed in triplicates (n = 3). The data were represented as mean +
standard deviation (SD). Statistical analysis was carried out using One-way ANOVA
followed by the Tukey's test (SPSS version 22). When the P-value was less than 0.05, a
statistically significant difference was reported.

RESULTS

Biometric relationships

The biometric relationship between shell lengths with width, height and both shell and
total weights of Mactra stultorum are shown in Table (1). The relationships between SL
and either of SH and SWi showed negative allometric growth patterns, where b values
were less than 1 (0.6758 and 0.361, respectively). Similarly, a negative allometric growth
was observed between SL and SWt as b value was less than 3 (2.6967). However, the
relationship between SL and TWt showed a positive allometry growth, as b value was
larger than 3 (3.0112). Regression equations and correlation coefficients of Mactra
stultorum are shown in Table (1).



3164
Zakzok et al., 2025

Table 1. Regression equations, correlation coefficient (R?), b value and mode of growth
of Mactra stultorum. SL: shell length, SH: shell height, SWi: shell width, SWt: shell
weight and TWt: total weight

Relationship Regression equation R? b values ;I::Z:/rtnhs
SL-SH SH=0.6758 SL + 1.4323 0.8016 0.6758 -ve
SL-SWi SWi =0.361 SL + 2.4506 0.2683 0.361 -ve
SL-SWt SWit= 0.0002 SL>%%’ 0.7916 2.6967 -ve
SL-TWt TWt=0.0001 SL 312 0.8098 3.0112 +ve

Characterization of chitosan-copper oxide nanoparticles
1. Fourier transform infrared (FTIR) spectroscopy

Infrared spectra of both free chitosan (CS) and the chitosan loaded onto CuO (CS-
CuO) nanoparticles (Fig. 1) were carried out to support the loading of CS on the surface
of the nanoparticles through comparing the characteristic groups of chitosan in the two
samples.

The spectrum of the free chitosan in KBr disc shows a broad band centered at
3450 cm™ due to the stretching vibrations of the hydroxyl groups' v (OH). It also exhibits
broad bands with shoulders in the region 3300- 3222cm™. The spectrum of CS-CuO (Fig.
1) exhibits the stretching vibrations bands of the hydroxyl and amino groups in their
positions as the free (CS) with slight shifts. This band was shifted to 1576 cm™ and
became much sharper in the spectrum of CS-CuO composite as it may be coordinated the
metal oxide nanoparticles. Bands were shifted to 1185 and 1017cm?, respectively, in the
spectrum of (CS-CuO) suggesting the binding of (CS) to (CuO).
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Fig. 1. IR spectrum of CS-CuQ nanoparticles

2. X-ray diffraction (XRD)

To confirm the formation of CuO nanoparticles and their incorporation with
chitosan, the XRD pattern of the CS—-CuO nanocomposite was recorded (Fig. 2). The
diffraction pattern exhibited characteristic peaks of CuO at 20 values of 29.2°, 32.4°,
35.4°, 38.3°, 46.8°, 48.4°, and 52.7°, corresponding to the (110), (11), (002), (111), (102),
(112), and (202) planes, respectively. These peaks are consistent with the standard
diffraction data for monoclinic CuO crystals (JCPDS card no. 45-0937), confirming the
crystalline phase. The lattice parameters of the monoclinic CuO crystal were calculated as
a=4.685A,b=3425A andc=5.130A.

The average crystallite size was estimated using the Scherrer equation (Klug &
Alexander, 1974), based on the diffraction peak at 20 = 38.3°, and was found to be
approximately 12nm.
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Fig. 2. XRD of CS-CuO nanoparticles

3. Transmission electron microscopy (TEM)

TEM image (Fig. 3) indicates that, chitosan aided the formation of quantum dots with
sizes in the range 4- 10nm by coating and stabilizing the formed nanoparticles. It is clear that,
the quantum dotes are collected in colonies with irregular spherical shapes. It is clear also, that
the distribution of chitosan onto CuO is not homogenous and it forms sticks shapes like.
Anticancer activities

After treatment of the three human cancer cell lines (HCT-116, HepG2 and MCF-

7) with CS, CuO and CS-CuO NPs for 48h, the growth inhibition of the cells was resulted
in a dose-dependent pattern (Fig. 4). Overall, CS possessed significant higher cytotoxicity
effect than other two compounds against HCT-116 and MCF-7 cells (P<0.001) with ICso
values arel4.71+1.2 and 21.27+2.42 pg/mL, respectively, compared to these of CuO
(75.33+1.84 and 87.4+2.11 pg/mL) and CS-CuO NPs (43.61+2.15 and 34.25+1.46
png/mL) (Table 2). While, CS-CuO NPs exhibited significant higher anticancer activity
against HepG2 cells (ICso: 19.81+2.15 pg/mL) than that of CS and CuO (ICso:
39.27+2.58 and 66.57+2.11 pg/mL, respectively) (P<0.001). However, less cytotoxic
effects against normal lung cells (WI-38) were detected following the treatments with
either tested compounds with 1Cso values of 97.76+2.14, 95.72+1.01 and 87.44+2.14
pug/mL for CS, CuO and CS-CuO NPs, respectively. The assessment of the Selectivity
Index (SI1) value displays that CS was the most selective compound toward the cancer
cells with a Sl range 2.48-6.62, compared to the normal WI-38 cells. While, CuO and
CS-CuO NPs have less Sl ranges between 1.09-1.26 and 2-4.41, respectively (Table 2).
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Fig. 3. TEM image of CS-CuO nanoparticles

Table 2. ICso values and selectivity index (SI) of CS, CuO and CS-CuO NPs against
HCT-116, HepG2, MCF-7 and WI-38 cells

1Cs0 pgimL Corresponding Sl

WI-38/
WI-38/ WI-38/
HCT-116 HepG2 MCF-7 WI-38 HCT- MCE-7 MCE-7

116
CS 14.71+1.2 39.27+2.58 21.27+2.42 97.76+£2.14 6.62 2.48 4.59
CuO 75.33+1.84 66.57+2.11 87.4+2.11 95.72+1.01 1.27 1.43 1.09
CSs-
CuO 43.61+2.15 19.81+2.15 34.25+1.46 87.44+2.14 2 4.41 2.55
NPs

ICspdata of CS, CuO and CS-CuO NPs are represented as means + SD.
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Fig. 4. The cytotoxicity of chitosan (CS), copper oxide (CuO), and chitosan—copper oxide
nanoparticles (CS-CuO NPs), evaluated against various human cell lines, including
normal lung fibroblasts (WI-38) and cancer cell lines (HCT-116, HepG2, and MCF-7).
Cells were exposed to serial concentrations (1.56—-100 ug/mL) of each compound for 48
hours. Doxorubicin was used as a positive control. Data are represented as the mean +
standard deviation (SD)

Antimicrobial activities

Both CS and CS-CuO NPs exhibited remarkable antimicrobial effects against six
different microorganisms (two Gram-negative and two Gram-positive bacteria in addition
to two fungal species). Regarding the antibacterial activity, CS showed a significantly
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higher activity than that of CuO and CS-CuO NPs (P<0.05) (Fig. 5). CS inhibited more
than 60% and 69% of the bacterial growth of P. aeuroginosa and B. subtilis, respectively
(Table 3). The highest antibacterial activity of CS and CS-CuO NPs was observed against
B. subtilis with inhibition zones of 16 and 12mm, respectively, while the minimum
activity was recorded against E. coli with 10 and 6mm inhibition zones, respectively.
Additionally, CS exhibited antibacterial effect as twice as CS-CuO NPs against S. aureus.
On the other hand, CS-CuO NPs possessed the highest antifungal activity than other
tested compounds (P<0.05) with significant largest inhibition zones (21 and 17mm)
against C. albicans and A. flavus, respectively (Fig. 6). The growth of more than 68% of
these fungal species was inhibited by using CS-CuO NPs (Table 3). Moreover, CS-CuO
NPs showed relatively similar antifungal effect against C. albicans as that of
Colitrimazole with 21 and 27mm inhibition zones in turn. However, CS exhibited
moderate antifungal properties with same inhibition zone (13mm) against both tested
fungi. Overall, CuO possessed the least antibacterial and antifungal activities among the
tested compounds with no effect on E. coli (Table 3).

Table 3. Antimicrobial activity index percentage of CS, CuO, and CS-CuO NPs against
four bacterial and two fungal species

Antibacterial activity index (%0) Antibacterial activity index (%)
S.aureus  B.subtilis E.coli P.aeuroginosa | C. albicans A. flavus
CS 50% 69.6% 40% 60.9% 48.1% 52%
CuO 8.3% 21.7% NA 13% 22.2% 12%
CS-CuO NPs 29.2% 52.2% 24% 43.5% 77.8% 68%
Ampicillin 100% 100% 100% 100% NA NA
Colitrimazole NA NA NA NA 100% 100%

NA: not applicable
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Fig. 5. Antibacterial activities of chitosan (CS), copper oxide (CuO) and chitosan-copper
oxide nanoparticles (CS-CuO NPs) against 2 Gram-negative bacteria (E. coli and P.
aeuroginosa) as well as 2 Gram-positive (S. aureus and B. subtilis). Ampicillin represents
a positive control. Results are expressed as mean + SD
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Fig. 6. Antifungal activities of chitosan (CS), copper oxide (CuO) and chitosan-copper
oxide nanoparticles (CS-CuO NPs) against 2 fungal species (C. Albicans and A. flavus).
Colitrimazole represents a positive control. Results are expressed as mean + SD.
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Antioxidant activities
1. DPPH radical scavenging assay

All tested compounds exhibited a potent antioxidant activity property in a dose
dependent manner (Fig. 7). Overall, CS possessed the highest scavenging with a
significant minimum ICso value of 0.02+ 0.001 mg/mL compared to that of CuO and CS-
CuO NPs (0.09+ 0.007 and 0.07+ 0.004 mg/mL, respectively) (P< 0.001). Markedly, CS
showed similar DPPH radical scavenging activity as vitamin C (standard antioxidant)
with 1Cso value = 0.023+ 0.001 mg/mL, as compared to that of vitamin ¢ (ICso = 0.02+
0.001 mg/mL, P>0.05) (Table 4).
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Fig. 7. Antioxidant activities of chitosan (CS), copper oxide (CuQ) and chitosan-copper
oxide nanoparticles (CS-CuO NPs) using DPPH radical scavenging assay. Vitamin C
represents a positive control. Results are expressed as mean + SD.

2. Ferric reducing antioxidant power (FRAP)

The reducing activity of the CS, CuO and CS-CuO NPs compounds for the ferric
ion were assessed using FRAP assay. All tested compounds displayed concentration-
dependent reducing power of ferric ions (Fig. 8). The assay revealed that the CS-CuO
NPs displays the highest reducing capacity (82.94 % * 1.42) at a concentration of 1
mg/mL compared with less reducing activity for CS (78.12% £0.84) and CuO (70.46% +
1.28) at the same concentration. The ICso of the CS-CuO NPs in FRAP assays was
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identified as = 0.17 + 0.005 mg/mL, While, CuO and CS have higher ICso values are
0.31£ 0.01 and 0.2+ 0.005 mg/mL, respectively (Table 4).
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Fig. 8. Antioxidant activities of chitosan (CS), copper oxide (CuO) and chitosan-copper
oxide nanoparticles (CS-CuO NPs) using FRAP assay. Vitamin C represents a positive
control. Results are expressed as mean + SD.

3. NO radical scavenging assay

The NO radical scavenging assay has been also employed to assess the
antioxidant potency of CS, CuO and CS-CuO NPs compounds. As shown in Fig. (9), the
scavenging activity for NO radicals all tested compounds were concentration dependent
with highest scavenging activity of 76.81% + 1.35 for at CS-CuO NPs a concentration of
1.0 mg/mL. Less scavenging effects were observed for CS and CuO at the same
mentioned concentration with 70.36% + 1.28 and 63.59 % + 1.38, respectively. Further,
the CS-CuO NPs displayed an 1Csp of 0.21+ 0.005 mg/mL, 50 and 100 % higher active
than that of CuO and CS with 1Cso 0.32+ 0.001and 0.45+ 0.011 mg/mL, respectively
(Table 4).
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Fig. 9. Antioxidant activities of chitosan (CS), copper oxide (CuO) and chitosan-copper
oxide nanoparticles (CS-CuO NPs) using NO scavenging assay. Vitamin C represents

positive control. Results are represented as mean + SD

Table 4. 1Csp values of CS, CuO, CS-CuO NPs and vitamin C against DPPH, FRAP, and

NO free radicals

CS

CuO

CS-CuO NPs

Vitamin C

1Cso (Mmg/mL)

DPPH FRAP NO
0.02+0.001 0.31+0.01 0.45+0.011
0.09+0.007 0.21+0.005 0.32+0.001
0.07+0.004 0.17+0.005 0.21+0.005
0.02+0.001 0.02+ 0.001 0.02+0.001

ICso values are represented as means + SD.
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Anti-inflammatory activities (COX-2 inhibition assay)

To further evaluate the bioactivity of the most potent antioxidant compounds, CS
and CS—CuO nanoparticles, their anti-inflammatory potential was assessed using a
cyclooxygenase-2 (COX-2) enzyme inhibition assay. As shown in Fig. (10), both
compounds demonstrated significant inhibitory effects on COX-2 activity in a dose-
dependent manner. At a concentration of 1mg/ mL, CS and CS-CuO NPs achieved
inhibition rates of 61.27% * 1.91 and 52.31% * 1.75, respectively.

Notably, CS-CuO NPs exhibited higher potency compared to CS, with an ICso
value of 0.57 + 0.016 mg/mL, while CS displayed an ICso of 0.91 + 0.014 mg/mL. These
results indicate that conjugation with CuO enhanced the inhibitory efficiency of CS
against COX-2, highlighting the potential of CS—CuQO nanocomposites as promising anti-
inflammatory agents.
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Fig. 10. Anti-inflammatory activities of chitosan (CS) and chitosan-copper oxide
nanoparticles (CS-CuO NPs) using COX-2 inhibition assay. Nordihydroguairetic acid
(NDGA) represents a standard. Results are represented as mean + SD.
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DISCUSSION

Marine bivalve molluscs are main functional groups in the marine ecosystems as
they are water filters, consumers, biomarkers, food source rather their medical
importance as rich source of bioactive agents (Mesquita et al., 2023). Mactra stultorum
iIs an edible marine bivalve molluscs used as a popular food supplement in the
Mediterranean cities (Derbali et al., 2021). As far as the authors’ knowledge are aware,
this study provides the first scientific evidence shedding light on the biometric
relationships and biological activities of Mactra stultorum collected from Mediterranean
Sea in Port Said, Egypt. According to Lim et al. (2014), the allometric relationships are
one of common tools used for the assessment of bivalve health condition that reflect their
ability to adapt the environmental conditions. The obtained results from the relationships
between SL-SH, SL-SWi and SL-SWt revealed that this bivalve species had a negative
allometric growth (b<1) indicating that SH, SWi and SWt increase at a slower rate
compared with the shell length. The relationship between SL and TWt in the current
study displayed a positive allometric relationship (b>3). Similar results to the present
study were revealed by Gab-Alla et al. (2007) where they showed the negative allometric
relationships between SL-SH and SL-SWi and positive allometry between SL-TWt for
Mactera alarina from two sites of Suez Bay, Egypt. In addition, Farghaly et al. (2022)
showed that the shell length- total weight relationship of Paphia textile, collected from
Suez Canal, Egypt, revealed a positive allometric growth pattern (b > 3). Other species of
clams were also reported to have the same allometric relationship between shell length
and total weight, and such reported data are consistent with the present findings
(Colakoglu & Palaz, 2014; Argente & llano, 2021). Along with the current findings , it
has also been reported that SH, SWi and SWt increased in lower rate than SL (negative
allomerty) in Lithophaga lithophaga (Somaya et al., 2018). Such variations in the
allometric growth of bivalves depend on local environmental factors, species and
physiological traits (Caill-Milly et al., 2012; Bensaad-Bendjedid et al., 2017; Derbali
et al., 2019, 2021, 2022). Interestingly, the obtained findings in the current study agree
with the negative allometry obtained from SL-SH relationship for the same studied
species in Tunis (Derbali et al., 2021). However, this later study showed that the SL-SWi
relationship was isometry and SL- TWt relationship was negative allometry; this outcome
disagrees with our data. Environmental conditions like salinity, wave action, temperature
and the availability of food resource can affect bivalve growth pattern (O’connor &
Lawler, 2004; Lodola et al., 2013; Zakzok et al., 2022).

The nanocomposite of chitosan-copper oxide nanoparticles in the current study
was characterized by IR, X-ray powdered diffractions and TEM. IR indicated the loading
of CS onto CuO, the spectrum of the free chitosan showed broad bands which are thought
to arise from the symmetric and asymmetric stretching motions of amino groups v (NHz)
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(Queiroz et al., 2015). The spectrum of CS-CuO showed stretching vibrations bands of
the hydroxyl and amino groups in their positions as the free (CS) with slight shifts. The
free CS showed a shoulder band at 1580cm™; these data may refereed to the in-plan-
bending of the amino group o(NH2) (Queiroz et al., 2015). The broad band of free
chitosan at 1263 and 1083 cm™ due to the bond (C-O-C) and the in — plan-bending of the
hydroxyl groups 6(OH), respectively (Hosny et al., 2016). The spectrum of (CS-CuO)
showed two new bands at 523 and 609 cm™ due to v(Cu-N) and v(CuO), respectively
(Hosny & EI-Dossoki, 2008). It can be deduced that chitosan was loaded to CuO
nanoparticles from the shifts of the bands which are among features of the free chitosan
after loading onto CuO nanoparticles. XRD verified monoclinic CuO nanoparticles
formation as the XRD pattern chitosan-copper oxide nanoparticles exhibited peaks
between 20-30°; these peaks have been reported earlier (Kaur et al., 2013) for chitosan.
This finding confirms the loading of chitosan onto CuO NPs. TEM images also showed
the formation of CuO quantum dots with sizes around 5 nm.

The present study also evaluated the anti-tumor, ant-microbial and antioxidant
activities of chitosan; a chitin derivative extracted from the shell of M. stultorum.
Assessing the biological activities of CuO nanoparticles has been widely reported in a
panel of scientific reports (Rajamma et al., 2020; Shwetha et al., 2021). Sarkar et al.
(2012) showed that a complex of metal oxide nanoparticle and organic or inorganic
polymers can increase their biological effects. Contrarily, the present study showed that
chitosan-copper oxide nanoparticles had higher cytotoxicity against HepG2 cell lines and
fungal species than the other activities either of chitosan and CuO against the same cells.
While chitosan was more cytotoxic and selective for MCF-7, HCT cell lines, Gram-
positive and Gram-negative bacteria, as well considerable potent anti-oxidant activities.
Ke et al. (2021) clarified that the biological effect of chitosan depends on the type of the
treated cell and the physicochemical properties of functional groups of the chitosan such
as C3-OH, C6-OH and C2-NH2. Hence, the physicochemical properties of some of
chitosan functional groups may be affected or blocked when combined with CuO NPs
leading to less anticancer (against breast and colon carcinoma cell lines), antibacterial and
anti-oxidant (DPPH) activities of CS-CuO NPs than chitosan.

Similarly, chitosan anticancer activity has been commonly reported (Almutairi et
al., 2020; Tuorkey et al., 2022), coinciding with the current outputs, where all tested
compounds showed prominent anticancer effects against studied cell lines. The highest
cytotoxic effect against HepG2 cell lines was obtained following the treatment by CS-
CuO NPs which is consistent with the finding of Sarfraz et al. (2023) who compared the
inhibitory effect of CS, CuO and CS-CuO NPs against HepG2 cell lines. In the present
study, chitosan had the lowest ICso value on breast and colon carcinoma cell lines;
moreover, Abdelwahab et al. (2020) synthesized composites of chitosan that had a
potential cytotoxicity against MCF-7 and HCT-116 cell lines. According to Ding and
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Guo (2022), chitosan and its derivatives can induce apoptosis of different cancer cells by
increasing the mitochondrial membrane potential, ROS levels and calcium ions
concentration. Various signaling pathways related to progression of cancer can also be
modulated by chitosan, including PIBK/Akt/mTOR pathway (Amirani et al., 2020),
MAPK/ERK pathway (Chen et al., 2022) and the NF-xB pathway (Herdiana et al.,
2023).

The present study pointed to the prominent antimicrobial, antioxidant, and
anticancer activities of copper oxide which is consistent with several reports (Gawande
et al., 2016; Makvandi et al., 2020; Priya et al., 2020; Rafieyan et al., 2022). These
activities of copper oxide (CuO) may be attributed to the presence of a hydroxyl radical
on its surface which may damage cell membranes and biological processes by producing
reactive species (Prabhu & Poulose, 2012; Dizaj et al., 2014; Meghana et al., 2015,
Bhadra, 2019). However, in the current study, CuO had the lowest effects compared with
the biological effects chitosan and chitosan-copper oxide nanoparticles.

The negative charge of the microbial membrane and the positive charge of CS,
CuO and CS-CuO NPs interact electrostatically causing blockage of nutrient intake by
the microbial cells leading to their growth inhibition (Haldorai & Shim, 2013). In
addition, the electrostatic interaction can enhance intracellular oxidative stress in the
microbial cells (Applerot et al., 2012). In the present study, the potential of the anti-
bacterial activity against studied bacteria was in the order of CS> CS-CuO NPs>Cuo. In
this respect, Andres et al. (2007) reported the potential inhibitory effect of chitosan on P.
aeruginosa, E. coli, S. saprophyticus and E. faecalis; they proposed that the free amino
groups of chitosan could cause bacterial cell wall disruption. The permeability of the
microbial cell membrane increases depend on the electrostatic interaction between the
positive charge of chitosan and the negative charge of the microbial cell membrane
interact electrostatically and this disrupt the balance of the internal osmotic causing
inhibition of microorganisms' growth (Nagy et al., 2011). Sudarshan et al. (1992)
revealed the potential antibacterial properties of chitosan as only low concentrations of
chitosan lead to permeabilization of bacterial cell. In contrast with our results, Javed et
al. (2021) reported that CS-CuO NPs had the highest antibacterial activity followed by
CuO and chitosan had the lowest activity. Umoren et al. (2022) showed that olive leaf
extract- mediated CH-CuO nanoparticles had a potential antibacterial effect against P.
aeruginosa, E. coli, S. haemolytica and B. cereus. Paul et al. (2023) also reported that
CS-CuO NPs had a significant antibacterial activity against gram-positive as well as
gram-negative bacteria. Different studies have reported that CuO nanoparticles exert
antibacterial effect, especially against drug-resistant bacteria (Azam et al., 2012a, b;
Dadi et al., 2019).
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The anti-fungal activity against Candida albicans and Aspergillus flavus was
evaluated in the current study and the potential activity was in the order of CS-CuO
NPs>CS>CuO. Sondi and Salopek-Sondi (2004) illustrated that the antifungal activity
of nanoparticle is usually associated with their small size facilitating their penetration
through the membrane of microbial cells. A dditionally, Ahmed et al. (2021) reported the
antifungal activity of CS-CuO NPs against fungus C. albican and C. neoformans. Lo et
al. (2020) studied the antifungal activity of different types of chitosan against C.
tropicalis and C. albicans; they also reported the potential synergism between chitosan
and fluconazole. Furthermore, the antifungal activity of chitosan has been widely
recorded in prior studies (Balicka-Ramisz et al., 2005; Tipparat & Oraphan, 2008).
CuO nanoparticles were reported to inhibit the growth of A. Niger, C. albican and C.
clavus (Bhadra, 2019).

Oxidative damage to vital cellular components can be triggered by the imbalance
between the antioxidant enzymes and molecules in the body and the free radicals.
Oxidative damage has adverse consequences on the body where it can induce many of
critical diseases (Jakubczyk et al., 2020; Yan & Allen, 2021; Murphy et al., 2022; Di
Bona et al., 2024). Antioxidants include molecules that suppress the toxic effects of free
radicals (Cerda et al., 2014; Nwachukwu et al., 2021; Zakzok et al., 2022). Antioxidant
capacity can be measured by NO assay through which free radicals can be inactivated
through a hydrogen atom release by the possible antioxidant agents; DPPH and FRAP
assays measure the transfer or the release of an electron to a free radical which converts
it into an anion (Shahidi & Zhong, 2015; Platzer et al., 2021; Zakzok et al., 2021). In
the present study, CS exhibited the highest antioxidant capacity through DPPH assay
while CS-CuO-NPs had the highest antioxidant capacity through FRAP and NO assays,
this may be related to the difference in the reaction conditions of different assays
(Oyaizu, 1986; Marcocci et al., 1994; Brand-Williams et al., 1995). Previous studies
indicated the anti-oxidant activity of chitosan (Yen et al., 2008; Cerda et al., 2014;
Wolfle et al., 2014). Amino and hydroxyl groups of chitosan can donate hydrogen ions
that lead to scavenge free radicals (Castro Marin et al., 2019; Ivanova & Yaneva,
2020; Muthu et al., 2021). Moreover, the random distribution of amino groups enables
them to generate inter- and intra-molecular hydrogen bonds (Ngo & Kim, 2014). The
activity of a nano material as an anti-oxidant is one of the most important targets in the
nano science. It is well reported that CuO nanoparticles had an anti-oxidant activity
(Dobrucka, 2018). The electron density of CuO nanoparticles can be transferred to the
free radicals (Das et al., 2013). In comparison with CS and CuO, previous studies
showed that CS-CuO-NPs biocomposites had the highest ability to scavenge radicals;
Synergistic effect of CS-CuO-NPs biocomposite may be the reason why the antioxidant
activity increased (Revathi & Thambidurai, 2019; Sarfraz et al., 2023).
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The activated COX-2 enzyme enhances the generation of the inflammatory
prostaglandins that can trigger chronic inflammation (Kaur & Singh, 2022). Therefore,
the inhibition of such enzyme reduces the inflammation and indicates an anti-
inflammatory activity of the inhibitory agents (Bertolini et al., 2002; Ahmadi et al.,
2022; Ju et al., 2022). The present study revealed that CS-CuO NPs inhibit COX-2
enzyme. Consistently, several reports indicated the anti-inflammatory activity of chitosan
(Lee et al., 2006; Friedman et al., 2013; Pandiyan et al., 2022). Chitosan can inhibit
NF-kB pathway and can abolish the synthesis of TNF-o which promotes the COX-2
expression (Ma et al., 2016; Chang et al., 2019). Metal oxides such as CuO, when
combined with chitosan in the form of nanoparticles, most of biological activities are
enhanced (Adhikari & Yadav, 2018; Sarfraz et al., 2023). Previous studies have
illustrated the anti-inflammatory activity of chitosan- metal oxide NPs (Tian et al., 2021,
Elmehbad et al., 2023; Elhabal et al., 2024).

CONCLUSION

The present work investigated the biometric relationships of Mactra stultorum; the
results displayed both negative and positive allometric growth, which reflects that the
bivalve grows in non-ideal environmental conditions. In addition, The present study
evaluated the anticancer, antimicrobial, antioxidant, and anti-inflammatory activities of
CS, CuO and CS-CuO NPs. In the term of comparison, CS and CS-CuO NPs displayed
the most potent activities compared to CuO. Additionally, the potency of either CS or
CS-CuO NPs exhibited a variation in different experiments. Furthermore, this study
suggested that the difference in the potential effects between CS and CS-CuO NPs was
related to the type of the treated cells, availability and physiochemical properties of
chitosan functional groups.
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