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Abstract 
Polyaniline (PANI)-coated traditional Nepali paper composites were synthesized via an in situ chemical oxidative 
polymerization process. Fourier Transform Infra-red Spectroscopy (FTIR), X-ray Diffraction (XRD), Optical 
Microscopy (OM) and Scanning Electron Microscopy (SEM) confirmed the PANI-coating. Additionally, the 
synthesized PANI powder (emeraldine salt) exhibited good antibacterial activity against Bacillus subtilis and 
Escherichia coli (zone of inhibition, ZOI: 0.5 cm each) and antifungal activity against Candida albicans (ZOI: 0.4 
cm). In contrast, PANI-coated NK exhibited lower antimicrobial activity compared to powdered PANI. It was more 
effective against E. coli (ZOI: 0.3 cm) than against B. subtilis (ZOI: 0.2 cm). The antifungal activity against C. 
albicans was the lowest, with a ZOI of 0.1 cm. These findings demonstrate the potential of the composites for 
sustainable packaging applications with modest antimicrobial properties.  Optimizing the polymerization process 
and material formulation could enhance their efficacy for eco-friendly active packaging systems. 
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Introduction 
Sustainable packaging solutions have significantly 
increased due to increased awareness of environmental 
issues and the need for biodegradable materials. On the 
top, introduction of antimicrobial property to these 
sustainable and biodegradable packaging materials 
would be more effective for preserving the food, 
pharmaceutical, medical devices, personal care and 
cosmetics (Sung et al., 2013; Vermeiren et al., 2002). 
Traditional antimicrobial packaging materials 
incorporate antimicrobial agents into the synthetic 
polymers such as polypropylene (PP), polystyrene (PS), 
polyethylene terephthalate (PET), polymethyl 
methacrylate (PMMA), polyvinyl chloride (PVC), and 
polyethene (PE). Most commonly used antimicrobial 
agents are nanoclays, metal and metal oxide 
nanoparticles, including silver (Ag), zinc oxide (ZnO), 
and titanium dioxide (TiO2) (Brandelli, 2024; Duda-
Chodak et al., 2023; Hasanin et al., 2023; Lai et al., 2022). 
However, the use of conventional antimicrobial agents, 
for instance, Ag nanoparticles, can lead to environmental 
and health risks as their working mechanism often 
involves the leaching of ions (Kwon et al., 2021). By 
contrast, Polyaniline (PANI), a class of conjugated 
polymer (CP), is a safer choice. It possesses unique 
properties including high proton dopability, excellent 
redox cyclability and environmental stability 
(Maruthapandi et al., 2022). The antimicrobial action of 
PANI involves the electrostatic interaction and oxidative 
stress generation. PANI attracts the negatively charged 
bacterial cells and makes physical contact with them. 

This contact leads to an enhanced antimicrobial activity 
(Jose et al., 2023; Robertson et al., 2018). Simultaneously, 
the excessive use of such synthetic polymer matrices 
imposes serious environmental issues of non-degradable 
plastic waste. 
 
A significant number of works have been carried out in 
the development of PANI-based antimicrobial 
composites using different substrates. For instance,  
Rehim et al. (2020) fabricated PMMA-Cellulose 
nanocrystal (CNC) nanocomposite through physical 
blending. To the surface of this composite film, a PANI 
layer was deposited. The resultant composite exhibited 
notable antimicrobial activity against Bacillus cereus and 
Salmonella typhimurium. Similarly, Ao et al. (2025) used 
melt blending to incorporate PANI and graphene into a 
PP matrix in the presence of nanosilica and epoxy-
functionalized ethyl orthosilicate. The composite with 
0.5 wt. % filler loading showed complete (100 %) 
antibacterial activity against both Escherichia coli and 
Staphylococcus aureus. This further shows the effectiveness 
of PANI-based systems in developing antimicrobial 
packaging materials. However, the use of synthetic and 
non-biodegradable polymers such as PP and PMMA 
raises significant environmental challenges. In this 
context, cellulose-based materials are a great choice due 
to their inherent biodegradability, natural abundance and 
eco-friendly nature. Shalini et al. (2016) synthesized a 
PANI-cellulose composite by extracting cellulose from 
sugarcane bagasse and subsequently incorporating PANI 
through chemical polymerization. The prepared 
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composite exhibited improved antimicrobial activity 
against S. aureus and E. coli, with zones of inhibition 
(ZOI) of 16 ± 0.43 mm and 13 ± 0.45 mm, respectively. 
Alternatively, Various natural plant fibres, including 
Argeli, Lokta, bamboo, sisal, agave, kenaf, jute, etc, have 
been directly used to make biodegradable and 
sustainable biocomposites (Adhikari et al., 2012; 
Gautam, Groβmann, Basyal, et al., 2024; Giri et al., 
2024). Maráková et al. (2017) developed PANI-coated 
cotton fabrics through in situ polymerization, followed 
by silver (Ag) nanoparticle incorporation via immersion 
in silver nitrate solution of different concentrations. The 
cotton-PANI-Ag composite prepared using 0.05 M 
AgNO3 solution demonstrated antimicrobial activity 
against S. aureus (ZOI: 1 mm) and E. coli (ZOI: 4 mm). 
These studies underscore the potential of incorporating 
PANI in the cellulose substrate to achieve an 
antimicrobial effect that could be used for packaging 
applications. While plant fibres can be incorporated into 
composites in various forms, the direct utilization of 
cellulose-based paper represents a particularly 
straightforward and cost-effective approach. 
 
Traditionally, Nepali handmade papers are generally 
made from the bast fibres of Lokta (Daphne papyracea and 
Daphne bholua) and Argeli (Edgeworthia gardneri) (Deuba, 
2015). These papers are known for their inherent unique 
properties of high porosity, flexibility, strength and 
insect repellent since ancient times in Nepal (Aryal et al., 
2022). In particular, Argeli fibres possess high cellulose 
content, good durability and modest tensile strength 
(Gautam, Groβmann, Pradhan, et al., 2024). 
Additionally, Argeli grows comparatively faster than the 
Lokta plant and holds potential to fulfil the demands of 
raw material for Nepali paper. 
 
Nepal has long traditional green packaging practices 
using biodegradable local resources based on its culture 
and traditions. In connection to this, bamboo baskets 
(Perungo), leaf plates (Duna, Tapari), banana leaf, etc., have 
been used as sustainable and green packaging materials 
(K.C. et al., 2024; Kalina et al., 2024; Tirpude & Singh, 
2025). Traditionally handmade Nepali papers (NK), 
which have long been used in official government 
documentation, have now been used in various other 
sectors as well. It includes eco-friendly bags, boxes and 
packaging papers. Studies show that cellulose-based 
substrates have been effectively used for the 
development of PANI-cellulose composites for 
antimicrobial packaging materials (Ramos et al., 2019; 
Youssef et al., 2012). Nevertheless, the use of traditional 
handmade Nepali papers as substrates for PANI-based 
antimicrobial composites remains unexplored. The 
objective of this study is to extend this approach to NK 
and assess the potential of the composite as an 
antimicrobial packaging material. Considering this, NK 
was coated with PANI via a facile in situ chemical 
oxidative polymerization process. Fourier Transform 
Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), 
and Scanning Electron Microscope (SEM) analysis were 
carried out to analyze the effective incorporation of 

PANI onto the paper. Finally, the antimicrobial efficacy 
of the coated paper was evaluated against Gram-positive 
and Gram-negative bacteria and a fungus using the agar 
diffusion method. 
 

Materials and Methods  
Materials and sample preparation 
Laboratory grade Aniline with purity 99.5 %, 
Hydrochloric (HCl) acid at 37 % and Ammonium 
persulphate (APS) with purity 99 % were obtained from 
Qualigens Fine Chemicals, Mumbai, India, and used as 
received. Traditionally handmade Nepali paper (NK), 
made from Argeli bast fibres, was purchased from 
Taplejung Koseli Ghar, Phugling 57500, Taplejung, 
Nepal. The thickness of the paper ranged from 0.9 mm 
to 0.12 mm. 
 
Synthesis of Polyaniline (PANI) 
A general approach of chemical oxidative 
polymerization method was used to synthesize PANI 
using APS as an oxidant. Typically, 12.3 g of APS 
(equivalent to approximately 0.054 moles) were 
dissolved in 70 mL of 1M aqueous HCl in a 500 mL 
beaker. The molar ratio of monomer to oxidant was 
maintained at approximately 1:1. Thus, the monomer 
solution was prepared by dissolving 5 g of aniline in 75 
mL of 1M HCl in a separate 500 mL beaker in the 
presence of 5x critical micelle concentration of 
surfactant cetyltrimethylammonium bromide (CTAB). 
Both solutions were maintained at a constant 
temperature of 25 °C. The oxidant solution was added 
slowly to the aniline solution for approximately 1 minute. 
The reaction mixture was allowed to stand for 30 
minutes, during which the constant temperature was 
maintained at 25 °C. After the completion of 
polymerization, the reaction mixture was filtered, and 
the PANI residue was washed with distilled water. 
Finally, the obtained powder was washed with acetone 
till a clear filtrate was obtained and dried in the oven at 

60 ℃ for 24 hours (Wasu & Raut, 2014). 
 
Synthesis of PANI-coated NK composites 
The NK was cut into a square shape of dimensions 5 cm 
× 5 cm for the subsequent coating. For the 
polymerization reaction, the concentrations of the 
oxidant, monomer and surfactant solution were kept 
identical to those used in the synthesis of PANI powder. 
A piece of NK was then dipped into a monomer solution 
with surfactant taken in a beaker and soaked for a few 
minutes. Subsequently, the oxidant was added slowly to 
the beaker containing NK to initiate the polymerization 
reaction. After the polymerization for 30 minutes, the 
PANI-coated NK was removed from the reaction 
mixture and allowed to dry overnight. On the following 
day, it was rinsed carefully to remove the oligomers 
adsorbed on the surface of NK, followed by acetone. It 

was further dried in the oven at 60 ℃ for 45 minutes. A 
schematic diagram illustrating the stepwise PANI 
coating process on NK is presented in Fig. 1.
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Figure 1. Schematic illustration of the in-situ polymerization process for PANI coating on NK  

 
Preparation of media 
Nutrient Agar (NA): Nutrient agar, a common nutrient 
medium, provides essential nutrients to support the 
growth of a wide spectrum of non-fastidious 
microorganisms. This medium was prepared by 
dissolving 28 g of nutrient agar in a litre of distilled water 
in an appropriately sized Erlenmeyer flask. The mixture 
was boiled with constant agitation to ensure complete 

dissolution, then sterilized by autoclaving at 121℃ under 
the pressure of 15 psi for 15 minutes. Subsequently, the 
sterilized media were cooled for approximately 50 
minutes and 25 mL aliquots were aseptically poured into 
the sterile 90 mm petri dishes. They were properly 
labelled and left undisturbed to allow solidification. 
Nutrient Broth (NB): Nutrient broth is a liquid culture 
medium identical to nutrient agar in composition, only 
lacking the solidifying agent, agar powder. As a result, it 
is in a liquid state at room temperature and is used for 
maintaining microbial cultures. To prepare the nutrient 
broth, 1.3 g of the powder was dissolved in 100 mL of 
distilled water using an Erlenmeyer flask, followed by 

sterilization via autoclaving at 121℃ and 15 psi for 15 
minutes. After cooling at room temperature, 10 mL 
aliquots were aseptically transferred into a screw bottle. 
To ensure the aseptic storage conditions, it was further 
sterilized. 
 
Mueller Hinton Agar (MHA): Mueller Hinton Agar is a 
culture medium composed of beef extract, starch, acid 
hydrolysate of casein and agar. It is primarily used for 
antimicrobial susceptibility testing due to its ability to 
support the proliferation of non-fastidious bacteria and 
facilitate the formation of a clear zone, particularly in the 
disk diffusion method developed by Kirby-Bauer. The 
medium was prepared by adding 3.8 g of powdered 
MHA to 100 mL of distilled water. The mixture was 
heated with frequent stirring and boiled for one minute 
to make the medium clear. Subsequently, the medium 

was sterilized by autoclaving at 121℃ under 15 psi 

pressure for 15 minutes. After cooling the medium at 
room temperature, 10 mL of medium was poured 
aseptically into sterile 90 mm petri dishes placed 
horizontally to ensure a uniform depth. Finally, the 
plates were left undisturbed at room temperature, 
allowing the agar to solidify.  
 
Potato Dextrose Agar (PDA): Potato dextrose agar is a 
widely used general-purpose medium for culturing fungi, 
including yeasts and moulds and can be supplemented 
with acids and antibiotics to suppress bacterial 
contamination. It primarily consists of dehydrated 
potato infusion and dextrose, which promotes 
favourable fungal growth with agar as a solidifying agent. 
It was prepared by adding 3.9 g of commercially available 
PDA powder to 100 mL of distilled water and heating 
continuously with constant stirring until fully dissolved. 

After cooling to about 50 ℃, 10 mL of aliquots were 
aseptically dispensed into sterile petri dishes. Finally, the 
plates were left undisturbed at room temperature to 
allow the medium to solidify. 
 
Collection of test organisms 
Three microbial strains, comprising two bacteria and one 
fungus, were employed for the antimicrobial activity 
study. These strains were supplied by Himalayan 
Research Institute of Biotechnology Pvt. Ltd., Radhe, 
Bhaktapur. The study included two bacterial strains and 
one fungal strain. The bacterial strains comprised a 
Gram-positive strain, Bacillus subtilis ATCC 6051, and a 
Gram-negative strain, Escherichia coli ATCC 8739. For 
antifungal evaluation, Candida albicans ATCC 2091 was 
used as a test organism. 
 
Preparation of Standard Culture Inocula 
The microbial inocula were prepared from primary 
culture plates as described above. An isolated colony of 
each bacterial strain was aseptically transferred using a 
sterile inoculating loop and sub-cultured onto Mueller-
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Hinton Agar (MHA) plates. Fresh cultures for testing 

were obtained by incubating the plates at 37 ℃ for 12 
hours. Kanamycin sulphate (5 μL) was used as a standard 
antibiotic control. 
 
Characterization Techniques 
Optical Microscopy (OM) 
The first impression of the incorporation of PANI into 
the paper was observed by the optical microscope Boeco 
BM-700, Germany. The samples were observed in the 
bright field mode at different magnifications (10x and 
40x).  
 
Fourier-Transform Infrared (FTIR) Spectroscopy 
The functional group identification and the interaction 
of PANI with the NK were assessed by FTIR analysis in 
an attenuated total reflectance (ATR) mode using a 
spectrometer (IRAffinity-1S, Shimadzu, Japan).  
The samples were dried and sectioned into small pieces 
before mounting on the ATR crystal. Subsequently, the 
spectra were obtained in the range of 4500 to 500 cm-1 
using a resolution of 4 cm-1. For a better signal-to-noise 
ratio, each sample was scanned 40 times. 
 
X-ray Diffraction (XRD) 
The structure of NK and PANI-NK composites was 
analyzed by X-ray Diffraction using a Brucker D8 
Advance Eco diffractometer. The measurements were 
carried out using Cu-K  radiation (λ= 0.154056 nm) at 
40 kV and 30 mA, with diffraction patterns recorded in 
the 2θ range of 5-80° at a step size of 0.02°. The 
crystallinity index (CI) was determined using equation 
(1):  

𝐶𝐼 = (
𝐴𝑐𝑟

𝐴𝑡
) × 100 %   (1) 

 
where, Acr represents the area of the crystalline 
diffraction peaks, and At denotes the total peak area of 
both crystalline and amorphous contributions. 
 
Scanning Electron Microscopy (SEM) 
The surface morphology of PANI-coated composites 
was examined using a scanning electron microscope 
(FEI Quanta 650 ESEM-FEG). A conductive palladium 
layer of ~3 nm thickness was deposited onto the samples 
by sputter coating. The samples were mounted on the 
SEM stubs using double-sided conductive adhesive tape. 
Images were acquired by operating the instrument with 
an accelerating voltage of 15 kV.  
 
Antimicrobial Activity 
Antimicrobial Susceptibility Testing (AST): Antimicrobial 
susceptibility testing evaluates the ability of an 
antimicrobial agent to suppress the growth of 
microorganisms, including bacteria and fungi. In this 
study, the antimicrobial activity of various samples, 
including Nepali paper (NK), PANI and PANI-coated 
NK, was assessed by measuring the average diameter of 
the zone of inhibition (ZOI) formed around the sample 
on an agar surface inoculated with specific pathogenic 
bacteria. 
 

Antibacterial test 
Sterile Muller-Hinton Agar Plates were dried to remove 
any residual moisture on the surface. A spreader (bent 
glass rod) was sterilized by dipping it into 95 % ethanol. 
After this, 5μ L of the standardized bacterial culture was 
carefully pipetted onto the centre of each labelled agar 
plate. The inoculum was spread across the surface of 
agar by rotating the plate at about 60° intervals, ensuring 
even coverage. After inoculation, the plates were 
covered and left undisturbed for a few minutes to dry. 
 
Sterile filter paper discs, each 5 mm in diameter, were 
carefully placed onto the surface of the inoculated agar 
plates. The test samples were applied onto the respective 
discs using the sterile tweezers. The plates were then 
covered and left at room temperature for 30 minutes. 
Following this, the plates were subjected to incubation 

at 37 ℃ for 24 hours. After it, the ZOI surrounding the 
discs was measured using a ruler and recorded for further 
analysis. 
 
Antifungal test 
A broth culture of the fungal strain was uniformly spread 
over the surface of pre-sterilized PDA plates. Sterile 
filter paper discs were kept on the surface of agar. The 
samples were aseptically introduced onto the respective 
discs with the help of sterile tweezers. The plates were 
kept covered at room temperature for 30 minutes, 
providing sufficient time to diffuse into the medium. 

Thereafter, the plates were incubated at 28 ℃ for 24 
hours and after which the ZOI was measured. 
 

Results and Discussion 
Structural and morphological analysis 
Figure 2 depicts the FTIR spectra of neat NK, PANI 
powder, and PANI-coated NK. The characteristic peaks 
of PANI corresponding to C─C stretching of quinonoid 
and benzenoid structure were observed at 1560 cm-1 and 
1483 cm-1. Consistent results are documented in the 
literature (Lee et al., 2012; Razak et al., 2014). 
Additionally, the peaks centred at 1287 cm-1 and 1237 
cm-1, attributed to C─N stretching vibration of 
quinonoid and benzenoid structures of PANI backbone, 
were recorded in the spectrum, comparable with the 
results reported by Deng et al. (2016) and Tang et al. 
(2011). Similarly, the peak at 1110 cm-1 associated with 
the quinonoid ring of PANI was observed, as reported 
elsewhere (Turkten et al., 2023). Furthermore, the 
spectrum showed a peak associated with flexural 
vibrations of the aromatic C─H plane at 789 cm-1. This 
observation is in agreement with the peak reported by 
Manjunatha et al. (2019). 
 
The FTIR spectrum of NK displayed characteristic 
peaks of cellulose, as expected. A strong, broad and 
distinctive peak of O─H stretching vibrations from the 
hydroxyl group was observed, ranging between 3000-
3600 cm-1 (Gautam, Groβmann, Pradhan, et al., 2024). 
Furthermore, a peak associated with C─H stretching in 
aliphatic hydrocarbons was recorded at 2920 cm-1 
(Poletto et al., 2014). The lignin present in NK was 

96 



 

    

Nep J Environ Sci (2025), 13(2), 93-102 
https://doi.org/10.3126/njes.v13i2.85039 

evidenced by the appearance of a peak at ~1600 cm-1, 
which is attributed to the C=O stretching vibration of 
conjugated lignin structures. A similar observation was 
reported by Tanpichai et al. (2019). Similarly, the peak of 

C─O, C=C and C─C─O stretching vibrations 
characteristic of lignin, cellulose and hemicellulose, 
respectively, was observed at ~1015 cm-1 (Aryal et al., 
2022). 

 

 
Figure 2. FTIR spectra of PANI powder, neat NK and PANI-coated NK 

 
 
Similar to neat NK, PANI-coated NK also exhibited the 
broad band of O─H in the same range. However, the 
incorporation of PANI decreased the intensity of the 
band. A new peak at ~1499 cm-1 was observed, which is 
associated with the C─C stretching vibration of the 
benzenoid structure of PANI. This peak position in the 
composite was found to be shifted by 16 cm-1

 to a higher 
wavenumber compared to that of neat PANI. This 
indicates the interaction of PANI with the cellulose 
matrix of NK and the successful incorporation of PANI 
into the paper. Moreover, a subtle change in the peak 
around 1235 cm-1 was observed; however, other distinct 
peaks characteristic of PANI were not clearly resolved 
due to the overlapping with the cellulose peaks, making 
them indistinguishable in the composite spectrum. 
 
Overall, the FTIR analysis confirms the characteristic 
vibrational modes of PANI, indicating its successful 
synthesis and incorporation of PANI into the NK 
substrate.  
 
Figure 3 depicts the XRD spectra of neat and PANI-
coated NK. The cellulose type I in the NK was evident 
from the 2θ values of 15.5° and 22.6° corresponding to 
(100) and (200) crystallographic planes, respectively 
(Yang et al., 2015; Zhang et al., 2015). The incorporation 
of PANI into NK didn’t introduce any diffraction peaks 
attributable to PANI. The same characteristic peaks of 
NK were retained in the composite, indicating that the 
PANI molecules are intercalated into the cellulose 
matrix without disrupting the fundamental crystalline 
arrangement of cellulose (Youssef et al., 2012). However, 
the intensity of the respective peaks was decreased 
compared to the neat NK. The appearance of a 
characteristic peak of PANI in the FTIR of the 

composite, but its absence in XRD, suggests that PANI 
is in amorphous form, lacking the long-range order in 
the composite. Furthermore, the crystallinity index (CI) 
of PANI-NK (52.42 %) was approximately 5 % lower 
than that of neat NK (57.49 %). The reduction in CI is 
expected as the incorporation of amorphous PANI 
disrupts the ordered crystalline structure of NK. A 
similar observation was reported by Hajlaoui et al. 
(2020). 
 
Figures 4a and 4b show the digital photographs of neat 
NK and PANI-coated NK, respectively. A distinct 
change in colour indicated the incorporation of PANI 
onto the paper. At higher magnification in the optical 
micrograph, the random fibre distributions of different 
thicknesses before polymerization were distinctly visible 
(Fig. 4c). Upon polymerization, PANI particles were 
seen incorporated into these fibres (Fig. 4d). Further, the 
SEM micrograph complemented the detailed 
morphology of the coated paper with high-resolution 
insights. Fig. 5 shows the surface morphology of in situ 
polymerized PANI-coated NK. The fibrous structure of 
cellulose was visible, indicating the underlying substrate 
of NK was intact. However, these individual fibres 
appeared to be modified and completely covered by a 
granular layer of PANI. The coating of PANI appeared 
throughout the substrate. This is likely to be due to a 
porous substrate that enabled effective diffusion and 
retention of monomers and oxidant throughout the 
network (Ke et al., 2019). Additionally, the pores also 
offer more surface area, which results in greater active 
sites for nucleation. The granular texture of PANI 
suggests the agglomeration of the polymer during the 
polymerization.
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Figure 3. XRD diffraction patterns of neat NK and PANI-coated NK composite 

 
 
Antimicrobial analysis 
The antimicrobial activity of neat NK, PANI and PANI-
coated NK was evaluated by measuring the zone of 
inhibition (ZOI) against Bacillus subtilis, Escherichia coli, 
and Candida albicans. The results demonstrated that 
PANI powder had a ZOI of 0.4-0.5 cm against all three 
test organisms (Fig. 6). The neat NK exhibited no 
antimicrobial activity, marked by a ZOI of 0 cm against 
Bacillus subtilis and Escherichia coli, and no visible effect 
against Candida albicans. PANI-coated NK had a ZOI of 
0.1-0.3 cm against all three test organisms. The standard 
Kanamycin had a ZOI of 1.0 cm. The complete set of 
inhibition zone measurements is summarized in Table 
1. The data suggest that PANI powder has the highest 
antibacterial activity against all tested organisms 
compared to Argeli paper and PANI-coated NK.  
 
The neat NK exhibits no antimicrobial and antifungal 
effect, as the cellulose paper doesn’t possess inherent 
antimicrobial and antifungal properties. This served as 
the negative control, affirming that any antimicrobial and 
antifungal activity by the composite is attributed to the 
PANI coating. PANI has significant antimicrobial 
properties, which are consistent with the literature 
reports. The positively charged PANI interacts 
electrostatically with negatively charged bacteria and 
disrupts the bacterial activities required for bacterial 
survival, growth and proliferation. Furthermore, the 
PANI synthesized using APS possesses a molecular 
weight of approximately 100 kD, capable of penetrating 
the cell membrane, leading to cell lysis (Maruthapandi et 
al., 2022; Shi et al., 2006). The antimicrobial activity of 
PANI is also involved with the generation of reactive 
oxygen species that damage the essential biomolecules 

and contribute to the death of the bacterial cell 
(Robertson et al., 2018). However, the antimicrobial 
efficacy of PANI is significantly influenced by its 
physicochemical properties, particularly the chain length 
(Gizdavic-Nikolaidis et al., 2012). 
 
The lower efficacy of PANI towards fungi in 
comparison to bacteria is attributed to their cellular 
structures. The complex cell wall structure of C. albicans, 
containing glucans and mannans, acts as a robust barrier 
to the antimicrobial agents, making them more resistant 
to oxidative and disruptive effects (Iconaru et al., 2021). 
In contrast, the thinner peptidoglycan layers of bacterial 
cell walls are more vulnerable to the antimicrobial agents 
(Aizamddin et al., 2022). Moreover, the PANI-coated 
paper demonstrated extremely low antimicrobial action 
towards the tested microorganisms compared to the neat 
powdered PANI. This reduced efficacy is expected when 
the composites contain low PANI loading. Additionally, 
incomplete coverage, uneven distribution of PANI and 
the reduced exposed sites of PANI in the composites 
further lower the antimicrobial efficacy. Furthermore, 
the antimicrobial activity in composite materials is 
greatly influenced by the diffusion of antimicrobial 
agents from the surface of the composite (Green et al., 
2011). The interaction of PANI with the substrate may 
induce the diffusion constraints that limit the release of 
PANI from the surface of the composite thereby 
reducing its antimicrobial efficacy. In spite of the similar 
antimicrobial activity of powdered PANI against both 
bacterial strains, the PANI-coated NK demonstrated 
lower activity against B. subtilis. This indicates the 
inhomogeneous PANI coating in NK, thereby affecting 
its antimicrobial performance.
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Fig. 4 Macroscopic and microscopic appearance of NK before and after PANI coating: digital photographs (a, b), 
and Optical micrographs (c, d) of neat and PANI-coated NK, respectively  
 
 

 
 

Figure 5. SEM micrograph of PANI-coated NK showing deposition of granular PANI on the surface of the fibres 
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Table 1. Zone of inhibition observed for neat NK, PANI and PANI-coated NK against different strains 

 

 
Fig. 6 Antimicrobial effect of neat NK, PANI powder and PANI-coated NK against E. coli (a), B. subtilis (b) and 
antifungal effect on C. albicans (c) 
 

Conclusions 
Traditionally handmade Nepali paper (NK), made from 
Argeli Bast fibre, was functionalized by incorporating 
PANI through an in-situ polymerization reaction. FTIR 
and XRD analysis assured the successful deposition of 
PANI, which was further supported by OM and SEM 
analysis. Flexible, porous and mechanically strong NK 
functioned as a good substrate for the deposition of 
PANI. Synthesised PANI powder exhibited 
antimicrobial activity against B. subtilis and E. coli, with 
slightly lower effectiveness against the fungus C. albicans. 
The variations in the cell wall composition of these 
microorganisms resulted in differences in their resistance 
to PANI’s antimicrobial effects, with the robust fungal 
structure being more resistant compared to the thinner 
bacterial peptidoglycans. The PANI-coated NK 
exhibited lower antimicrobial activity than neat PANI 
powder, being least effective against C. albicans. The low 
loading of PANI, limited active sites and non-uniform 
distribution of PANI, and diffusion constraints reduced 
the effectiveness of this coated paper. Nonetheless, this 
work highlights the potential of PANI-coated NK for 
antimicrobial packaging applications.  
 
While PANI coating on cellulosic substrates has been 
widely explored, this study extended its application to 
traditionally handmade Nepali paper, highlighting the 
potential of indigenous materials for sustainable 
packaging. Use of such locally available resources could 
reduce dependence on non-biodegradable plastics, 
support traditional craftmanship and minimize plastic 
waste generation in the packaging industry. To further 

enhance antimicrobial efficacy, strategies such as 
functionalization of PANI, controlling the chain length, 
uniform coating and inclusion of other nanoparticles 
into it could be explored.  Additionally, incorporating 
water-resistant and enhancing fire-retardant properties 
would further advance the applicability of these materials 
in packaging technology. 
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c b a 

Bacterial Strain 
Reference 
culture 

Type List of items ZOI of (cm) 

Bacillus subtilis ATCC 6051 Gram +ve 
(a) Polyaniline powder 
(b)  Argeli paper 
(c) PANI-coated paper 

0.5 
0 
0.2 

Escherichia coli ATCC 8739 Gram –ve 
(a) Polyaniline powder 
(b)  Argeli paper 
(c) PANI-coated paper 

0.5 
0 
0.3 

Candida albicans ATCC 2091 Fungi 
(a) Polyaniline powder 
(b)  Argeli paper 
(c) PANI-coated paper 

0.4 
0 
0.1 

Standard Kanamycin (ZOI:1.0 cm) 

100 
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