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This work emphasizes the importance of utilizing cuttlebone waste as a sustainable solution for waste
management and the development of antimicrobial materials by incorporating it as a supporting phase
for polyaniline (PANI) to form a nanocomposite. The three prepared materials were fully characterized
using various techniques, including FTIR, XRD, SEM, EDX for elemental analysis, Brunauer—Emmett—
Teller (BET) surface area measurements, particle size distribution analysis, and zeta potential
measurements. The study focuses on the development of novel molecules with potential antibacterial
and antifungal activity against clinical pathogens responsible for infectious diseases. The antibacterial and
antifungal activities of the polyaniline/cuttlebone (PANI/CB) composite were evaluated using methods
such as minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and disk
diffusion for bacterial samples, as well as MIC, minimum fungicidal concentration (MFC), antifungal
percentage, and disk diffusion for fungal samples. Notably, the PANI/CB composite exhibited a distinct
crystallite size and characteristic XRD pattern, along with a significant BET surface area, demonstrating
strong antimicrobial properties. Cuttlebone not only serves as a bioactive agent but also acts as
a sustainable support to enhance the properties of polyaniline, forming a nanocomposite with a low MIC
range (8-66 ug mL™Y) and effective action against Gram-positive bacteria such as S. aureus, although it
showed less susceptibility against Gram-negative bacteria like E. coli. The MTT assay results
demonstrated that while PANI and CB alone exhibited minimal cytotoxicity on Huh7 cells, the
combination of doxorubicin (DOX) with PANI/CB significantly enhanced the cytotoxic effect, suggesting
a synergistic interaction that could improve the therapeutic efficacy of DOX. Additionally, the
effectiveness of the polyaniline/cuttlebone composite in protecting against DOX-induced hepatic and
renal damage in rats was evaluated. Tissue damage was assessed using serum markers such as alanine
transaminase (ALT), aspartate transaminase (AST), urea, and creatinine. The results demonstrated
a decrease in oxidative damage and significant improvements in liver and kidney function markers in the
polyaniline/cuttlebone-treated groups compared to those treated with individual components.
Specifically, ALT levels decreased from 48 + 2.8 U L™* to 21 + 0.4 IU L% AST from 195 + 0.7 IU Lt to
13 4+ 1.08 IU L™, urea from 86 + 1.4 mg dL™* to 39 + 0.7 mg dL™%, and creatinine from 1.05 + 0.03 mg
dL™ to 0.53 + 0.01 mg dL™. These findings highlight the potential of utilizing cuttlebone waste as
a sustainable material in antimicrobial applications, offering an eco-friendly solution for waste
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1 Introduction

It is a public health priority to investigate and develop less
expensive and more effective natural antimicrobial agents that
have greater potential, minimal toxicity, good bioavailability,
and fewer side effects than antibiotics, as microorganisms have
developed an increasing resistance to antibiotics." In addition,
the escalating prevalence and development of multiple resis-
tance mechanisms in microorganisms have significantly
impacted the efficacy of conventional medications that are
available in the market. Therefore, there is an ongoing
requirement to identify novel pharmaceuticals with novel
mechanisms of action in order to reduce these issues.
Remarkably, nature has provided a fundamental and amazing
source for the development of new and innovative pharma-
ceuticals from plants, animals, and microorganisms, which
have exhibited remarkable structural diversity in the production
of secondary metabolites.” This is due to antimicrobial resis-
tance (AR), a process defined by microbial changes that cause
antimicrobials to lose their potency and become ineffective
against microbial diseases.® AR causes significant societal and
economic harm and is one of the biggest threats to global health
and food security. According to the World Health Organization,
antibiotic resistance increases health risks and results in 700
000 deaths worldwide each year. Treatments for illnesses such
as salmonellosis, gonorrhea, and pneumonia are challenged by
AR.* The frequency of bacterial and fungal infections in animals
and people, especially in those affected by wastewater, is
a serious issue.

DOX is a commonly used and highly effective cytotoxic
compound in the field of oncology. However, its use is limited
by the risk of cardiotoxicity, which is directly related to the
amount of the drug given. A thorough retrospective analysis
found that approximately 7% of patients experienced congestive
heart failure (CHF) as a result of doxorubicin treatment. This
means that even though doxorubicin is one of the most widely
prescribed and potent cytotoxic drugs, its use may be restricted
due to the potential for progressive damage to the heart at
higher doses, which could ultimately lead to CHF. As a result,
patients who could benefit from continued doxorubicin therapy
may be forced to stop using it and switch to a less effective
alternative.®

The liver plays a crucial role in the human body by regu-
lating important metabolic processes. Due to its unique
location, the liver is exposed to a wide range of substances,
such as alcohol, medications, and infectious agents, which
can potentially harm its function. The liver is closely con-
nected to the body's inflammatory response, which helps to
combat harmful stimuli. However, chronic inflammation can
lead to serious conditions like hepatic fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC). The link between inflam-
mation and liver cancer can be explained through the
inflammation-fibrosis-cancer continuum. HCC is a major
cause of death worldwide. In advanced stages of the disease,
chemotherapy is crucial to reduce the risk of recurrence after

surgery.
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Numerous researchers have proposed that the mechanism
by which doxorubicin induces nephrotoxicity involves cellular
impairment caused by the generation of an iron anthracycline
free radical, which then damages the plasma membrane. The
activity of angiotensin-converting enzyme (ACE) is crucial in the
pathophysiology of arterial hypertension and nephrotoxicity. As
aresult, ACE inhibitors such as captopril are commonly used as
antihypertensive medications and are believed to mitigate
nephrotoxic effects. However, the role of ACE inhibitors in
reducing doxorubicin-induced nephrotoxicity is still a topic of
debate and is dependent on the specific type and mechanism of
action. Some studies have suggested that ACE inhibitors may
actually cause functional renal impairment, while others have
found that captopril can partially inhibit the functional and
morphological damage caused by doxorubicin. Given the
ongoing discussions surrounding the impact of captopril as an
ACE inhibitor on nephrotoxicity, further research is necessary to
explore its potential as a free radical scavenger in the context of
doxorubicin-induced nephrotoxicity.®

The discovery of antibacterial agents contributed to the
extension of human life; however, their irrational application
resulted in the development of bacterial resistance. Resistance
is a global issue that is becoming more severe due to the
excessive use or misuse of antibacterial medications in humans,
animal husbandry, and agriculture.” Bacteria have developed
resistance to the majority of the novel antibacterial agents that
have been developed. Invasive bacterial infections are now more
prevalent than they were at the beginning of the century, as the
number of infections caused by pathogenic microorganisms
that are resistant to the most recent or modern antibiotics is on
the rise. The world's greatest threat to human health and exis-
tence is infectious diseases.® Public health initiatives neglect
certain fungal infections, whether they are genuine pathogens
or opportunists that contribute to the transmission of zoonoses.
Consequently, additional prevention strategies are necessary.’
Immunocompromised patients may experience a fatal outcome
as a result of the elevated immune response that infected fungi
were unable to adapt to the human host environment.*

Polyaniline (PANI) is one of the more commonly used con-
ducting polymers because of its many advantages, including
cheap monomers, simple polymerization, extended shelf life,
and acid-base doping capabilities. Mainly employed against
bacteria, fungi, and other microorganisms, PANI is an anti-
bacterial agent.™* Due to its conducting nature and tuneable
chemical properties, PANI has been extensively studied as
a conducting polymer for energy storage devices (ESDs),
sensors, actuators, antistatic coating films, and antibacterial
(AB) activity applications are examples of electrochemical-
instruments.” In addition, the interior cartilaginous shell of
octopuses, squid, and cuttlefish is called the cuttlebone (CB).
CB powder has long been used as a medication to treat various
ear illnesses prevent bleeding and enhance kidney function.*® It
is a naturally occurring source of biomaterial that may be
powdered from the cuttlefish's chamber. Chitin and calcium
carbonate (87.3-91.75%) represent the majority of CB's
substance. Furthermore, it has trace amounts of copper, silicon,
manganese, aluminum, titanium, and barium.™ Biological
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cuttlefish bone (CB) has already received a significant amount
of attention, to improve the sustainability of the materials’
production by utilizing economical secondary raw materials to
stop resource depletion.” Since CB is an inorganic material, it
may be calcined to create calcium oxide, which is useful for
many applications (such as biomaterials for pharmaceuticals
and bone implants)."® These materials have potential uses in
several practical domains, including energy and environmental
applications.” Thus, the CB has been modified with the pyrol-
ysis technique and has the potential to produce activated
carbon/CaO, which is useful as a potential biomaterial*®

Therefore, this current novel study aims at in situ generation
and impregnation of PANI and CB as a homogeneous layer to
examine whether such prepared material could potentially be
used as a low-cost antimicrobial effective material. Analysis of
zeta potentials, Fourier transform infrared (FTIR), X-ray
diffraction (XRD), scanning electron microscopy with energy-
dispersive X-ray (SEM-EDX), BET, and particle sizes were used
to investigate the mechanism of the biomaterials and its surface
structure.

2 Materials and methods

2.1. Chemicals

Sigma-Aldrich produced aniline (C¢H,N, 99.7%), ammonium
persulfate (APS, (NH,4),S,0s, 99.7%), and hydrochloric acid
(HCl, 38%) for use in this study. The CB used was a byproduct of
sepia officinalis supplied by a local fish shop in Egypt. CB was
obtained from the Governorate of Alexandria, whereas potas-
sium hydroxide (KOH) (Oxford, India) and sodium hydroxide
(NaOH) were obtained from Egyptian Piochem for laboratory
chemical use without further purification. Hydrochloric acid
(HCl) was obtained from Carlo Erba reagents in Egypt. Meth-
anol is provided by ALPHA CHEMIKA-India.
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Scheme 1 Preparation of CB, and PANI/CB composite.
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2.2. CB preparation

Cuttlefish bones from Alexandria Governorate Beach in Alex-
andria, Egypt, had been collected as marine trash. To remove
the odor and microbes, the carbon black had to be extracted
and divided into small parts. Following this, the carbon black
was well-rinsed with deionized water, boiled for five minutes,
and dried at 100 °C for 12 hours 67. The carbon black was
pulverized into powder using a ball mill (photon ball mill).
Following that, a five-hour pyrolysis technique was carried out
in a tube furnace with a nitrogen atmosphere at 900 °C.
Following the calcination process, the furnace was allowed to
gradually return to the outside temperature. Before starting the
analytical assessment, the specimens had been kept in
a desiccator.

2.3. Preparation of PANI

PANI was prepared by the method of chemical oxidation poly-
merization. 1.6 mL aniline was added into the deionized water
and stirred for half an hour with mixed solution. Then, 50 mL of
the solution (HCl and ammonium persulfate concentration of
360 mM and 36.0 mM) was added dropwise into the aniline
solutions. The aniline was polymerized for ~2 h at 0 °C. Then,
methanol was used to remove oligomers in the PANI solution.

2.4. PANI/CB composite preparation

PANI/CB was fabricated by adding 1 g of PANI and 1 g of
pyrolyzed CB to methanol. The mixture was stirred, then
distilled water (25 mL: 25 mL) was added. After that, the mixture
was dried at 60 °C for 12 hours to allow interaction between the
two materials, as illustrated in Scheme 1 (the mass ratio of
PANI/CB was approximately 1 : 1). The solid product of PANI/CB
was then collected by vacuum filtration, washed multiple times,
and dried at 60 °C (Scheme 1).
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2.5. Estimation of antimicrobial activity of PANI, CB, and
PANI/CB composite

2.5.1. Culture media. Mueller-Hinton agar, Sabouraud
dextrose agar (SDA), Mueller-Hinton broth (SDB), and Sabour-
aud dextrose agar (MHL) culture media were obtained from
Oxoid Laboratories in order to assess the biological efficacy of
the manufactured substances. Next, in accordance with the
instructions supplied by the creators, these culture media were
created and utilized for the growth of bacteria and fungi.

2.5.2. Bacteria and fungi isolates. The bacterial strains for
this study were obtained from the microbial culture repository
of the Cairo Microbiology Research Center. These standard
reference bacterial strains included several American Type
Culture Collection (ATCC) authenticated microorganisms:
Staphylococcus aureus (ATCC 25913), Streptococcus pneumoniae
(ATCC 49619), Listeria monocytogenes (ATCC 19115), Bacillus
subtilis (ATCC 35021), Haemophilus influenzae (ATCC 49766),
and Escherichia coli (ATCC 25922). The fungal strains were
sourced from the Fungal Research Institute in Doki, Giza,
Egypt. The fungal collection comprised multiple species:
Aspergillus flavus (RCMB 02783), Aspergillus fumigatus (RCMB
02564), Aspergillus niger (RCMB 02588), Mucor indicus (CNRMA
03.894), Penicillium notatum (NCPF 2881), and Candida albicans
(RCMB 05035).

2.5.3. Preparing the inoculum for antifungal activity.
Microbial suspensions were prepared from freshly cultured
microorganisms. Fungal cultures were initially cultivated on
Sabouraud dextrose agar, while bacterial cultures were grown
on Mueller-Hinton agar plates. Bacterial cultures were incu-
bated at 37 °C for 24 hours, and fungal cultures were main-
tained at 25 °C for five days. Using a sterile loop, 1-2 colonies
were transferred to test tubes containing 5 mL of 0.9% saline
solution. The suspensions were thoroughly homogenized by
vigorous vortexing for 15 seconds. Inoculum standardization
was performed using a barium sulfate suspension calibrated to
the McFarland 0.5 standard. This standardization process
ensured a precise microbial concentration of approximately 1.5
x 10® colony-forming units per milliliter (CFU mL™"), providing
a consistent and reproducible microbial inoculum for subse-
quent experimental procedures.

2.5.4. Agar disc diffusion assay for both anti-bacterial and
fungal activity. The evaluation of the antimicrobial properties
exhibited by the PANI, CB, and PANI/CB composite was deter-
mined by the bacterial and fungal strains using the agar disk
diffusion technique. The strains of bacteria and fungi were
evenly distributed on Mueller-Hinton agar (MHA) and Sabour-
aud dextrose agar (SDA) mediums, respectively. Sterile filter
paper disks with a 6 mm diameter were added as a supplement.
These disks were put on the agar plates after being loaded with
different quantities of PANI, CB, and PANI/CB (1000, 500, 250,
and 125 pg mL™ ). After that, the plates were incubated for five
days at 25 °C and 37 °C for bacteria and fungus, respectively.
During the antimicrobial susceptibility testing, a standardized
methodology was employed to evaluate the inhibitory effects on
various microorganisms. The experimental setup utilized 12 cm
diameter Petri dishes, each containing two precisely positioned
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filter paper discs, with a microbial inoculum standardized to 1.5
x 10% Colony Forming Units per milliliter (CFU mL™"). The
comprehensive test panel included Gram-negative bacteria
(Escherichia coli and Haemophilus influenzae), Gram-positive
bacteria (Streptococcus pneumoniae, Staphylococcus aureus,
Bacillus subtilis, and Listeria monocytogenes), and fungal strains
(Aspergillus flavus, A. fumigatus, A. niger, Mucor indicus, Penicil-
lium notatum, and Candida albicans). Conventional antibiotics
cycloheximide and doxycycline served as reference standards to
compare the efficacy of the test samples, with inhibition zone
diameters carefully measured and recorded after the incubation
period for subsequent detailed analysis.

2.5.5. The assay for minimum inhibitory concentration
(MIC). The minimum inhibitory concentration (MIC) of PANI,
CB, and the PANI/CB composite for the tested bacterial isolates
was determined using the broth microdilution method. Various
dilutions of each compound, ranging from 1000 to 0.97 pg
mL~", were applied, with the bacterial concentration adjusted
to 1.5 x 10° CFU mL™". This was then used in determining the
MIC in Mueller-Hinton (LB) broth over a 24 hour incubation
period. After incubation, visual inspection of the plates was
performed to assess bacterial growth inhibition. The MIC was
defined as the lowest concentration of PANI, CB, or PANI/CB
composite that demonstrated visible inhibition of bacterial
growth.

2.5.6. The MBC assay, or minimum bactericidal concen-
tration. Following MIC determination of PANI, CB, and PANI/
CB composite, 100 pL aliquots were collected from tubes
showing no visible bacterial growth. These aliquots were then
plated onto untreated Mueller-Hinton agar plates. The plates
were incubated at 37 °C for 24 hours, and the Minimum
Bactericidal Concentration (MBC) was established as the lowest
concentration that completely prevented bacterial growth.

2.5.7. Fungal isolates: minimum inhibitory concentration
assay (MIC-F). The MIC-F for fungal isolates were determined
using the broth microdilution method. A 96-well microdilution
plate with “U”-shaped bottom wells was prepared by adding 100
pL of Sabouraud Dextrose Broth (SDB) medium to each well.
The first horizontal row was filled with 100 pL of test samples,
followed by two-fold serial dilutions ranging from 1000 to 1.95
pg mL~" by transferring 100 pL aliquots sequentially. Each well
was then inoculated with 10 pL of fungal suspension, with
individual columns representing different fungal strains. The
experiment included cycloheximide as a reference antifungal
agent, along with positive controls (medium without fungi) and
negative controls (medium with fungi but without nano-
materials). The plates were incubated at 25 °C for 72 hours, after
which growth was assessed visually by observing the formation
of cell clusters or “buttons” in the wells. The MIC was defined as
the lowest concentration showing visible inhibition of fungal
growth.

2.5.8. The assay for minimum fungicidal concentration
(MFC). To determine the minimum fungicidal concentration
(MFC), 100 pL aliquots from wells containing PANI, CB, and
PANI/CB composite at concentrations of MIC, MIC x 2, and
MIC x 4 were subcultured onto Sabouraud dextrose agar (SDA)
plates. The plates were incubated at 35 °C for 24-48 hours, and
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MFC was evaluated against control growth. The MFC was
defined as the lowest concentration that either completely
inhibited yeast growth or resulted in fewer than three colony-
forming units (CFUs), corresponding to 99.9% fungicidal
activity.*

2.5.9. Sorbitol assay: impact of PANI, CB, and PANI/CB on
diverse tested fungal strains' cell walls. To determine the
possible mechanisms causing the antifungal effects of the test
nanomaterials on various types of fungal cell walls, we carried
out tests with and without sorbitol as a control, in culture
media. 0.8 M sorbitol was added to the culture medium, which
was a peptone-water medium, at a concentration of 15 g L™ ™.
The experiments were carried out utilizing the microdeletion
technique on 96-well “U”-shaped plates. After that, the plates
were aseptically sealed and incubated for five days at 25 °C
before readings were taken. The higher MIC values noted in
the medium containing sorbitol in comparison to the stan-
dard medium suggest that sorbitol, known for its ability to
function as an osmotic protective agent in fungal cell walls,
may indicate the cell wall as a potential target for the tested
product.

2.5.10. Assay for antifungal activity. The antifungal activity
assessment followed the methodology previously described by
Agboola et al. Fungi were randomly selected and cultured on
Sabouraud Dextrose Agar (SDA) at 35 °C for 72 hours. The fungal
suspension was standardized to 1.5 x 10° Colony Forming
Units (CFU) in 0.9% sodium chloride (NaCl) solution. The
samples were combined with SDA at predetermined concen-
trations, autoclaved for 15 minutes at 121 °C, and maintained at
55 °C. Sterilized Petri plates were prepared with 20 mL of
solidified Sabouraud dextrose agar medium, incorporating
PANI, CB, and PANI/CB composite at concentrations of 1%, 2%,
and 3%. Fungal growth was evaluated and analyzed after a 72
hour incubation period.

2.6. Cell viability on human hepatoma cell line (Huh7)

Huh?7 cell line obtained from the Tissue Culture Unit at VAC-
SERA in Giza, Egypt. This cell was seeded at a density of 1 x 10*
cells per well in a 96-well plate and cultured in Dulbecco's
Modified Eagle Medium (DMEM) that was enriched with
sodium bicarbonate, supplemented with non-essential amino
acids from Minimum Essential Medium (MEM), fortified with
glutamine, and complemented with 10% heat-inactivated fetal
bovine serum. The cell cultures were maintained under stan-
dardized laboratory conditions, specifically at a temperature of
37 °C within a controlled environment containing 5% carbon
dioxide and maintained at high humidity for 12 hours.
Following the initial incubation DOX, PANI, CB, PANI/CB
composite and DOX + PANI/CB were introduced to the wells.
After a 24 hour incubation period, the existing culture medium
was carefully removed and replaced with 100 pL of fresh
medium containing 10% (volume/volume) Cell Counting Kit-8
(CCK-8) reagent. The wells were then incubated for an addi-
tional hour. Cell viability was assessed by measuring the
absorbance at 450 nm using a microplate reader, enabling
precise calculation of cytotoxicity.

6478 | RSC Adv, 2025, 15, 6474-6491
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2.7. Experimental animals and housing conditions

The experimental study utilized forty-eight male Wistar rats,
weighing between 120 and 150 g, sourced from the National
Research Center's Animal House Colony in Cairo, Egypt. Prior to
the study, the rats underwent a two-week quarantine to rule out
any pre-existing microbial infections. They were housed in well-
ventilated polypropylene cages with stainless steel tops, main-
tained at a temperature of 25 £ 5 °C and subjected to a 12 hour
light-dark cycle. The rats were provided with unrestricted
access to water and a standard, nutritionally complete pelleted
diet. All experimental procedures were performed in strict
compliance with the Experimental Animal Ethics Committee
guidelines at Beni-Suef University, Egypt (Ethical Approval
Number: BSU/FS/2014/10).

2.7.1. Experimental protocol. Adult Wistar rats were
divided into five groups, each with 6 subjects. The groups were
as follows:

(1) Normal group: these rats did not receive any treatment
and served as the negative control.

(2) DOX-injected control: rats in this group were given DOX
through intraperitoneal injection at a dosage of 2 mg per kg
body weight once a week for 2 weeks, making them the positive
control.

(3) DOX-injected animals treated with PANI: these rats
received DOX through intraperitoneal injection (2 mg per kg
body weight once a week) and were also given 120 mg of PANI/
kg body weight daily through oral gavage for 2 weeks.

(4) DOX-injected animals treated with CB: rats in this group
were given DOX through intraperitoneal injection (2 mg per kg
body weight once a week) and were also given 140 mg of CB/kg
body weight daily for 2 weeks.

(5) DOX-injected animals treated with composite (PANI/CB):
rats in this group were given DOX through intraperitoneal
injection (2 mg per kg body weight once a week) and were also
given 140 mg of the composite/kg body weight daily for 2 weeks.

2.7.2. Serum analysis of ALT, AST, creatinine, and urea
determination. After two weeks, the rats were anesthetized
using diethyl ether inhalation. Blood samples were then
promptly collected from the right jugular vein. The blood was
allowed to coagulate and then centrifuged at 3000 rpm for 15
minutes. The resulting clear serum was stored at —30 °C for
future biochemical analysis.

Kidney function (urea and creatinine)* and liver function
(ALT and AST),** were measured according to the methods
described.

2.8. Characterization of the prepared materials

XRD was carried out on a PANalytical (Empyrean) utilizing Cu
Ko radiation (wavelength 0.154 nm) at an accelerating voltage of
40 kV and a current of 35 mA. FTIR spectra were obtained using
a Bruker Vertex 70 (serial number 1341) to determine the
molecular vibration in the chemical bonds. Scanning electron
microscopy (SEM) images have been acquired using the JSM-
IT200 to study the morphologies of the generated materials,
while elemental analysis was performed using energy-dispersive
X-ray (EDX) spectroscopy. The nitrogen adsorption desorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isotherms were generated using Quantachrome TouchWin™ to
explore the materials’ surface area, average pore size, and
mesoporosity.

3 Results and discussion
3.1. Characterization of prepared materials
3.1.1. The N, adsorption-desorption isotherms. The N,

adsorption-desorption isotherms over the surface of the
samples are depicted in Fig. 1A. Fig. 1B also shows the pore size
distribution (PSD) curves. Table 1 summarizes the surface
parameters acquired from the N, adsorption-desorption
isotherms. The obtained isotherms of PANI, CB, and nano-
composite (PANI/CB) have IV isotherms with distinct hysteresis
loops, which are typical of mesoporous structures. The three
samples exhibit H; hysteresis loops, which can be described as
the aggregation of plate-like particles with split-shaped pores®
The CB has a greater surface area (92.64 m” g~ ') than the PANI/
CB (31.58 m”> g~ "). This decrease in surface area could happen
as a result of the composite aggregation together, generating
larger particles or structures. This aggregation can reduce the
exposed surface area of the composite, resulting in a decrease in
the BET surface area.*

3.1.2. Scanning electron microscopy (SEM). PANI, CB, and
nanocomposite (PANI/CB) surface morphology were examined
using scanning electron microscopy (SEM). Fig. 2A and B show
PANI after polymerization, which has formed the structures.
Agglomeration had clearly hidden the initial porous structure
and stacked nanosheets.* On the other hand, Fig. 2C and D
show SEM imaging of the structure of the CB. The particle size
of CB was heterogeneous in nature and varied from fine to large-
size flaky particles.”® Fig. 2E and F show SEM imaging of the
structure of the PANI/CB composite. From this Fig. 2, the two
phases are easily identifiable. The first is the layered nanosheet
form of PANI, and the second is the CB, which contains flakes.
The added material can aggregate or cluster together, forming
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Table 1 Surface parameters for the samples

BET surface Total volume in Total area in

Sample area (m> g™ ") pores (cm® g™ pores (m> g™
CB 92.64 0.16 56.98
PANI 13.14 0.02 7.26
PANI/CB 31.58 0.06 20.47

larger particles or structures.”® This aggregation can reduce the
exposed surface area available in the composite, resulting in
a decrease in the BET surface area from 92.64 m> g~ for the CB
to 31.58 m”> g ' for the PANI/CB. The chemical composition of
PANI, CB, and PANI/CB composites was identified using the
EDX spectrum. According to the results, the PANI was
composed of carbon (C), nitrogen (N), and oxygen (O) (Fig. 3A).
Meanwhile, the CB powder was composed of carbon (C), oxygen
(0), magnesium (Mg), calcium (Ca), phosphorus (P), zirconium
(zr), iodine(I), and titanium (Ti) (Fig. 3B), and the PANI/CB was
composed of C, O, K, Ca, N, and Mg (Fig. 3C).

3.1.3. Fourier-transform infrared (FTIR). Fig. 4 depicts the
Fourier-transform infrared (FTIR) spectra of PANI, CB, and
PANI/CB. The absorption peak of PANI at 3468 cm ™" is assigned
to the stretching vibration of the amine, and bands found at
2340 cm ™ revealed hydrogen bonding. The peak at 1577 cm™*
is assigned to the stretching vibration of the aromatic ring. The
peak at 1486 cm ™" is attributed to the N-H sharing vibration,
and the peak at 1318 cm ™' is assigned to the C-N stretching
vibration.”” The FT-IR spectrum of CB is displayed in Fig. 4B;
raw CB displayed weak OH and NH group absorption peaks in
the range of 3651-3445 cm ™" due to the stretching vibration of
water molecules.??® Strong peaks at 1128, 885, and 702 cm ™'
reveal the existence of aragonite structure carbonate groups n1,
n2 (out-of-plane bend), and n4 (doublet C-O in plane bend),
respectively.?® A broad peak around 1441 cm™ ' confirmed the
n3-asymmetric stretch of the aragonite carbonate structure.*

250
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Fig. 1
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(A) Adsorption—desorption isotherms of N5, and (B) pore size distribution curves for the various samples understudy.
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Fig. 2 SEM images of (A and B) CB, (C and D) PANI, and (E and F) PANI/CB composite.

The distinctive peaks detected in the FT-IR spectra of the PANI/
CB nanocomposite provide vital information on PANI confor-
mation in the CB channels and probable interactions between
CB and PANI. The FT-IR spectrum of the PANI/CB nano-
composite (Fig. 4C) shows bands typical of both PANI and CB,
confirming the existence of both components in the PANI/CB
nanocomposite. Changes are clearly seen in all peaks; these
changes are caused by the interaction of the constituents of the
composite. This demonstrates that the CB interacts with the
polymer matrix.**

Despite its low binding energy, the great importance of the
hydrogen bond stems from its effects on the physical and
chemical properties of the material, and is related to the degree
of crystallinity, the regularity of the crystal system, and the
absorbed water molecules bound. In general, a decrease in the
intensity or a disappearance of a band involved in the H-bond
interactions means that this interaction is an ‘intermolecular’

6480 | RSC Adv, 2025, 15, 6474-6491

one, and vice versa for ‘intramolecular’ interactions. The FTIR
study evidenced the intramolecular hydrogen bonding among
the PANI/CB entities. The calculated hydrogen bond intensity
was the ratio of the absorbance bands at 3468 and 3433 cm ™'
(for the ~OH peak) and 1318 and 1325 cm ™" (for the N-H peak)
in PANI and PANI/CB respectively. The absorbance ratio showed
an increase in the case of composite (1.05) more than that of
PANI (1.03), indicating the hydrogen bonding interaction
between the PANI and the interacted CB (Fig. 4).

3.1.4. X-ray diffraction (XRD). The XRD patterns of CB,
PANI, and their composite are shown in Fig. 5. In the CB, the
most significant peak is at around 30°, which corresponds to
aragonite, while the other peaks indicate variable elements
based on calcium carbonate. In essence, the CB's spectrum is
quite similar to aragonite's diffraction pattern, with the (020),
(110), and (113) planes showing the three strongest reflec-
tions.”®** CB particles have an influential diffraction peak plane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX spectrum of (A) PANI, (B) CB, and (C) PANI/CB composite.
(104) typical of calcite polymorphs. The peak positions of PANI 3.1.5. Surface texture and 3D characterization. Surface

were well matched with the JCPDS card (#53-1891).>*** There is
a small intense peak at 20 = 6.5°, which is due to long PANI
chains and a more ordered structure.*® In PANI/CB, the broad
peak centered at 26 = 27.2° with the plane of (003) appears,
certifying the polymeric nature of PANI and PANI/CB compos-
ites. In PANI/CB diffraction peaks, all the peaks of PANI and CB
are present without any impurity. It confirms the formation of
PANI/CB composite with high purity. The crystallite size from
the sharp peak (003) is calculated by Scherrer's equation,*® and
it is found to be 23.91 nm for PANI and 24.41 nm for PANI/CB
composite, respectively. The increase in the intensity of XRD
peaks in composite structure clearly suggests a strong interac-
tion between the PANI backbone chain and the CB.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry

morphology has been extensively studied because it can display
vital properties, including deformations and heterogeneities
that can affect the material's application. Mountain Map® 9.0
software was used to analyze the topographic SEM image. The
surface profile analysis of PANI, CB, and PANI/CB reveals high
roughness “peaks” and “valleys.” Fig. 6 exhibits surface 3D SEM
micrographs (left) and the Abbott-Firestone curve and the
depth histogram of the samples (right). The height (or depth)
distribution is characterized by a histogram, which implies the
likelihood (frequency) of points being at a certain height (or
depth). The Abbott-Firestone curve is marked in red, with the
vertical axis graduated in depths and the horizontal axis in
percentages of the overall population. The three samples have
a distinct height distribution. The surface texture directions of

RSC Adv, 2025, 15, 6474-6491 | 6481
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_ 102 the samples were analyzed using Cartesian graphs (Fig. 7), as
3 10k (C) PANI-CB .
S ek well as the related values of surface texture parameters, which
8 ek may be associated with the inhomogeneity of the surface.’”
§ ::: Table 2 shows the surface parameters in terms of roughness
"é 90k (Ra), roughness skewness (Rg), roughness kurtosis (Ry,), and
2 :2i o fractal dimension (Dy). The isotropy percentages of PANI, CB,
E sk 150%’ and PANI/CB are 88.06, 83.12, and 95.98%, respectively. This is

82F —— in line with the aspect ratio of the texture (Str) value of 0.676,
4000 3000 2000 1000

0.830, and 0.928, respectively, which indicates that the surface
texture of the three samples is isotropic. If Str is close to the
unit, the surface is isotropic, and if Str is close to 0, the surface
is anisotropic.®® The kurtosis and skewness parameters are
processed using the square root of the surface height distribu-
tion (RMS). Roughness kurtosis (Ry,) is a measure of the
“sharpness” of a surface and the unpredictability of profile
3651 heights. Spiky surfaces have Ry, > 3, bumpy surfaces have Ry, <
4000 2000 2000 1000 3, and absolutely random surfaces have Ry, = 3. Accordingly,
100 n the values of Ry, are 1.88, 2.916, and 2.608 for PANI, CB, and
ot (A) PANI PANI/CB, respectively, which indicates the three samples have
g a rough surface. A roughness skewness (Rg) value reflects the
symmetry of the surface; a negative value implies a predomi-
b 3468 nance of valleys, while a positive value indicates a “peaky”
80} surface. PANI and PANI/CB have a positive Ry, indicating that
75 » 2340 the surfaces of PANI and PANI/CB are peaky. Meanwhile, the CB
has a negative value, indicating that the surface of the CB is
a valley surface. The fractional dimension (Df) quantifies the
Wavenumber (cm™) complexity of a fractal sample. The correlation coefficient (R*) of
the linear fit equal between the enclosed area and the scale of
analysis, in this study was close to 1, indicating that the data
were excellently fitted by linear functions. The values of Dy are
1.170, 1.418, and 1.109, as listed in Table 2. The creation of
more regular structures is indicated by a decrease in D;. The
8 PANI-CB decrease in Dy indicates the formation of more regular
structures.*
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Fig. 4 FTIR spectrum of (A) PANI (B) CB (C) PANI/CB.

3.2. Antimicrobial activity investigation of the prepared
materials

Intensity (Count)

As illustrated in Table 3, the antimicrobial activity of PANI, CB,
and their composite PANI/CB was evaluated against various
microorganisms by determining the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration
(MBC). For Staphylococcus aureus, PANI showed relatively high
MIC and MBC values (27.33 + 8 and 55 & 15.55 pg mL ™},
respectively), while CB exhibited significantly lower values
(MIC: 0.66 + 0.288, MBC: 1.33 + 0.57 pg mL™"), indicating
stronger antibacterial activity. The PANI/CB composite had
intermediate MIC and MBC values (16 ug mL ™" for both), sug-
gesting a synergistic effect but not as potent as CB alone. Similar
trends were observed for Streptococcus pneumoniae, where CB
had the lowest MIC and MBC values (0.833 &+ 0.208 and 1.66 +
0.57 pg mL™'), while PANI/CB showed moderate activity
-0.5 po g - p compared to PANI, which had the highest values (MIC: 53.66 +
14.6, MBC: 107.33 % 29.22 pg mL ™). For Listeria monocytogenes,

20 (degree) the composite demonstrated better performance than PANI but

Fig.5 XRD patterns of pure CB, PANI, and PANI/CB composite. was less effective than CB. In contrast, Haemophilus influenzae
showed the best response to PANI/CB (MIC and MBC: 8 ug

Intensity (Count)

Intensity (Count)
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Fig. 6 Relevant 3-D SEM micrographs (left figure) and Abbotte—Firestone curve and the depth histogram (right figure) for (A) PANI, (B) CB, (C)

PANI/CB.

mL "), while CB was the least effective with high MIC and MBC
values (250 and 500 ug mL ™). For Bacillus subtilis, CB exhibited
moderate activity, while PANI/CB had a higher MIC of 66 pg
mL " but matched the standard in terms of MBC (66 g mL ™).
Lastly, for Escherichia coli, both PANI and PANI/CB demon-
strated strong antibacterial effects with identical MIC and MBC
values (6.66 + 1.88 ug mL™ '), outperforming CB, which had
much higher MIC and MBC values (500 pg mL™"). Overall, CB
generally exhibited stronger antibacterial properties across
most microorganisms, while the PANI/CB composite often
showed enhanced efficacy compared to PANI alone but not
consistently superior to CB in all cases.

3.2.1. The zone of inhibition investigation. Fig. 8 demon-
strated that, the comparative analysis of CB, PANI, and their
composite treatments reveals distinct antimicrobial efficacy
patterns across different bacterial strains and concentrations.
CB showed strongest activity against Gram-positive bacteria,
with maximum inhibition zones of 30.67 mm, 30.33 mm, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

29.67 mm for S. aureus, S. pneumoniae, and L. monocytogenes,
respectively at 1000 pg mL™ ', while P treatment demonstrated
higher efficacy against Gram-negative bacteria, particularly E.
coli (31.67 mm) and H. influenzae (30 mm) at the same
concentration. PANI/CB composite treatment exhibited the
highest overall antimicrobial activity, especially against E. coli
(32.33 mm) and H. influenzae (31.33 mm) at 1000 pg mL ',
suggesting it might be the most effective broad-spectrum anti-
microbial agent among the three treatments. The differential
effectiveness against Gram-positive and Gram-negative bacteria
among the treatments suggests potential complementary use in
therapeutic applications. The investigated materials may be
a good substitute for conventional antibiotics in the fight
against bacterial resistance.

3.2.2. The antifungal activity. The CB, PANI, and their
composite were used in the fungal broth microdilution test.
Many research has examined how nanomaterials interact with
fungi, but very few have looked into how they affect fungi. The

RSC Adv, 2025, 15, 6474-6491 | 6483
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Fig. 7 Cartesian graphs of the surface texture directions for (A) PANI, (B) CB, and (C) PANI/CB.

Table 2 Textural characteristics of three samples

Values of parameters

Parameters PANI CB PANI/CB
Total roughness (R;) (nm) 52.12 0.63 170.00
Fractal dimension (Dy) 1.170 1.418 1.109
Slope 0.996 0.998 0.998
Roughness skewness (Rgx) 0.218 —0.587 0.303
Roughness kurtosis (Ryy) 1.881 2.916 2.608

MICs of all the tested isolates were similar to the MFCs, as
shown in Fig. 9, indicating the fungicidal activity of the
composite. The MFC for composite showed fungicidal activity
as shown in Fig. 9.

An experiment with sorbitol was conducted, repeated, and
quantified in order to assess the antifungal activity of the tested

6484 | RSC Adv, 2025, 15, 6474-6491

nanomaterial (mechanism of action of PANI, CB, and composite
nanoparticles as an antifungal agent). To clarify the distinct
mechanism of action of the studied drugs against various
fungal strains, the MIC data were repeated on different sorbitol
media, since a lower effective MIC is indicated of no effect on
the fungal cell wall but probably by affecting another target.
PANI, CB, and their composite were more active at dosages of 62
and 85 ug mL ™" against P. notatum, M. indicus, and A. fumigatus.
as demonstrated in Fig. 10. The MFC results utilizing a different
medium with extra sorbitol concentrations showed lower
fungicidal concentrations against the same species in addition
to reduced effective fungicidal concentrations against Mucor
and Penicillium. Penicillium and Mucor's MFC concentrations
reduced to 62 and 85 ug mL ", respectively, as shown in Fig. 10.

About the antifungal activity through the zone of inhibition;
regarded as one of the most precise techniques for determining
antifungal or antibacterial activity is the disc diffusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Biological MIC and MBC (ug ml™Y tests evaluated for PANI, CB, and PANI/CB nanocomposite against different bacterial strains

PANI CB PANI/CB Standard
Microorganism MIC MBC MIC MBC MIC MBC MIC MBC
Staphylococcus aureus 27.33+ 8 55 + 15.55 0.66 + 0.288 1.33 £0.57 16 16 16 32
Streptococcus pneumoniae 53.66 + 14.6 107.33 + 29.22 0.833 £ 0.208 1.66 + 0.57 21.67 £ 38 446.66 £ 15.55 16 32
Listeria monocytogenes 125 125 6.66 + 1.88 10 £+ 5.29 32 66 16 32
Haemophilus influenzae 16 16 250 500 8 8 4 8
Bacillus subtilis 84.33 £ 28.75 166.66 + 58.92 16 32 66 66 8 16
Escherichia coli 6.66 + 1.88 6.66 + 1.88 500 500 6.66 + 1.88 6.66 + 1.88 8 16

404 40
(a) Cuttlebone (CB) (b) Polyaniline (PANI)

w
S
1

Zone of inhibition(mm)
8
1

125 pg/ml

1000 pg/ml 500 pg/ml 250 pg/ml

- aureus == E== Ei ichia coli

mm Listeria monocytogenes X® Bacillus sublilis & Haemophilus influenzae &= Standard

w
-3
1

Zone of inhibition(mm)
S
1

1000 pg/ml

- aureus ==

500 pg/ml

Zone of inhibition(mm)
8 g
1 1

S
1

0 S E R 1B
1000 pg/mi 500 pg/ml 250 pg/ml 125 pg/ml
-— Qureus == i E== ichia coli

mm Listeria monocytogenes X® Bacillus subtilis & Haemophilus influenzae &= Standard

(c) Polyaniline / Cuttlebone Composite

250 pg/ml 125 pg/ml

E=3 E ichia coli

mmm  Listeria monocytogenes X® Bacillus subtilis & Haemophilus influenzae &= Standard

Fig. 8 The calculated inhibition zone mean (mm) against a variety of bacterial species at different concentrations of (a) CB, (b) PANI, and (c)
composites (mean + SE) against standard antibiotics (doxycycline for both Gram-positive and Gram-negative bacteria) as shown. The PANI and
CB composites were the best wider and larger obtained zones of inhibition in mm.

technique. Inhibitory zones against different fungal strains
were assessed on SDA plates; different doses are shown in
Fig. 11. Compared to chlorohexidine, a typical antifungal for
rapidly growing fungus, PANI, CB, and composite nanoparticles
showed a good zone of inhibition against Aspergillus, penicil-
lium, and Candida at 1000, 500, and 250 pg mL~". All the tested
materials demonstrated good antifungal activity against the
other fungal strains, as shown in Fig. 11.

Concerning antifungal activity (percentage of inhibition),
following the addition of materials to the medium, the evalua-
tion of antifungal activity was used to compute the percentage
of fungal inhibition, which is displayed in Fig. 12. Mucor indicus
was inhibited by PANI, CB, and composite nanoparticles at
a rate of 73%, whereas Candida albicans was inhibited at a rate

© 2025 The Author(s). Published by the Royal Society of Chemistry

of 71%. The distinct features of CB, PANI, and composite
nanoparticles—such as their uniform dispersion, broad surface
area, and compact size—are what give them their antifungal
action. The highest inhibitory percentage against isolates of A.
fumigates is 80%.

The current investigation has found that powdered cuttle-
bone exhibits antimicrobial properties, likely due to the pres-
ence of polysaccharides like chitosan and inorganic substances
such as CaCOj; in its chemical composition. Chitosan, a natural
polymer, has been shown to effectively combat various strains
of bacteria,” including both Gram-positive and Gram-negative
types. It has been proven to be effective against pathogens
such as Staphylococcus aureus, Staphylococcus epidermidis,
Bacillus cereus, Bacillus megaterium, Listeria monocytogenes,

RSC Adv, 2025, 15, 6474-6491 | 6485
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Fig.9 Presents (a) MIC (ng mL™%), and (b) MFC (ug mL™Y) values of PANI, CB, and composite nanoparticles without sorbitol against tested fungal
isolates in triplicates (mean + SE). The best MFC obtained was against A. fumigatus followed by niger and flavus while Mucor and Candida isolate

one are of higher concentration as shown.
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Fig.10 Presents (a) the MIC (ug mL™3), and (b) MFC (ng mL™?) values in the presence of sorbitol of PANI, CB, and composite nanoparticles against
tested fungal isolates in triplicates (mean + SE). The best MIC obtained was against A. fumigatus followed by flavus and niger while Candida and
Mucor isolates one are of higher concentration as showed. Lower MIC after adding of sorbitol in media with fungi indicates the materials
mechanism of action not act mainly on cell wall but affecting another target.

Lactobacillus brevis, Escherichia coli, Pseudomonas aeruginosa,
Pseudomonas fluorescens, and Salmonella typhimurium.** Exten-
sive research has been conducted to understand the antibac-
terial mechanism of chitosan and its derivatives, but it remains
incompletely understood. It is believed that the mechanism
may differ between Gram-positive and Gram-negative bacteria
due to differences in their cell surface properties.*> Notably,
Gram-negative bacteria are more susceptible to chitosan and its
derivatives due to their higher negative charge on the cell
surface.*>** The electrostatic interactions between the positively
charged chitosan and the negatively charged bacterial cell
surface are crucial to its antibacterial activity. This interaction
leads to structural changes in the cell wall (Gram-positive) or
outer membrane (Gram-negative), disrupting the permeability
of the cytoplasmic membrane and causing leakage of essential
cellular components like enzymes, nucleotides, and ions,
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ultimately resulting in bacterial cell death.***>** Other proposed
mechanisms of action include the molecular weight and phys-
ical form of chitosan. Low molecular weight chitosan, whether
in water-soluble form or as small nanoparticles, can penetrate
the cell wall and inhibit mRNA synthesis and DNA transcrip-
tion*” On the other hand, high molecular weight chitosan and
larger nanoparticles may create a barrier on the cell surface,
hindering the transport of essential nutrients into the bacterial
cell. Chitosan may also chelate metal cations and essential
nutrients necessary for bacterial growth, further contributing to
its antibacterial properties.*” In addition to chitosan, the anti-
microbial effectiveness of cuttlebone is enhanced by the pres-
ence of calcium oxide (CaO). The antibacterial properties of CaO
nanoparticles (NPs) are demonstrated through their interaction
with the bacterial cell membrane, causing disruption and
leakage of cell contents. Additionally, CaO NPs release calcium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ions (Ca®") and hydroxide ions (OH), which increase the pH and
can disrupt bacterial cellular processes, ultimately leading to
the bacteria's death. Furthermore, CaO NPs have the ability to
produce reactive oxygen species, which can induce oxidative
stress and ultimately result in the death of bacterial cells.*®
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23 A. fumigatus BB M. indicus &8 C. albicans

Fig. 12 Percentage of inhibition (%) against several fungal strains in
SDA media. Cuttlebone showed higher antifungal inhibitory percent-
ages, especially against A. flavus and Candida albicans.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Furthermore, minute quantities of zirconium oxide present in
cuttlebone play a role in enhancing its antimicrobial charac-
teristics. The mechanism behind the antibacterial efficacy of
ZrO, Nps involves the generation of reactive oxygen species,
causing modifications in membrane permeability that result in
the excretion of lipids and proteins, ultimately culminating in
microbial cell death*

On the contrary, the antimicrobial properties exhibited by
PANI stem from its unique structural composition containing
amino and hydrocarbon groups. PANI entities are characterized
by numerous cationic charges,*® whereas the external layer of
bacterial cells carries an anionic charge. This phenomenon is
facilitated by the presence of teichoic (or lipoteichoic) acid
components within the cell envelope of Gram-positive bacteria,
as well as lipopolysaccharides and phospholipids present in the
outer membrane of Gram-negative bacteria, and the cyto-
plasmic membrane (CPM) itself, which is composed of a phos-
pholipid bilayer housing essential integral proteins like
enzymes.*>" The interaction between polycations and cellular
membranes leads to the integration of hydrophobic hydro-
carbon groups of the polymer into the cell plasma membrane
(CPM). These alterations result in structural disarray and
compromise the integrity of cellular membranes, ultimately
causing CPM disintegration, cytoplasmic content leakage, cell
lysis,> and/or hindrance of membrane-associated processes
such as nutrient transport and cellular respiration,
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consequently impeding the proliferation of microorganisms.*
PANI may potentially exert its effects through other mecha-
nisms, such as upregulating the expression of oxidative
damage-responsive genes, downregulating genes related to
energy metabolism, transport, and cell wall synthesis, and
possibly impacting the development of stress-resistant bio-
films.** Moreover, PANI has also been observed to generate
hydrogen peroxide, a substance that has the ability to facilitate
the creation of hydroxyl radicals, resulting in harm to biomol-
ecules and potentially leading to cellular death.”® The syner-
gistic effect observed when polyaniline is combined with
cuttlebone leads to an enhancement in the overall antimicro-
bial activity. This enhancement may be attributed to the
distinctive structural and chemical properties inherent in each
component, as previously discussed.

3.3. Cytotoxicity evaluation of in Huh-7 cells

The MTT assay results for Huh7 cells after treatment with PANI,
CB, PANI/CB, DOX, and DOX + PANI/CB demonstrate varying
degrees of cytotoxicity across different concentrations (7.8 to
1000 pg mL™'). Both PANI and CB treatments show minimal
cytotoxic effects, with cell viability remaining above 80% at all
concentrations, indicating that these materials alone are rela-
tively non-toxic to Huh7 cells. The PANI/CB combination
exhibits slightly increased cytotoxicity compared to the indi-
vidual components, but cell viability remains above 60%, even
at the highest concentration. In contrast, DOX shows a clear
dose-dependent reduction in cell viability, with significant
cytotoxicity observed at higher concentrations (500 and 1000 pg
mL "), reducing cell viability to around 50%. Notably, the
combination of DOX with PANI/CB further enhances the cyto-
toxic effect, resulting in a more pronounced decrease in cell
viability compared to DOX alone, particularly at higher
concentrations where viability drops below 50%. These results
suggest that while PANI and CB are biocompatible on their own,
their combination with DOX enhances the drug's anticancer
efficacy through a potential synergistic effect, making the PANI/
CB composite a promising candidate for drug delivery appli-
cations as shown in Fig. 13.
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Fig. 13 Cell viability (%) of PANI, CB, PANI/CB, Dox, and Dox + PANI/
CB at different concentrations after 24 h, (n = 3) & SD.
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3.4. Serum analysis of ALT, AST, creatinine, and urea
determination

The levels of urea and creatinine in the serum were altered after
treatment with PANI, CB, and composite following Dox injec-
tion. However, the administration of Dox significantly increased
the concentrations of urea and creatinine compared to the
normal group. Treatment with PANI, CB and composite reduced
the DOX-induced increase in renal function tests, as shown in
Table 4. On the other hand, after two weeks of DOX injections,
there was a significant increase in serum ALT and AST activities.
However, when DOX-injected rats were supplemented with
PANI, there was a significant reduction in elevated serum AST
and ALT activities. Similarly, supplementation with cuttlebone
also led to a significant reduction in elevated serum AST and
ALT activities. Additionally, supplementation with a combina-
tion of polyaniline and cuttlebone (composite) resulted in
a significant reduction in elevated serum AST and ALT activities
(Table 5).

DOX is a widely used and highly potent chemotherapeutic
agent. However, its application is significantly limited due to
the risk of multi-organ toxicity.*® The renal and hepatic systems
are particularly vulnerable to DOX due to their roles in drug
metabolism and excretion. As a result, DOX tends to accumulate
preferentially in these organs after systemic administration.””
Elevated levels of urea and creatinine indicate renal impair-
ment, while increased levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) suggest hepatic injury.
Studies have shown that incorporating PANI, CB, and PANI/CB
nanocomposites can effectively reduce DOX-induced elevations
in urea, creatinine, ALT, and AST, indicating a protective or
therapeutic impact on renal and hepatic functions. Supple-
mentation of DOX-injected rats with these materials leads to
a significant decrease in the elevated levels of AST, ALT, urea,
and creatinine. PANI and CB, particularly their chitosan and
polysaccharide constituents, are known for their antioxidant
properties, which can neutralize reactive oxygen species (ROS)
produced by doxorubicin and alleviate tissue damage. Studies
have shown that PANI can efficiently scavenge free radicals, as
demonstrated by the DPPH assay. The antioxidant efficacy of
PANI is dependent on the morphology and composition of
PANI/CB nanocomposites.”® Investigations have also revealed
that chitosan extracted from cuttlebone has a concentration-
dependent ability to neutralize free radicals, with reported
scavenging activities of 59.7% for DPPH radicals and 56% for

Table 4 Impact of PANI, CB, and PANI/CB on the elevation of serum
urea and creatinine levels induced by doxorubicin

Serum
Treatment Urea (mg dL™") Creatinine (mg dL™")
Control 33.6 +1.4 0.7 £ 0.01
Doxorubicin 86+ 1.4 1.05 £ 0.03
DOX + PANI 40.3 + 0.4 0.9 £+ 0.02
DOX + CB 43.6 + 2.6 0.9 £ 0.007
DOX + PANI/CB 39 +£ 0.7 0.53 + 0.01

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The impact of PANI, CB, and the PANI/CB composite on the
elevation of serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels induced by doxorubicin

Serum
Treatment ALT (IU L) AST (IU L)
Control 41 + 0.7 25 + 0.4
Doxorubicin 48 + 2.8 195 £ 0.7
DOX + PANI 30 £ 0.4 148.6 + 1.6
DOX + CB 33 + 0.7 923+ 1.4
DOX + PANI/CB 21 £0.4 13 £+ 1.08

hydrogen peroxide at designated concentrations.”® Further-
more, polysaccharides isolated from cuttlebone have demon-
strated comparable antioxidant capabilities, achieving
scavenging activity of up to 74.36%. These compounds also
possess chelating characteristics towards ferrous ions, which
helps inhibit the Fenton reaction and the production of harmful
hydroxyl radicals, further enhancing their antioxidant efficacy.*
The synergistic combination of PANI and CB may improve the
properties and stability of the synthesized nanocomposite,
thereby amplifying its protective effects against the toxicity
associated with DOX.

4 Conclusion

In conclusion, this research demonstrates the significant
potential of utilizing cuttlebone waste as a sustainable and eco-
friendly resource for the development of antimicrobial mate-
rials. The study highlights the effective use of cuttlebone as
a bioactive agent and a supporting phase for polyaniline,
resulting in a potent nanocomposite with good antibacterial
and antifungal properties. The combination of PANI/CB with
DOX effectively enhances cytotoxicity against Huh7 cells
compared to DOX alone, indicating the potential of PANI/CB as
a promising drug delivery system to boost chemotherapeutic
outcomes. Additionally, the protective efficacy of the PANI/CB
nanocomposite against DOX-induced hepatic and renal injury
in rats was demonstrated through significant improvements in
liver and kidney function markers. Treatment with the nano-
composite markedly reduced serum ALT levels from 48 + 2.8 IU
L 'to21+0.4IUL™", AST from 195 + 0.7 IUL ' to 13 = 1.08 IU
L', urea from 86 + 1.4 mg dL™" to 39 & 0.7 mg dL ™', and
creatinine from 1.05 + 0.03 mg dL™" to 0.53 & 0.01 mg dL ",
indicating its ability to mitigate oxidative damage. This study
emphasizes the importance of utilizing waste materials like
cuttlebone not only for environmental benefits, but also for
their functional properties in enhancing the efficacy of anti-
microbial agents. This innovative approach not only addresses
waste management issues, but also contributes to the devel-
opment of novel and effective antimicrobial therapies, opening
new avenues for research and application in combating infec-
tious diseases. The promising results encourage further explo-
ration into the use of natural and waste-derived materials in the
creation of advanced biomedical and environmental solutions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Future perspective

Studying the impact on DOX efficacy would be crucial for
a complete understanding of the PANI/CB-DOX interaction.
This could be addressed through investigation of tumor
response in the presence of PANI/CB-DOX combination. Anal-
ysis of DOX pharmacokinetics when administered with PANI/
CB. Evaluation of cancer cell death rates and mechanisms in
the presence of both compounds. Evaluating tumor growth
inhibition in animal models treated with the combination to
determine any synergistic or antagonistic effects on doxorubi-
cin's anticancer activity. Investigating potential changes in drug
uptake and distribution within tumor tissues when combined
with PANI/CB. These studies would provide a comprehensive
assessment of both the protective effects and potential impact
on therapeutic efficacy.
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