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Polyaniline, one of the most extensively studied conducting polymers, has attracted significant attention
in recent years due to its unique redox properties, tunable conductivity, environmental stability, and
facile synthesis. Its ability to be functionalized and combined with a wide range of nanomaterials has
further expanded its utility in the biomedical field. PANI and its composites have demonstrated
promising antimicrobial, antioxidant, antituberculosis, anticancer, and antimalarial activities. By adjusting
various synthesis conditions and additions, its structural properties can be changed. Its electrical
and reversible electrochemical characteristics make it potentially useful in several applications.
Recent advances highlight that incorporating nanostructures, such as metal nanoparticles, carbon-based
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DOI: 10.1039/d5ma01462j materials, and biopolymers, can significantly enhance the biocompatibility, sensitivity, and functionality

of PANI-based frameworks. This review paper provides an overview of the latest advances in PANI-
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1. Introduction

The amino groups on PANI, the length of the polymer chain,
electrostatic interactions, and lower concentrations of residual
low-molecular-weight byproducts are some of the factors that
contribute to PANTI’'s effective antibacterial and antifungal
efficacy against particular infections. A positively charged PANI
attaches to the negatively charged bacterial membrane to
prevent its survival, growth, and proliferation.” PANI’s insolu-
ble nature in aqueous solutions extends its antibacterial action
time. The reuse of PANI coatings is a significant benefit over
the previously proposed antibacterial agents. In addition, add-
ing functional groups to PANI's aromatic ring would increase
the polymer’s solubility in organic solvents, making it much
easier to create thin films. Therefore, a high-quality coating
with outstanding usability would result from combining high
solubility in organic solvents with antibacterial activity.”

A particular class of synthetic polymers, intrinsically con-
ducting polymers (ICPs), exhibits unique electro-optic proper-
ties. These polymers have conjugated chains with alternating
single and double bonds.? The highly delocalised and simply
polarisable m-electrons in ICPs play a crucial role in their
electro-optic characteristics. Additionally, the nature of the
intrinsic quasi-one-dimensional and the degree of intra-
and inter-chain delocalisation of m-electrons influence the
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based hetero-ring derivatives and composites for biological applications.

physicochemical properties of ICPs, including their structural,
electrical, and optical properties.* In 1977, Alan Heeger, Alan
MacDiarmid, and Hideki Shirakawa discovered iodine-doped
polyacetylene, the first conducting polymer, and they received
the Nobel Prize for this discovery in 2000. ICPs include poly-
furan (PFu), polyaniline (PANI), polythiophene (PTh), polyace-
tylene (PAs), and polypyrrole (PPy).> Because of their strong
response to electrical fields, these ICPs are widely used in
biomedical applications, such as tissue engineering and
biosensing.’

PANI has attracted significant interest as an ICP. PANI’s
unique doping/dedoping mechanism is one of the main factors
contributing to its outstanding performance. Reversible doping
and dedoping of PANI is possible through straightforward
protonation and deprotonation without changing its backbone
structure, in comparison to many ICPs that necessitate irrever-
sible redox reactions for conductivity changes. Because of
its ability to precisely adjust its conductivity, PANI is a very
desirable material for biomedical devices, sensors, and actuators.
Overall, PANI outperforms many other conducting polymers for
various technological and biomedical applications due to its
reversible doping behaviour, multiple stable oxidation states,
low synthesis cost, environmental stability, tunable properties,
and composite-forming ability.®°

A variety of strategies have been developed, including
copolymerisation with PANI derivatives, redoping with functio-
nalised organic acids, and production of blends and nano-
composites with different materials.'®™® Metal oxides can
also bind to the PANI backbone, thereby supporting polymer
stability for various applications."**® These improved
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nanocomposites have wide applications in biological fields,
including antibacterial,*®™>° antifungal,%'29 antioxidant,**™*?
antituberculosis,**** and anticancer®***73% functions. The cur-
rent review discusses the biological activities of PANI and its
composites, including their biocompatibility, cytotoxicity,
antioxidant, anticancer, antifungal, antituberculosis, and
antibacterial properties.

2. Structure of polyaniline and its
synthesis method

One of the earliest ICPs is PANI, known as ‘‘aniline black,”
which was found in the middle of the 19th century.’® PANI's
molecular structure may contain quinonoid, benzenoid, or
both units in varying concentrations.*® The basic structure of
PANI is shown in Fig. 1,*" where the leucoemeraldine state is
formed by the benzenoid state, and hydrogen is close to the
nitrogen elements. However, the pernigraniline state is formed
by the quinonoid state, in which no hydrogen is attached to any
nitrogen elements. The redox state of PANI is determined by the
concentrations of ¢ and d in the polymer chains.

For reduced leucoemeraldine, fully oxidised pernigraniline,
and incompletely oxidised emeraldine, the optimal c:d ratios
are 1:1, 0:1, and 1:0, respectively. The degree of doping and
the synthesis technique can affect these ratios. The highly
doped form of emeraldine salt exhibits conductive behaviour,
while leucoemeraldine and pernigraniline are nonconductive.
The most stable and non-toxic form of PANI is emeraldine base.
Therefore, maintaining equilibrium between the benzenoid
and quinonoid groups in the emeraldine salt is essential to

Fig. 1 Basic structure of PANI.
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achieving the proper electrochemical properties. The various
redox structures of PANI, including the base and salt forms of
leucoemeraldine, emeraldine, and pernigraniline, are depicted
in Scheme 1.*!

Both electrochemical and chemical oxidative polymerisation
mechanisms in an acidic medium are used to synthesize the
PANIs, as shown in Scheme 2." Ammonium persulfate (APS)
and potassium persulfate (KPS) are the most frequently
used initiators for the chemical polymerisation of aniline.*®
The chemical method enables large-scale formation of the
polymer or related composites, whereas the electrochemical
method is generally used for small-scale synthesis.*”> The
electrochemical techniques include co-deposition and elec-
trode coating. The electrode coating method uses reference,
working, and counter electrodes in a single-compartment cell
that holds the monomer solution and the electrolyte. The co-
deposition technique involves dissolving an insulating polymer
host in an electrolyte solution that contains the conductive
polymer’s monomer.*?

Numerous research groups have reported PANIs with vary-
ing nanostructures and characteristics because of their high
surface-to-volume ratio, which improves the characteristics of
their nanocomposites.** For high-performance applications, it
is essential to optimise PANI synthesis conditions to achieve
specific morphologies and sizes. PANI nanostructures, includ-
ing nanogranules, nanospheres, nanorods, nanoflowers, nano-
fibers, and nanotubes, have been designed and synthesised
using a variety of processes, including self-assembling, hetero
phase interfacial, and electrochemical polymerisations.**™"
For the synthesis of unique PANI nanostructures, numerous
factors and procedures should be considered, including tem-
perature, choice of initiator or oxidant, solvent, pH, chemical
additives, electrochemistry, sonochemistry, and radioche-
mistry.*” PANI was electropolymerized in an electrolyte solution
of aniline and acid by applying a potential difference between
the working and counter electrodes. In contrast, it is chemically
polymerized in an acidic medium using a common initiator
such as KPS and APS.
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Scheme 1 Various redox structures of polyaniline.
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3. Polyaniline and its composites for
biological applications

Microbial infections significantly impact human life. Therefore,
extensive research has been conducted to develop novel antimi-
crobial drugs to combat diseases. New materials with biological
qualities are constantly being discovered. In biomedical applica-
tions, polymers with antibacterial and antifungal properties are
frequently used because microorganisms are developing resis-
tance to current medications. Because of their strong biological
reactivity, conducting polymers, like PANIs, are significant in
biomedicine. To control microbial contamination, PANI-based
drugs have been synthesized.”>>® The antioxidant activity of PANI
nanocomposites for use in biomedical applications has been
the subject of a few investigations. Increasing the PANI ratio
enhanced the antioxidant activity of PANI/gallic acid. This may be
correlated to the PANT’s ability to effectively scavenge DPPH free
radicals due to its redox-active nature.**

3.1 Polyaniline

Jebarshia et al. studied PANI co-doped with various organic
acids, including oxalic acid, DBSA, phthalic acid, and Calotropis
procera latex, using a chemical oxidative polymerization
method (COPM). The synthesized PANI was confirmed using

© 2026 The Author(s). Published by the Royal Society of Chemistry

(@) Chemical and (b) electrochemical polymerization mechanisms of PANI.

various techniques, including TGA, FTIR, XRD, PL, UV, SEM,
and EDX. In comparison to other composites, the DBSA-
phthalic acid-doped PANI showed a maximal inhibitory zone
in the antibacterial activity test against Bacillus subtilis. For the
PANI composites, the ZI has an average value of 21-24 nm.
All of the PANI composites have a minimum inhibitory concen-
tration (MIC) of 1 mg L ". In comparison, the minimum bacteri-
cidal concentration (MBC) is 60 mg L~ " for PANI (DBSA-phthalic
acid), 80 mg L~ for PANI (DBSA-oxalic acid), and 80 mg L~ " for
PANI (DBSA-C. procera latex) composites. Compared to other
composites, PANI (DBSA-oxalic acid) and PANI (DBSA-C. procera
latex), PANI (DBSA-phthalic acid) has a lower MBC value. The
minimum inhibitory concentration (MIC) is the minimum
amount of antibacterial agent in a culture medium that
inhibits the growth of bacteria, while the minimum bactericidal
concentration (MBC) is the minimum amount of an antibacter-
ial agent needed to kill 99.9% of the bacteria. The synthe-
sised co-doped PANI composites’ potential as efficient antibac-
terial agents is confirmed by a larger and clearer zone of
inhibition. Co-doped PANI composites increased antibacterial
activity against B. subtilis, indicating that synthesised PANI
composites may be an effective alternative to antibacterial
agents for decreasing the adverse effects
bacteria.>

of harmful
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Fig. 2 In situ polymerization of polyaniline (reproduced with permission from ref. 56).

Santos et al. investigated the impact of usnic acid doping
on undoped PANI, as shown in Fig. 2, by in situ polymerization
(ISP). They achieved significant benefits, including the enhance-
ment of the PANI bactericidal activity and the lichen derivative’s
antibiofilm properties. Raman, SEM, and UV spectra were used to
analyse the synthesised PU and modified PU foam. The resulting
material’s potential as a wound dressing is enhanced by its
deposition on polyurethane foam, providing a novel platform
for targeting Staphylococcus aureus and Escherichia coli. According
to results, both E. coli and S. aureus were able to colonise the foam
surface (in both pristine and modified states) which confirms the
decrease in the degree of biofilm formation on the reactor,
replaced by biofilm formation on PU (pristine and modified PU
foam). However, the growth of S. aureus is reduced by 36.75% and
that of E. coli by 49.53% when undoped PANI is incorporated.
A reduction in adhesion of 90.22% for S. aureus and 94% for
E. coli is observed, indicating significant inhibition of surface
bacterial growth for both Gram-positive and Gram-negative spe-
cies on the foam surface. This clearly demonstrates the impact of
loading usnic acid into the PANI+PU matrix. A significant strategy
for developing more effective devices that leverage the favorable
interactions between components is to enhance the bacterici-
dal activity in novel composites for wound-dressing prototypes.
One important factor influencing PANI’s biological activity is its
doping level. A potential antibiofilm prototype is produced by
incorporating a sufficient level of usnic acid into polyaniline and
integrating it onto polyurethane, leveraging the surface available
for polymer adhesion and the combined effect of PANI doping
and usnic acid’s enhanced antibiofilm activity. The findings
validated the composite’s good activity in biofilm inhibition
and reduction of the viable bacterial population; this low-cost,
environmentally friendly, and effective material avoids the use of
dangerous biocidals and antibiotics in favour of a natural product

3498 | Mater. Adv, 2026, 7, 3495-3517

with a variety of uses, serving as a promising prototype for wound
dressings. A low-cost substance with excellent antibiofilm agent
performance is produced by the favourable combination of the
highly porous surface of polyurethane, the strong bactericidal
activity of PANI, and the action of usnic acid.>®

Dhivya et al. investigated PANI doped with nitro chemicals,
such as picric acid, 3,5-dinitrobenzoic acid, and hydrochloric
acid in emeraldine salt form, which was synthesized via COP. By
doping polyaniline chloride (PANICI), polyaniline emeraldine base
(PANIEB) was synthesized. The synthesized PANI was examined by
FT-IR, XRD, SEM, and UV. Doping PANI with nitro compounds
increased its crystallinity. The agar well diffusion method was used
to evaluate PANI’s in vitro antibacterial activity against a variety of
Gram-positive and Gram-negative bacteria, as well as the fungus
Candida albicans. The ZI diameter and MIC values were used to
evaluate the antibacterial effects. According to the test results,
doped PANIs are superior to PANIEB in terms of antibacterial
effectiveness. The antibacterial activity of PANI-3,5-dinitrobenzoate
(PANIDN) was found to be double that of 3,5-dinitrobenzoic acid.
The results indicated that PANI salts might be used for tissue
implants and drug-delivery devices for slow drug release.”

Skopalov et al. synthesised the PANI using either chemical or
microwave methods with two oxidising agents, KIO; and APS.
Based on the ISO methodology and the inhibition of biolumi-
nescence in Photobacterium phosphoreum, respectively, the
impact on cytotoxicity and ecotoxicity was assessed. Both the
synthesis process and the oxidising agent were found to have a
considerable impact on biological performance. PANI's cyto-
toxicity and ecotoxicity were significantly enhanced by the
selection of the ideal preparation conditions for PANI synthesis
in comparison to PANI forms that had already been reported.
It was discovered that even with 10% extract present, the
PANI*™S exhibited significant cytotoxicity. In this instance, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cytotoxicity was not substantially impacted by the purifying
process or the synthesis technique. The cytotoxicity was signifi-
cantly reduced for PANI®'®*, indicating the effect of purifica-
tion. The cytotoxic impact was only seen when 100% extract was
present, and the greatest results were achieved for PANI®'O*®
made by MW synthesis. The most promising PANI candidate
for biomedical applications is prepared by an environmentally
friendly technology using the KIO; oxidizing agent.”®

3.1.1 Polyaniline and its hetero-ring derivatives. Kumari
et al. investigated the one-pot synthesis of PANI and PANI-
imidazole copolymer co-doped with organic and inorganic
acids by COPM, as shown in Scheme 3. The produced PANI
and its copolymers were characterised using a variety of meth-
ods, including conductivity tests, FTIR, XRD, SEM, TGA, and
GPC. Additionally, the antibacterial activity of PANI and PANI-
imidazole was evaluated by MIC, ICs,, and MBC against E. coli
and S. aureus. PANI-imidazole (1 : 2) has a MIC of 0.50 ug mL ",
an ICs, of 0.75 ng mL™", and an MBC of 80 ng mL™'. PANI-
imidazole (1:2) exhibits a lower MBC value against S. aureus
and E. coli when compared to other copolymers and pure PANI.
The synthesised co-doped PANI-imidazole copolymer exhibits
strong antibacterial activity and a higher binding affinity for
the bacterial enzyme than the pure PANI.>’

Chaubisa et al. used ammonium persulphate and tosic acid
in chemical oxidative polymerisation to create PANI-tetrazole
and PANI-pyrazole composites, as shown in Schemes 4 and 5.
These synthetic composites were characterised using GPC,
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Scheme 3 One-pot synthesis of the polyaniline—imidazole copolymer.
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FTIR, '"H-NMR, and TGA. The PANI-pyrazole composite showed
outstanding antibacterial activity against S. aureus and S. pyogenes,
with an MIC of 25 ug mL™*. Compared to individual PANI, the
PANI-tetrazole composite demonstrated better antifungal efficacy
against Aspergillus clavatus and Aspergillus niger. Furthermore, with
a MIC of 0.25 ug mL ", the PANI-pyrazole and PANI-tetrazole
composite demonstrated strong anti-TB action against M. tubercu-
losis H37RV. The synthesised PANI-tetrazole and PANI-pyrazole
composites showed higher, positive MICs, confirming their
potential as effective antibacterial, antifungal, and anti-tuber-
culosis agents. Overall, these results provide valuable insight
into the development of new components with superior anti-
microbial properties and indicate that the synthesised compo-
site may be a viable option for use as an anti-tuberculosis agent,
potentially reducing tuberculosis transmission.®

Kumari et al. used COPM to synthesize co-doped PANI and
polyaniline-co-pyrazine (PANI-co-Pyr) in a single pot, as shown
in Scheme 6. The structural, thermal, and electrical properties
were determined using UV-visible, FTIR, TGA, viscosity, and
conductivity testing. PANI-co-Pyr’s antifungal activity against
A. niger and P. chrysogenum was determined in terms of the MIC
and ICs, and its antibacterial property was tested against
S. aureus, E. coli, B. subtilis, and P. aeruginosa. PANI's MIC
and ICs, against E. coli were determined to be 0.5 and 221.56 +
7.11 pug mL™", respectively, while PANI-co-Pyr (1:1) showed
significant action against E. coli, with MIC and ICs, of 0.25
and 120.56 + 9.01 pg mL™ ', respectively. PANI showed
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Scheme 4 Synthesis of the PANI-tetrazole copolymer.

NH, SO;H
e p . Ammonium
Aniline yrazole  Lersulfate
Tosic ac1d

Scheme 5 Synthesis of the PANI-pyrazole copolymer.
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Scheme 6 One-pot synthesis of polyaniline—pyrazine copolymer.

significant efficacy against A. niger, with MIC and ICs, values of
0.5 and 332.33 + 6.64 ug mL " for PANI and 0.25 and 200.70 =+
9.05 pug mL ™" for PANI-co-Pyr (1:2), respectively. The findings
indicated that, compared to pure PANI, the synthesised co-doped
PANI-co-Pyr has greater antifungal and antibacterial effects.
Consequently, PANI-co-Pyr demonstrates strong antibacterial
and antifungal action and has a greater binding affinity for
fungal and bacterial strains.®’

Chaubisa et al. used a chemical oxidative polymerisation
technique to synthesize PANI and its copolymer with indole,
using potassium persulfate as an oxidant and benzene sulfonic
acid (BSA) as a dopant, as shown in Scheme 7. The TGA, GPC,
FTIR, and "H-NMR methods were employed to characterise the
synthesized compounds. Additionally, the copolymers’ antibac-
terial and antifungal qualities were examined against a number
of bacterial and fungal strains and determined in terms of the
MIC. The PANI-indole copolymer, with an MIC of 25 ug mL ™,
was found to suppress S. pyogenus more effectively than both
individual PANI and standard drugs. The PANI-indole copoly-
mer has a MIC of 1.25 ug mL ™" against M. tuberculosis H37RV.
The PANI-indole copolymer’s ICs, for Plasmodium falciparum is
0.56 ug mL~". Additionally, as compared to PANI, the copoly-
mer showed strong antimalarial and antituberculosis action.
Overall, this research provides insights into the creation of
novel materials with improved antimicrobial properties.®>

3.1.2 Functionalized polyaniline. Andriianova et al. inves-
tigated the impact of different functional groups in the amino
group of PANI and at the ortho position of the aromatic ring
on the antibacterial activity of polymers against Gram-positive
(B. subtilis) and Gram-negative (P. aureofaciens) pathogens, as
shown in Scheme 8. FTIR, UV, and SEM were used to charac-
terize the synthesized functionally substituted PANI. The
antibacterial activity of functionally modified PANIs was

+ (NHy),S,03 —» @NGN
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significantly reduced when methyl, pentyl, or methoxy groups
were incorporated into the ortho position of PANI. PANI deri-
vatives that were altered by adding pentyl groups to the amino
group are more effective as antibacterial agents than the
original polymer against both Gram-positive and Gram-
negative pathogens. For pure PANI, the growth inhibition zones
are 43.3 mm for P. aureofaciens and 33.6 mm for B. subtilis. The
polymer’s bactericidal and bacteriostatic properties against
Gram-positive bacteria are enhanced when a chlorine atom is
present in the pentyl group. The PNCIA polymer inhibits B.
subtilis growth in a zone of 48.6 mm, whereas the zone of
moderate growth is 71.0 mm. Additionally, it was discovered
that N-substituted PANI derivatives exhibit both bacteriostatic
and bactericidal effects on the test microorganisms. Overall,
PANI was modified with N-substituted PANI derivatives, achiev-
ing a high degree of doping by varying the form and position of
the substituent for use in bacterial growth suppression.®?

Jose et al. investigated ternary composites of PANI/poly-
(aniline-co-3-aminobenzoic acid) (fPANI) together with TiO,
and Ag, which exhibited improved antibacterial activity in both
visible and dim light, enabling the elimination of all pathogens
in 30 minutes. The synthesized PANI/fPANI-TiO,-Ag composites
were characterized by UV, FTIR, SEM, and ESR. The addition of
PANI/fPANI and Ag successfully reduces the bandgap of TiO,,
making the composites visible-light-active antimicrobial com-
pounds. By attaining complete kill in 30 minutes under visible
light and demonstrating broad-spectrum action against viruses,
Gram-negative bacteria, and Gram-positive bacteria, the observed
antimicrobial efficacy surpasses that obtained in the laboratory
setting. Compared to the PANI composites, the fPANI-containing
composites demonstrated better antibacterial action against three
typical microorganisms: S. aureus, E. coli, and a model virus strain
called Phi X 174. Although these results pave the way for future
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Scheme 7 Synthesis of the PANI-indole copolymer.
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Scheme 8 Oxidative polymerization of the aniline derivatives.

developments of biocidal materials, it is important to take into
account real-world constraints, especially when expanding the
three-component system for use in commercial antimicrobial
applications.*

Cai et al. studied bromo-substituted polyaniline (Br-PANI)
using a new method, where PANI is employed as the raw
material and potassium bromate and potassium bromide as
the brominating reagents, as shown in Scheme 9 (Br/N = 1,
A~ denotes the counter ion). The synthesized Br-PANI was
characterized by TGA, FTIR, UV-visible, XPS, and SEM. It is
evident from the results that Br successfully formed a chemical
bond with the benzene ring of PANI. The MIC and MBC of
Br-PANI are found to be 0.15 and 0.20 mg mL™" against E. coli
and B. subtilis, respectively. This indicates that both doped and
dedoped Br-PANIs have MICs and MBCs that are significantly
lower than those of doped PANI, particularly when compared
with those of dedoped PANI. Furthermore, the greater the Br/N
molar ratio of Br-PANI, the stronger the antibacterial proper-
ties. Br-PANI should, therefore, be a type of effective and eco-
friendly antibacterial agent.®*

Br Br Br

ZzT
zT

Scheme 9 Structure of Br—PANI.
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Quan et al. studied the PANI, benzyl-substituted polyaniline
(BP), and bromine-benzyl-disubstituted polyaniline (BBP), as
shown in Scheme 10. The synthesized PANI, BP, and BBP were
characterized by SEM, FT-IR, UV-visible, and TGA. Cardanol-
based phenalkamine was used as a curing agent to prepare the
bisphenol-A/poly(ethylene glycol) binary epoxy coatings (BAE/
PEGE) containing BBP. BP has significant hydrophobic proper-
ties due to the substitution of benzoyl groups in the amine
groups of PANI. Additionally, the strong antibacterial activity of
BBP is made possible by the substitution of bromine groups in
the benzene rings of PANI. With a concentration of 4 mg mL ™,
the sterilization ratio of the BBP suspension is 100% effective
against B. subtilis and E. coli. The findings show that, in
comparison to the pure bisphenol-A epoxy coating, the coatings
made with PEGE and BBP perform better against bacteria and
fouling. A promising method to enhance the antibacterial and
antifouling properties of the prepared coated surfaces com-
bines the fouling release effect of BAE, the fouling resistance
function of PEG, and the sterilizing function of BBP. Addition-
ally, after two weeks of immersion in the concentrated bacterial
suspension and thirty days in the river, the MEBBP5% coating
demonstrated outstanding antifouling ability.®>

3.1.3 Polyaniline and its nanocomposites. Kalaiarasi et al.
investigated pure PANI and TiO,/PANI nanocomposites pro-
duced by the chemical oxidative method, with significantly
varied TiO, weight percentages, as shown in Fig. 3. The
produced PANI and TiO,/PANI composites were verified using
a variety of techniques, including UV, FTIR, XRD, PL, SEM, and
DLS. Diazepam has been utilized extensively for its sensing
activity. The disk diffusion technique was used to test the PANI/
TiO, nanocomposite’s antifungal efficacy against Aspergillus
niger and Aspergillus flavus, as well as its antibacterial activity
against Klebsiella pneumoniae and Proteus mirabilis. The zone of
inhibition (ZI) for Aspergillus flavus was determined to be
11 mm, while it was 21 mm for Klebsiella pneumoniae. A cyclic
voltammeter was used to test the improved sensitivity of the
diazepam drug molecules interacting with the nanocomposites.
The sensitivity of the PANI-doped TiO, nanocomposites was
higher in comparison to pure PANI. The results showed that the
metal oxide-doped PANI and TiO, nanocomposites enhanced
polymerization and improved the sensing performance.®®

Deshmukh et al. investigated the ternary silver nanoparticle-
supported PANI multiwalled carbon nanotube (Ag NPs-PANI/
MWCNT) nanocomposites synthesized by chemical polymeriza-
tion for their antibacterial and catalytic properties, as shown in
Fig. 4. UV, FTIR, XRD, TEM, XPS, and Raman spectroscopy were
used to characterize the synthesized Ag NPs-PANI/MWCNT. Ag
NPs-PANI/MWCNT deliver a more decisive antibacterial action
against harmful bacteria. Consequently, ternary nanocom-

Br Br Br
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Scheme 10 Synthesis of PANI, BP, and BBP.
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Fig. 3 Synthesis of the PANI/TiO, nanocomposite (reproduced with
permission from ref. 66).

Stirring !

o

PANI/TiO, nanocomposite

posites have a wide range of applications in the environmental
and healthcare industries. Ternary nanocomposites have
higher ZI than binary nanocomposites, according to the
antibacterial investigation. Nanocomposites are a more
potent antibacterial agent against both Gram-positive and
Gram-negative bacteria due to their synergistic action. For the
S. aureus and E. coli bacteria, the Ag NPs-PANI/MWCNT
nanocomposites demonstrated 19 and 20 mm ZI at
20 uL mL ', which were greater than those of the Ag NP and
Ag NPs-PANI catalysts at the same concentration, respectively.
As a result, this kind of hybrid ternary nanocomposite has
been investigated for use in the biomedical and catalysis
fields.®”

Ali et al. investigated a one-step anodization method for the
synthesis of rutile mixed-phase titanium oxide layers and
crystalline anatase doped with PANI. PANI has demonstrated
antibacterial qualities when electropolymerized onto titanium
(PANI/TiO,). XRD, SEM, and XPS were used to characterize the
synthesized polyaniline-doped titanium oxide layers. It has
been demonstrated that the anodization of titanium produces

3502 | Mater. Adv, 2026, 7, 3495-3517

<.

O@G@O

crystalline oxides that, when exposed to UV light, generate
reactive oxygen species (ROS). The ROS then Kkills bacterial
cells, thereby decreasing bacterial adhesion to titanium implant
surfaces. Compared with the control oxides anodized in 1 M
sulfuric acid without aniline, the 0.75 M aniline oxide group
also showed improved cell survival, higher hydrophilicity, and a
significant decrease in bacterial adhesion. The PCA of the 1 M
aniline oxide group was statistically similar to that of the
0.75 M group, while the bacterial attachment levels were more
variable. According to this study, the most promising aniline
oxide group for use in the future is the 0.75 M group. The
cytocompatibility of PANI-doped oxides and approximately
100% cell viability were verified using MTT and live/dead
assays.®®

Maruthapandi et al. evaluated the antibacterial activities of
CuO, TiO,, or SiO, coated on PANI using a sonochemical
technique for two Gram-negative pathogens: Klebsiella pneumo-
niae (KP) and Pseudomonas aeruginosa (PA). FTIR, SEM, and XPS
were used to characterize the synthesized CuO, TiO,, or SiO,-
coated PANI. In the absence of PANI, 220 g mL ™" concentra-
tions of CuO, TiO,, or SiO, showed no antibacterial activity.
In contrast, after 6 h of treatment, PANI-CuO and PANI-TiO,
(1 mg mL™", each) totally inhibited PA development, whereas
PANI-SiO,, at the same dose, did so after 12 h. PANI-SiO,
induced less damage to KP than PANI-TiO,, with eradication
times of 12 h and 6 h, respectively. PANI-CuO had no effect on
this particular microorganism. However, each PANI composite
exhibits distinct antibacterial activity against these two Gram-
negative bacteria. For several E. coli bacteria, the MIC for CuSO,
is between 16 and 20 mM (1017-1271 g mL™"). All of the
composites firmly bind to the negative groups in bacterial cell

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ag NPs-PANI/MWCNTs

Ag NPs-PANI

Fig. 4 Diagrammatic representation of the Ag NPs—PANI/MWCNT nanocomposites (reproduced with permission from ref. 67).

walls, interfering with their normal functions and leading to
cell-wall envelope degradation and ultimately cell lysis.*”
Alam et al. investigated the synthesis of a nanofiltration
membrane composed of a polyphenylsulfone (PPSU) substrate
with a PANI coating, as shown in Fig. 5. The PANI film served as
an effective antibacterial coating and separation enhancer. The
membrane shape, topography, contact angle, and zeta potential
were examined using atomic force microscopy and SEM. They
discussed how the PANI coating affects the membrane’s surface

L

25°C
Oxidative
polymerization
PPSU support layer
i 4 NH, + 5 (NTL);S;05
Oxidant

Aniline 1 M HCI
Acid

characteristics. Significant benefits, including precisely cali-
brated nanometer-scale membrane holes and customized sur-
face characteristics (e.g., enhanced hydrophilicity and zeta
potential), were achieved by coating the PPSU membrane with
a PANI layer. The antibacterial activity of the membrane was
improved by the PANI film. After incubation with Escherichia
coli for 6 and 16 h, the bacteriostasis (Bg) values of PANI-coated
PPSU membranes were 63.5% and 95.2%, respectively. After 6
and 16 h of incubation with S. aureus, the BR values of the

@ ) )

Polyaniline Salt form  Doping Dedoping
: Process Process
. —

n \ N \\ / ) N
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Fig. 5 Diagrammatic representation of the oxidative polymerization used to synthesize the PANI thin films (reproduced with permission from ref. 70).
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PANI-coated PPSU membranes were 70.6% and 88.0%, respec-
tively. The higher antibacterial activity of the PANI-coated PPSU
membrane prevented bacterial adhesion and growth.”®

Maruthapandi et al. investigated the synthesis of nitrogen-
doped carbon nanodots (N@CDs) by hydrothermal processing
of bovine serum albumin. After that, a PANI-N@CDs nanocom-
posite was prepared via ultrasonication. The PANI-N@CDs
nanocomposite was examined using fluorescence spectra,
FTIR, XPS, SEM, and TEM. Additionally, the nanocomposite
demonstrated antibacterial activity against both Gram-positive
and Gram-negative bacteria, including S. aureus and E. coli.
Within 24 h, the PANI-N@CDs also demonstrated potent anti-
bacterial activity against E. coli and S. aureus within 24 h. The
nanocomposite’s MICs for S. aureus and E. coli were
750 ¢ mL ™' and 1000 g mL ™', respectively. PANI-N@CDs
showed improved growth-suppressing activity against S. aureus
and E. coli at 1000 g mL~" within 24 h. While the nanocompo-
site formed a complex with the bacteria and obstructed the flow
of nutrients and waste products in and out of the cytosol,
the release of ROS successfully destroyed cell walls and
components.””

Falak et al. investigated the use of flat and honeycomb-
patterned (HCP) poly-caprolactone (PCL) films to coat PANI on
their surface, as shown in Fig. 6. The breath figure (BF)
technique and simple solvent evaporation were used to synthe-
size the flat and HCP PCL films, respectively. Additionally, the
impact of sulfuric acid on PANI’s chemical structure and
antibacterial activity was investigated. The synthesized HCP
PCL films were examined using TGA, FTIR, EDX, and SEM. The
film’s conductivity and wettability were also analyzed. The PANI
coating on the patterned surface and the chemically modified
PANI both improved the film’s conductivity. The antibacterial
and antibiofilm activities against S. aureus and E. coli were used
to determine the application characteristics. For flat PANI, HCP
PANI, and H,SO,-treated HCP films, the antibacterial activities
were 69.79%, 78.27%, and 88% against E. coli and 32.73%,
62.65%, and 87.97% against S. aureus, respectively. Similarly,
E. coli biofilm development was decreased by about 41.62%,
63%, and 83.88% with PANI-coated flat, HCP, and H,SO,-
treated HCP films, while S. aureus biofilm formation was
suppressed by 17.81%, 69.83%, and 96.57%, respectively.
Because of the increased PANI coating on the HCP surface,
the antibacterial activity of the HCP film was greater than that
of the flat PANI films. Furthermore, the HCP film’s wettability
may have been enhanced by sulfonation with H,SO,, thereby
increasing its antibacterial and antibiofilm properties. Their
findings demonstrated that doping and topographical modifi-
cations are easy and affordable strategies to alter the structural
and functional characteristics of films. In summary, the
film’s antibacterial activity was as follows: HCP-SPANI >
HCP-PANI > f-PANI The greater functionalization of PANI on
the HCP film, due to its comparatively large surface area, may
explain the difference in antibacterial activity between the flat
and HCP PANI films. Due to the altered zwitterionic surface,
the sulfonated HCP-PANI film exhibited the strongest antibac-
terial and antibiofilm activity. As a result, a hydrophilic surface
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was produced, demonstrating increased antibiofilm activity
and preventing bacterial adhesion.””

Charoensri et al. investigated zinc oxide nanoparticles (ZnO
NPs) functionalised with PANI to enhance surface charges.
A straightforward impregnation method was used to functio-
nalise the surface of ZnO NPs with PANI. FTIR, XRD, SEM,
TEM, XPS, XRD, and TGA were used to characterise the synthe-
sised ZnO and PANI-functionalized ZnO nanoparticles. The
ZnO NPs were added to a biopolymer film to enhance its
antibacterial activity, and the PANI content raised their positive
surface charges. The antibacterial activity of biodegradable
materials is essential for combating plastic pollution and
drug-resistant microorganisms. Because of their improved hydro-
phobicity, the bio-nanocomposite films’ water permeability was
reduced. Thermoplastic starch (TPS) films were treated with
PANI-functionalized ZnO NPs to assess their physical character-
istics and antibacterial activity against S. aureus and E. coli.
Excellent antibacterial activity against S. aureus (72%) and
E. coli (76%) was demonstrated by the PANI-functionalized ZnO
bio-nanocomposite films. This finding implies that PANI-
functionalized ZnO NPs can enhance the antibacterial activity of
TPS-based bio-nanocomposite films. The significant positive
charges of the bionanocomposite film interacting with the
negatively charged bacterial cell walls are responsible for the
excellent antibacterial activity of the CS/ZP3-functionalized ZnO
bionanocomposite film against both S. aureus and E. coli bacteria.
These films would be a readily available, affordable surface-
charge-modification method for the synthesis of single-use anti-
bacterial, biodegradable thermoplastic packaging.”

Hou et al. investigated Ag,Zn; ,O; g5, and Ago.02Zo.9800.99/
polyaniline (AZO/PANI) nanocomposites, prepared by the in situ
inverse microemulsion method and the citrate sol-gel method,
respectively. Using XRD, TGA, SEM, TEM, FTIR, and UV meth-
ods, the produced Ag-doped ZnO/PANI nanocomposites were
examined. Using the inhibition zone, MIC, and least bacterici-
dal concentration approaches, the antibacterial activity of the
samples against S. aureus, E. coli, and C. albicans was tested
under solar radiation. The antibacterial activity of Ag,Zn; ,-
O;_o.5¢x Was superior to that of ZnO, according to the results,
and it peaked at a mole ratio of 0.02 for Ag. The AZO/PANI
composites demonstrated the strongest antibacterial activity at
AZO mass fractions up to 60%, and they had a greater anti-
bacterial impact than AZO alone. The sample has the best
antibacterial activity against three pathogenic organisms when
the xAZO is up to 60%; its MICs (MBCs) are 10 (25), 10 (25), and
5 (10) mg L™~7*

The conductive polymer PANI and PANI/silver (PANI/Ag)
nanocomposites were synthesized by in situ polymerization,
as shown in Fig. 7. The drop-cast approach was used to
synthesize neat PANI and PANI/Ag nanocomposite films. PANI
and PANI/Ag nanocomposites were characterized using spectro-
scopic methods, like UV-Vis, FTIR, and photoluminescence.
The Ag-doping effect or its complex formation may be the
cause of the observed increases in the electrical conduc-
tivity of the nanocomposite films compared to the clean
PANI. The photoluminescence intensities of the PANI/Ag

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Synthesis of HCP (top) and flat (bottom) PCL films. (b) Interfac
sulfonated HCP (bottom) films (reproduced with permission from ref. 72).

nanocomposites were greater than those of pure PANI. Using
various assays, the bactericidal properties of the pure PANI and
PANI/Ag nanocomposite films were examined. Microorganism
viability studies revealed that after 24, 48, and 72 h, S. aureus,
K. pneumoniae, P. aeruginosa, and E. coli bacteria did not form
bacterial colonies. Only the 4 wt% Ag content film samples
exhibited antimicrobial activity against S. aureus and P. aeruginosa,

© 2026 The Author(s). Published by the Royal Society of Chemistry

aniline hydrochloride

+
H,SO,

PCL + SPANI
HCP film

(b)

ial polymerization of PANI at the surface of the flat (top), HCP (middle), and

suggesting that the film with the highest antimicrobial activity
was the one with the 4 wt% Ag content. In antimicrobial
investigations of the films, film samples did not inhibit E. coli
or K. pneumoniae.”®

The breakdown of nanomaterials into ions is frequently the
initial stage and a common cause of the toxicity of metallic
nanostructures, even though the mechanisms of antimicrobial
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Fig. 7 In situ polymerisation of the PANI/silver nanocomposite (with permission from ref. 75).

activity of nanomaterials against various microbes vary with
species, ions, and metals, as shown in Fig. 8° for a variety of
nanoparticle forms. Using one or more of these methods,
the bactericidal toxicity of various nanoparticle forms may
be decreased. These methods encompass damage to proton
efflux pumps, ROS generation, disruption of electron transport
chains, and disruption of cell membranes.?

Boomi et al. investigated the synthesis of gold (Au) and gold-
platinum (Au-Pt) colloids using the borohydride reduction
technique with poly(N-vinyl-2-pyrrolidone) acting as a stabilis-
ing agent. Using a chemical method, the current study effec-
tively synthesised and characterised pure PANI, PANI-Au
nanocomposites, PANI-Au-Pt nanocomposites, and mono-
metal (Au) and bimetal (Au-Pt) colloidal solutions. FT-IR, UV-
Vis, XRD, and HR-TEM with energy-dispersive X-ray spectro-
scopy were used to characterise the synthesised nanocompo-
sites. The antibacterial activity of pristine PANI, PANI-Au, and
PANI-Au-Pt nanocomposites was tested against Gram-positive
(B. subtilis and S. aureus) and Gram-negative (E. coli and
V. cholerae) bacterial pathogens. The antibacterial activity of

the PANI-Au-Pt nanocomposite against B. subtilis was substan-
tial (33 & 1.10 mm). Additionally, it was found that the MICs of
the pure PANI, PANI-Au, and PANI-Au-Pt nanocomposites
were 75, 50, and 25 pg mL ', respectively. Additionally,
in vitro anticancer studies against HepG2 liver cancer cells
showed that the PANI-Au-Pt nanocomposite had the maximum
cytotoxicity at 21.25 pg mL ™", followed by the PANI-Au nano-
composite (32 pg mL™ ') and pristine PANI (49 pg mL ).
Overall, the current study demonstrated significant antibacter-
ial and anticancer activity of the PANI-based materials and
indicated their possible application in medicines, provided that
safe and reasonably priced clinical studies are completed.”®
Shaban et al. investigated PANI and Ag/PANI nanoporous
composites prepared via oxidative polymerisation prepared via
oxidative polymerisation. PANI nanoparticles were oxidised
using APS, whereas Ag/PANI nanoporous composites were
oxidised using AgNO; under artificial radiation. FTIR, XRD,
SEM, and UV were used to characterise the synthesised PANI
and Ag/PANI nanoporous structures. Using varying quantities

Oxidative damage

DNA and prtem <
damage //

of PANI NPs and Ag/PANI nanoporous composites,
Reactive oxygen species
Dissolution of ions
7 or free radicals
++

Fig. 8 An illustration of possible interactions and harmful mechanisms when manufactured nanoparticles target the cytoplasmic contents, cell wall,
capsule, and cell membrane of a generic bacterium (reproduced with permission from ref. 3).
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antibacterial activity tests were conducted against Gram-
positive bacteria (such as B. subtilis and S. aureus) and Gram-
negative bacteria (such as Salmonella species and E. coli). PANI
did not exert any antibacterial effect against all pathogen
strains investigated. The zone of inhibition, on the other hand,
indicates that the Ag/PANI nanoporous composites had anti-
bacterial activity. The order of the bacterial ZI is Salmonella
species > S. aureus > B. subtilis > E. coli. When the concen-
trations of the Ag/PANI nanoporous composites were increased
from 200 to 400 ppm, the ZI of all bacteria increased. However,
when the dosage concentration was further increased to 600
ppm, the inhibition zones decreased. The antibacterial activity
of the Ag/PANI nanoporous composite is finally described by a
simpler mechanism based on electrostatic attraction.””
Bushra et al. investigated the composite material, PANI-
Zr(v) phosphoborate (PZPB), prepared by combining polyani-
line and Zr(v) phosphoborate via the sol-gel process, as shown
in Fig. 9. Using a variety of analytical methods, including
FTIR, XRD, SEM, and EDX, the PZPB composite material was

Aniline (10%)

View Article Online

Review

described. The antibacterial efficacy of the PZPB composite
material against E. coli was investigated. With maximal inhibi-
tion zones of 21 mm at 300 ug mL~", 16 mm at 50 pg mL ™",
17 mm at 100 pg mL ™', and 19 mm at 200 ug mL ™", the disc
diffusion method further demonstrated the inhibitory activity
of the PZPB composite material.”®

Nezhad et al. investigated the two-step synthesis of the
colloidal PANI/ZnO/UiO-66-NH, nano-platform. FTIR, EDX,
XRD, FESEM, UV, and TGA were used to characterize the
synthesized colloidal PANI/ZnO/UiO-66-NH,. Cytotoxicity and
biological activities, including antibacterial and antioxidant
properties, were evaluated. Under an 808 nm NIR laser (0.6 W
em 2, 1.5 mg mL "), the nanocomposite demonstrated excel-
lent photothermal efficiency, reaching 60 °C in 10 minutes,
indicating its potential for hyperthermia-based cancer treatment.
The temperature increased to 49 °C at a concentration of 0.15 mg
mL~", suggesting that the photothermal treatment (PTT) is
dependent on both concentration and laser intensity. NIR laser
irradiation significantly reduced the viability of MCF-7 breast

Oxidative polymerization

Zr (IV) Phosphoborate

2+H g

Hg2+

PANI Zr (IV) Phosphoborate

Fig. 9 Schematic for the PZPB synthesis and Hg?* adsorption on PZPB (with permission from ref. 78).
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cancer cells in an in vitro cytotoxicity study. The MTT assay
demonstrated the nanocomposite’s potential as a photothermal
agent by confirming that combining it with laser therapy resulted
in a significant reduction in cancer cell survival. Furthermore, the
colloidal PANI/ZnO/UiO-66-NH, nanocomposite was found to
have vigorous antibacterial activity against E. coli, B. subtilis, S.
enteritidis, and S. aureus, as well as an antioxidant activity of
90.64%, which is comparable to the highest efficiency of UiO-66-
NH, (94.20%). The inhibition zones for S. enteritidis and E. coli
were 15 £ 0.3 mm and 13 £ 0.1 mm, respectively, indicating their
dual use in PTT and antibacterial treatment. According to the
MTT experiment, after 48 hours of treatment, colloidal PANI/ZnO/
Ui0-66-NH, decreased MCF-7 cell viability to 40%. After 24 h, the
colloidal PANI/ZnO/UiO-66-NH, ICs, value for MCF-7 cell growth
inhibition increased from 17.13 pug mL ™" to 32.3 pug mL ", The
hemolysis tests showed 5% at 100 ug mL ™" and 2.5% at 10 pg
mL . Its antibacterial effectiveness was greatly enhanced when
PANI and sodium carboxymethyl starch (CMS) were combined,
giving it a more potent and wide-ranging antimicrobial action
than the individual components. In conclusion, the PANI/ZnO/
UiO-66-NH, nanocomposite has tremendous potential for phar-
maceuticals, medical treatments, and healthcare technologies due
to its superior photothermal, antioxidant, and antibacterial
capabilities.”

Sampurnam et al. examined the chemically synthesized
PANI/ZrO,-Ag nanohybrids by COPM, as shown in Fig. 10.
Several analytical methods, including XRD, FT-IR, DRS-UV,
HR-SEM, HR-TEM, and Raman spectroscopy, were used to
further analyze the synthesized PANI/ZrO,-Ag nanohybrid.
The morphological examination revealed that polymers had
grown on the zirconia-Ag surface. Using the agar well diffusion

Centrifuge Washing
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Polyaniline/ZrO,-Ag
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assay, the antibacterial activity of the PANI/ZrO,-Ag nanohybrid
was assessed against Gram-positive and Gram-negative bacter-
ial pathogens. The results demonstrated significant activity
against P. vulgaris, E. coli, and M. luteus, with maximum ZI
values of 17.6 + 0.41, 16.3 £+ 0.34, and 15.5 + 0.41 mm,
respectively. The DPPH radical scavenging experiment demon-
strated the antioxidant properties of the PANI/ZrO, Ag nanohy-
brid (20-120 pug mL "), with the DPPH scavenging rate ranging
from 7.87% + 1.3% to 50.23% =+ 1.5%. Additionally, the MTT
assay was used to assess the anticancer efficacy of the PANI/
ZrO,-Ag nanohybrid against the MCF-7 breast cancer cell line.
According to cytotoxicity studies, 100 pg mL~" of the PANI/
ZrO,-Ag nanohybrid caused 53.3% =+ 1.5% cancer cell death.
The current work highlighted the antioxidant, antibacterial,
and anticancer properties of the PANI/ZrO,-Ag nanohybrid
in vitro, which may prove to be a powerful agent for a variety
of future therapeutic applications.®®

Bogdanovi¢ et al. studied the synthesized PANI and Cu NPs
for antimicrobial applications. The produced PANI and Cu NPs
were examined using XRD, Raman, XPS, FESEM, and HRTEM.
Using E. coli, S. aureus, and Candida albicans as microbial
species, they investigated the time- and concentration-depen-
dent antibacterial activities of the materials. After 2 h of
incubation, the Cu PANI nanocomposite demonstrated effective
fungicidal and bactericidal properties at concentrations <1 ppm.
Atomic force microscopy showed significant cellular damage in
every analyzed microbe, in addition to the quantitative analysis.
Additionally, the Cu-PANI nanocomposite’s MIC and MBC were
lower than those of other nanocomposites. Cu-PANI at 0.2 ppm
inhibits the growth of bacteria and fungi. At nanocomposite
concentrations of 0.7, 1.0, and 1.0 ppm, respectively, total growth
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Fig. 10 Schematic of the synthesis of PANI/ZrO,-Ag (reproduced with permission from ref. 80).
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suppression (99.9% microbial reduction) was attained against
E. coli, S. aureus, and Candida albicans. At all examined incubation
times, C. albicans showed the least sensitivity to this concen-
tration, and 60 minutes of exposure to Cu-PANI was insufficient
to destroy the cells completely, despite a notable reduction in
the proportion of fungal cells (97.9%). Only for bacterial cells
could this concentration (20 ppm) be described as the MBC for a
shorter incubation period (30 min) compared to the case above
(0.7 and 1.0 ppm for 2 h). It has been demonstrated that using
such low concentrations of the material is an effective strategy for
preventing its environmental toxicity. The Cu-PANI nanocompo-
site is evaluated in vitro for its genotoxicity and impact on the
oxidative state of human cells. Its release of copper ions must be
quick and efficient at the biosafety threshold (<0.7 ppm) to
effectively control pathogen microorganisms in polluted water
before further processing. Even at low concentrations (<1 ppm),
this efficacy demonstrated the intense contact between the bac-
teria and the nanocomposite, which prevents microbial growth
and subsequent reproduction. The cytokinesis-block proliferation
index (CBPI) for genotoxicity is found to be 1.46 + 0.01 at 20 ppm.
Compared to previous PANI-based nanocomposites reported in
the literature, the Cu-PANI nanocomposite exhibits a remarkable
and more noticeable antibacterial activity.®"

Jayeoye et al. studied the synthesized gold nanoparticles/
polyaniline boronic acid/sodium alginate aqueous nanocompo-
sites ((PABA-SAL)@AuNPs), as shown in Fig. 11. The synthe-
sized (PABA SAL)@AuNPs were examined using FTIR, XRD,
FESEM, and TEM. The nanocomposite’s hydrodynamic dia-
meter was 48.6 £ 0.9 nm, and its average particle sizes were
between 15 and 20 nm. The (PABA-SAL)@AuNPs showed anti-
bacterial activity against bacterial isolates associated with sea-
food, with MIC and MBC values ranging from 4 to 8 ug mL ™!
The (PABA SAL)@AuNPs inhibited both Gram-positive and
Gram-negative bacteria with different MICs ranging from 4 to

HO_ OH

NH,

/6

v

SAL-ABA solution
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8 ug mL~". The (PABA-SAL)@AuNPs showed bactericidal activ-
ity against all tested microorganisms at an MBC of 8 ug mL ™"
SAL-ABA was shown to have no antibacterial activities when
compared to (PABA-SAL)@AuNPs. The MICs found in this
investigation were greater than the MICs of 0.3-0.5 ug mL™"
for AuNPs based on sodium alginate-g-poly(N, N-dimethylacryl-
amide-co-acrylic acid) against Bacillus subtilis and V. para-
haemolyticus. However, at the maximum concentration of
6.0 ug mL ™", the (PABA-SAL)@AuNPs showed a modest radical
scavenging activity of 15.6%. The cytotoxicity of the synthesized
(PABA-SAL)@AuNPs against Caco-2 and RAW 264.7 cells was
examined at concentrations ranging from 0.39 to 50.00 ug mL ™. For
the produced nanocomposite, the cytotoxicity was concentration-
dependent. Additionally, the (PABA-SAL)@AuUNPs at 25.00 pg mL ™
demonstrated cell viability above 75% in the RAW 264.7 and Caco-2
cell lines. It was shown that the (PABA SAL)@AuNPs exhibited
modest antioxidant activity without harming human red blood
cells. Additionally, they exhibit high biocompatibility, with cell
viability of at least 70% in the Caco-2 and RAW 264.7 cells. These
findings support the great potential of (PABA-SAL)@AuNPs for
potential biological applications.®

Manzoor et al. investigated the green synthesis of magne-
sium oxide (MgO) and cobalt oxide (Coz;0,) nanoparticles using
extracts from Manilkara zapota leaves, their surface modifica-
tion with PANI (as shown in Fig. 12), and their antifungal
activity against A. niger. Using FTIR, SEM, and XRD, the textural
and structural characteristics of the modified and unmodified
metal oxide NPs were assessed. By adjusting the nanoparticle
dose and exposure duration, the optimal conditions for the
inhibition of Aspergillus niger were determined. Using 24 mg
of PANI/MgO and PANI/Co;0, nanoparticles, respectively, max-
imal ZI values of 2.06 and 2.01 ¢cm were therefore achieved at
72 h. After 48 h, the zone of inhibition against Aspergillus niger
was 4.5 cm, and after 72 h, it had grown to 4.8 cm. The findings

HAuCl,,

(In situ chemical

oxidative polymeruatlon

fABA
of ABA) (PABA-SAL)CAuNPs

nanocomposite

SAL = Sodium alginate ABA = Aniline boronic acid PABA = Polyaniline boronic acid ©=AuNPs
Fig. 11 Schematic of the synthesis for (PABA-SAL)@AUNP nanocomposite (reproduced with permission from ref. 82).
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Fig. 12 Synthesis of the PANI-coated metal oxide nanoparticles (with permission from ref. 83).

show that, under ideal conditions (72 h of time exposure and
24 mM nanoparticle concentration), PANI/MgO nanoparticles
outperformed PANI/Co;O, nanoparticles in controlling the
growth rate of A. niger. PANI/MgO and PANI/Co;O, nano-
particles showed percentage reductions in fungal growth of
73.2% and 65.1%, respectively, which were greater than those
of the unmodified metal oxide NPs (67.5% and 63.2%). There-
fore, it can be concluded that the NPs examined in this study
may provide an alternative to the methods currently used to
prevent Aspergillus-caused food deterioration.®

3.1.4 PANI/biopolymer composites. Pasela et al. investigated
the synthesis of PANI-chitosan (PANI-Cs) composite films via
solution casting at varying PANI concentrations. In order to
assess the viability of a PANI-Cs composite that may be used
for wound dressing, this study also examined the effects of
different concentrations of PANI powders on the chemical
structure, morphology, and cell viability characteristics of Cs.
Raman, UV, SR-FTIR, and SEM-EDX spectroscopy were used to
characterize the synthesized PANI. The designed PANI-Cs

< g Aniline . ¢ :
48 Polymerization 2
rGO PANI-rGO
b

PAN| Capture Probe MCH

“‘H
ol
W

Gold electrode

©
Target AuNPs Tracer Label

composites were shown to be nontoxic in a cell viability experi-
ment, suggesting that they may be used in biomedical applica-
tions in the future.®*

Rehim et al. investigated the development of polymethyl
methacrylate (PMMA)/cellulose nanocrystal (CNC) nanocompo-
sites by physically combining different proportions of CNC with
dissolved PMMA. The synthetic polyaniline-coated polymethyl
methacrylate/nanocellulose composites were examined using
SEM and TGA. The nanocomposite films were also coated with
a layer of PANI, which imparted antioxidant properties but
demonstrated negligible electrical conductivity, as verified by
electrical measurements. The antioxidant capacity of the PANI-
coated films was greater than that of the pure PMMA films.
After 4 h, the inhibition ability increased to 45% and did not
decline after 3 months of storage. Additionally, the coated nano-
composite films demonstrated effective antibacterial activity
against microbes responsible for food poisoning. The results
show that these modified PMMA composites may be a good
option for active food packaging. However, adding the PANI

Au-PANI-rGO

Fig. 13 Synthesis of the (a) Au-PANI-rGO, and (b) electrochemical DNA biosensor (reproduced with permission from ref. 87).
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Table 1 Polyaniline and its composites used in biological applications>°~5759-64.66-68.70-87
Method of Biologica Target Quantitative data
S. no. Composites synthesis activity (strains/cell lines) Assay method (MIC, ICsq, ZI) Ref.
1. PANI (DBSA- COP Antibacterial B. subtilis Agar-well diffusion ZI = 24.5 £ 1.5 mm 55
phthalic acid)
2. PANI (DBSA- Ccop Antibacterial B. subtilis Agar-well diffusion Z1=22.4 £ 1.5 mm 55
oxalic acid)
3. PANI (DBSA- Ccop Antibacterial B. subtilis Agar-well diffusion Z1=21.4 £ 1.5 mm 55
C. procera latex)
4. PANI ISP Antibacterial E. coli Agar-well diffusion %Raq = 94% 56
5. PANI-DN Ccop Antibacterial E. faecalis Agar-well diffusion Z1 =24 mm 57
6. PANI-DN COP Antifungal C. albicans Agar-well diffusion ZI =17 mm 57
7. PANI-imidazole = COP Antibacterial S. aureus Micro broth dilution  ICs = 0.75 pg mL™" 59
8. PANI-tetrazole COP Antibacterial S. aureus Micro broth dilution MIC = 25 pg mL ™" 60
9. PANI-tetrazole COP Antifungal, A. niger, A. clavatus Micro broth dilution ~ MIC = 100 ug mL ™" 60
10. PANI-tetrazole CoP Antituberculosis M. tuberculosis Micro broth dilution ~ MIC = 0.25 pg mL™* 60
H37RV
11. PANI-pyrazole COP Antibacterial S. aureus Micro broth dilution MIC = 25 pg mL ™" 60
S. pyogenes
12. PANI-pyrazole COP Antifungal A. clavatus Micro broth dilution MIC = 100 ug mL™" 60
13. PANI-pyrazole COP Antituberculosis M. tuberculosis Micro broth dilution MIC = 0.25 g mL™" 60
H37RV
14. PANI-co-Pyr COP Antibacterial S. aureus, Micro broth dilution MIC = 0.25 pg mL™" 61
B. subtilis, E. coli,
P. aeruginosa
15. PANI-co-Pyr COP Antifungal A. niger Micro broth dilution MIC = 0.25 pyg mL™" 61
P. chrysogenum
16. PANI-indole COP Antibacterial S. pyogenes Micro broth dilution MIC = 25 pg mL ™" 62
17. PANI-indole COP Antifungal C. albicans, Micro broth dilution  MIC = 250 pg mL™" 62
A. clavatus
18. PANI-indole Ccop Antituberculosis M. tuberculosis Micro broth dilution MIC =1.25 igmL™" 62
H37RV
19 PANI-indole COP Antimalarial P. falciparum Micro broth dilution  ICs = 0.56 pg mL™" 62
20. PANI-PNMA COP Antibacterial B. subtilis Disk diffusion ZI = 35.3 = 0.6 mm 63
21. PANI-PNCIA COP Antibacterial B. subtilis Disk diffusion ZI = 48.6 + 0.6 mm 63
22. Br-PANI CoP Antibacterial E. coli, B. subtilis Plate counting MIC = 0.15 ug mL™" 64
23. PANI/TiO, Cop Antibacterial K. pneumoniae Bauer Muller ZI = 21 mm 66
Hinton agar
24. PANI/TiO, Cop Antifungal A. flavus Potato dextrose agar  ZI = 11 mm 66
25. Ag NPs-PANI COP Antibacterial E. coli Disc diffusion ZI =10 mm 67
26. Ag NPs- CoP Antibacterial E. coli Disc diffusion ZI =20 mm 67
PANI/MWCNT
27. PANI/TiO, Electropolymerized  Antibacterial S. aureus Tryptic soy agar 10® CFU per mL 68
28. PANI/TiO, Electropolymerized =~ Cytocompatibility — Cell viability MTT assay 100% 68
29. PANI-PPSU COP Antibacterial E. coli Luria Bertani Bg = 95.2% 70
30. PANI-N@CDs Ultrasonication Antibacterial S. aureus Lysogeny broth MIC = 750 pg mL~" 71
31. HCP-SPANI Breath figure Antibacterial E. coli Disk diffusion 7Z1=6.44 £ 027 mm 72
32. HCP-SPANI Breath figure antibiofilm S. aureus Crystal violet assay 96.57% 72
33. PANI-ZnO NPs  Impregnation Antibacterial E. coli Agar disc diffusion ZI = 12.40 + 73
0.46 mm, 76.15%
34. AZO/PANI In situ inverse Antibacterial S. aureus Beef protein ZI = 26.5 mm 74
microemulsion
35. AZO/PANI In situ inverse Antifungal C. albicans Sabouraud ZI = 28.8 mm 74
microemulsion glucose agar
36. PANI/Ag ISP Antibacterial S. aureus Muller Hinton broth  ZI = 14 mm 75
37. PANI-Au COP Antibacterial B. subtilis Agar-well diffusion ZI = 31 £+ 0.45 mm 76
38. PANI-Au COP Anticancer HepG2 liver MTT IC50 = 32 pg mL ™" 76
cancer cells
39. PANI-Au/Pt Ccop Antibacterial B. subtilis Agar-well diffusion ZI =33 £+ 1.10 mm 76
40. PANI-Au/Pt COP Anticancer HepG2 liver MTT ICso = 21.25 ug mL™" 76
cancer cells
41. Ag/PANI Ccop Antibacterial Salmonella sp. Classical diffusion ZI = 22.5 mm 77
42. PZPB COP Antibacterial E. coli Disc diffusion ZI = 21 mm 78
43. PANI/ZnO/ Sonication Antibacterial B. subtilis, Kirby-Bauer Z1=13 £ 0.2 mm 79
UiO-66-NH, S. enteritidis
44, PANI/ZnO/ Sonication Antioxidant — DPPH radical ICs0 = 25 g mL ! 79
UiO-66-NH, scavenging
45. PANI/ZnO/ Sonication Anticancer Breast cancer MTT IC50=17.13 pgmL™" 79
Ui0-66-NH, cell line (MCF-7) (24 h), 32.3 pg mL~*
(48 h)
46. PANI/ZnO/ Sonication Hemolysis Red blood cells Hemolysis 2.5% 79
UiO-66-NH,
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2026, 7, 3495-3517 | 3511


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01462j

Open Access Article. Published on 11 March 2026. Downloaded on 6/29/2026 6:09:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Materials Advances
Table 1 (continued)
Method of Biologica Target Quantitative data
S. no. Composites synthesis activity (strains/cell lines) Assay method (MIC, ICsq, ZI) Ref.
47. PANI/ZrO,-Ag Ccop Antibacterial P. vulgaris Agar-well diffusion Z1=17.6 £ 0.41 mm 80
48. PANI/ZrO,-Ag COP Antioxidant — DPPH radical 7.87% + 1.3% to 80
scavenging 50.23% + 1.5%
49. PANI/ZrO,-Ag Ccop Anticancer Breast cancer MTT 53.3% + 1.5% 80
cell line (MCF-7)
50. PANI-Cu NPs COP Antibacterial E. coli, S. aureus Serial dilution 99.9% 81
51. PANI-Cu NPs COP Antifungal C. albicans Serial dilution 99.9% 81
52. PANI-Cu NPs CoP Genotoxicity Human cells Micronucleus CBPI = 1.46 £ 0.01 81
53. PANI-Cu NPs COP Cellular Oxidative stress Thiobarbituric 0.78 + 0.10 81
oxidative status
54. PABA-SAL@ COP Antibacterial P. aeruginosa, Micro broth MIC = 4 pg mL™* 82
AuNPs V. parahaemolyticus  dilution
55. PABA-SAL@ CcOoP Antioxidant — ABTS radical 15.6% 82
AuNPs scavenging
56. PABA-SAL@ COP Hemolytic effect  Red blood cells Hemolysis Below 1% 82
AuNPs
57. PABA-SAL@ COP Cytotoxicity Cell lines MTT 75% 82
AuNPs (Caco-2, RAW 264.7)
58. PANI/MgO COP Antifungal A. niger Well-diffusion ZI = 2.16 cm 83
59. PANI/C0304 Ccop Antifungal A. niger Well-diffusion ZI = 2.01 cm 83
60. PANI-Cs Solution Healing wounds  Cytocompatibility Cell viability assay 94.93% + 1.5% 84
casting trypan blue assay
61. PANI-PMMA/ Soaking Antibacterial B. cereus — 25% 85
CNC S. typhimurium
62. PANI-PMMA/ Soaking Antioxidant — DPPH radical 45% 85
CNC scavenging
63. CS PANI/Ch- ISP Antibacterial E. coli Serial dilution MBC = 1.0 wt% 86
AgNP S. aureus
64. MW PANI/Ch- ISP Antibacterial E. coli Serial dilution MBC = 0.25 wt% 86
AgNP
65. PANI-rGO In situ Antituberculosis  1S6110 DNA Affinity column 0.1 pM to 10 nM 87
reduction fragment of

M. tuberculosis

layer to the films conferred them with antibacterial and anti-
oxidant properties against foodborne microbes. As a result,
PANI-coated PMMA/CNC composite sheets may hold great
application promise for active food packaging technologies.®

Gizdavic-Nikolaidis et al. studied the antibacterial polyani-
line/chitosan-silver nanoparticle (PANI/Ch-AgNP) composites
at room temperature utilizing an environmentally friendly
enhanced microwave (MW) technique. Aniline was chemically
polymerized in situ using potassium iodate (KIO;) as an oxidiz-
ing agent. The synthesized PANI/Ch-AgNP were characterized
using FTIR, DLS, SEM, EDS, and XPS. AgNPs affected the
aniline polymerization in the presence of the Ch biopolymer
in the PANI-based composite. According to a comparison of the
physical, morphological, and antibacterial characteristics of
the PANI/Ch-AgNP samples synthesized using the improved
MW approach and classical chemical synthesis (CS). The MBC
of CS PANI/Ch-AgNP was found to be 1.0 wt% against E. coli
and S. aureus, respectively, by the serial dilution method.
Additionally, the MBCs of MW PANI/Ch-AgNP were found to
be 0.25 and 2.0 wt% against E. coli and S. aureus, respectively.
The bactericidal efficiency of all PANI/Ch-AgNP composites
against both bacterial species was superior to that of any of
the Chs or PANI control samples.®®

3.1.5 PANI/graphene composites. The PANI-reduced gra-
phene oxide (PANI-rGO) nanocomposite was investigated by

3512 | Mater. Adv., 2026, 7, 3495-3517

Chen et al. as a redox nanoprobe in a voltammetric DNA
biosensor for MTB, as shown in Fig. 13. Developed a DNA
biosensor to identify a specific DNA sequence of Mycobacterium
tuberculosis (MTB). The voltammetric signal was generated
using a redox nanoprobe comprising a PANI-rGO composite
with good electrochemical activity. FESEM and electrochemical
analysis were used to characterize the produced PANI-rGO.
Gold nanoparticles (AuNPs) were used to adorn the composite,
and the tracer label was created by immobilizing the signal
probe. The voltammetric signal produced by the PANI-rGO
redox probe is clearly visible following the hybridization of
the target DNA with the tracer label. The biosensor has a
detection limit of 50 fM (at a S/N ratio of 3) and can detect
the IS6110 DNA sequence of MTB over the concentration range
of 0.1 pM to 10 nM. Additionally, the biosensor lacks mismatch
recognition and is extremely specific. It was used to identify
denatured PCR products in clinical samples, such as sputum,
and the results matched those of gel electrophoresis. For the
identification of MTB and, if suitable molecular markers are
available, other infections, this test offers a flexible and effec-
tive tool. In summary, the current work has successfully devel-
oped an electrochemical DNA biosensor and demonstrated its
use for detecting MTB. The electrochemical reaction of the
redox nanoprobe (PANI-rGO) with DPV measurements makes it
simple to determine the quantity of target DNA. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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biosensor’s sensitivity is significantly enhanced by rGO’s large
surface area, which also improves the electrochemical signal
and enhances PANI's immobilization. The electrochemical
biosensor performs exceptionally well for evaluating clinical
samples and can detect the specific 1IS6110 DNA fragment at the
femto-

mole level. Additionally, by altering the matching sequences of
the capture probe and the signal probe, this technique offers a
flexible tool for identifying other infections with specific
nucleic acid sequences, which may hold significant promise
for accurate clinical diagnosis.®” PANI and their composites,

which are used in biological applications, are summarized in
Table 1,55757:59-64,66-68,70-87

4. Limitations and future outlook

The major limitations on the use of PANI and its composites
in clinical practice include cytotoxicity, processability, the
notable differences between in vitro and in vivo research,
and physicochemical characteristics. PANI has poor processa-
bility, infusibility, and low solubility or insolubility in the
most widely used solvents. However, PANI’s poor physical
characteristics and lack of biocompatibility pose the biggest
obstacles to its tissue engineering applications, particularly
for applications inside the human body, such as bone regen-
eration. The synthesis of PANI composites with nanostruc-
tures like Ag and TiO, and biodegradable synthetic polymers
like PCL, poly(lactic-co-glycolic acid) PLGA, and poly(lactic
acid) PLA has somewhat resolved this problem by enhancing
their mechanical characteristics and ability to integrate into
biological tissues. Furthermore, the biodegradability of pure
PANI scaffolds continues to limit their use in tissue regenera-
tion. Although the use of metallic nanoparticles improves the
antibacterial effectiveness, some studies fail to sufficiently
address concerns about cytotoxicity toward mammalian cells.
Therefore, the development of degradable PANI blends and
composites using biobased polymers has received a lot of
attention.

As a next-generation material platform for efficient and
sustainable biomedical solutions, PANTI has significant potential;
however, establishing its safety characteristics requires signifi-
cant in vivo research and biocompatibility evaluations. The
development of PANI-based biointerfaces for wearable and
implantable devices will continue to be accelerated by develop-
ments in flexible electronics, nanofabrication, and 3D printing.
PANI and its composites hold great promise for use as next-
generation materials in enhanced diagnostic platforms,
regenerative treatments, and precision medicine, by connecting
polymer science and biomedical engineering.

5. Conclusion

This review provides a thorough analysis of PANI and its com-
posites, highlighting their benefits and characteristics, from
their synthesis, structure, and physicochemical characteristics

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to their potential in a variety of biomedical applications. PANI
and its composites have emerged as versatile and promising
materials for a broad spectrum of biological applications due to
their inherent conductivity, redox activity, ease of functio-
nalization, and compatibility with diverse nanostructures.
Advances in material design have significantly improved their
antimicrobial, antioxidant, antituberculosis, anticancer, and
antimalarial activities. By adding hetero-ring, nanoparticles,
carbon nanomaterials, and natural polymers to PANI matrices,
their stability and biocompatibility have been improved, and
their potential for medical analysis has been enhanced.
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