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Abstract: During the last few years, there has been an increase in public awareness of antimicrobial
fabrics, as well as an increase in commercial opportunities for their use in pharmaceutical and medical
settings. The present study reports on the optimized fabrication of protonated polyaniline (PANI)-
integrated polyester (PES) fabric. Para-toluene sulfonic acid (pTSA) was used to protonate the PANI
fabric and thus grant it antibacterial performance. The results of a 1,1-diphenyl-2-picrylhydrazyl
(DPPH) scavenging assay showed high antioxidant activity of protonated PANI fabric at a scavenging
efficiency of 84.83%. Moreover, the findings revealed remarkably sensitive antibacterial performance
of PANI-integrated fabric against the following Gram-positive bacteria: methicillin-resistant Staphy-
lococcus aureus (MRSA), S. epidermidis, and S. aureus; and also against the following Gram-negative
bacteria: P. aeruginosa, E. coli, and S. typhi. Attenuated total reflectance–Fourier transform infrared
(ATR–FTIR) spectroscopy and energy dispersive X–ray fluorescence (EDXRF) were used to determine
the changes in the structural and elemental compositions of PANI fabric upon treatment with bacterial
strains. Electrochemical impedance spectroscopy (EIS) revealed that the electrical conductivity value
of protonated PANI fabric decreased by one (1) order of magnitude against P. aeruginosa and S. aureus,
from 3.35 ± 7.81 × 10−3 S cm−1 to 6.11 ± 7.81 × 10−4 S cm−1 and 4.63 ± 7.81 × 10−4 S cm−1, respec-
tively. Scanning electron microscopy (SEM) analysis showed the disruption of bacterial membranes
and their structures when exposed to protonated PANI fabric; meanwhile, thermogravimetric analysis
(TGA) demonstrated that the fabric retained its thermal stability characteristics. These findings open
up potential for the use of antimicrobial fabrics in the pharmaceutical and medical sectors.

Keywords: antibacterial fabric; conductive fabric; antioxidant activity; polyaniline; polyester fabric

1. Introduction

Modified fabrics, such as those of cotton, nylon, and polyester (PES), have recently
been introduced into the cosmetic, pharmaceutical, electronic, and medicinal industries [1,2].
These fabrics have been integrated with designed antimicrobial compounds for therapeutic,
controlled release, protection, sensing, and monitoring applications. Antibacterial functional
fabrics are receiving more attention in research and development in the search to reduce health
risks associated with infectious bacteria and epidemic outbreaks throughout the world. There
are goods in hospitals and households that use fabrics, such as medical apparel and surgical
attire. This includes medical clothing, surgical wear, mattress covers, curtains, bedding, and
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wipes. Consequently, infusing antibacterial substances into the fabrics is considered essential
in some applications that must limit the spread of bacteria in contaminated environments [3–5].

Electrostatic interactions between cations and bacteria’s anionic charge at their mem-
brane surfaces, or other interactions between cations and bacteria’s RNA/DNA pro-
teins, are commonly cited as the mechanism for antibacterial activity [6–10]. Moreover,
Zafari et al. [11] reported that the surface hydrophobicity of bacteria also plays an impor-
tant role in bacteria’s inactivation and stress condition when exposed to antibacterial agents.
In order to combat bacterial growth, the antibacterial fabric usually contains positively
charged materials in the form of either small molecules, nanoparticles, or metal ions such as
copper, silver, zinc, etc. [9,12,13]. However, Sánchez-López et al. [14] asserted that there are
risks to humans and the environment that come with this approach. Instead, incorporating
conducting polymers (CPs) via chemical or electrochemical methods on the fabric surface
provides a safe and preferable method of producing a fabric with antibacterial properties.

The polymer’s oxidized backbone, such as polyaniline (PANI), is stabilized by the
alternation of charged ions, which donate or take electrons. The protonated state of CPs
is determined by the extent of the doping agents used; for example, phytic acid (PA),
para-toluene sulfonic acid (pTSA), hydrochloric acid (HCl), and phosphoric acid [15–18].
Moreover, the production of hydroxyl radicals between PANI and its environment leads
to the formation of hydrogen peroxide, which can destroy cells [19]. Moreover, the elec-
trostatic adherence between the PANI molecules and bacteria plays a very important role
in the antibacterial reaction of a PANI fabric. Despite acting as a charge carrier, these
fabrics were reported to grant antibacterial properties by introducing dopant ions into
their structure. Robertson et al. [20] claimed that novel functionalised PANI has an active
reaction against E. coli strains. Omar et al. [21] did a study recently that found that phytic
acid-incorporated PANI fabrics could have a lot of antibacterial power against clinical
pathogens such as K. pneumonia, S. aureus and E. coli. Jarach et al. [22] in their study demon-
strated a 100% elimination of S. aureus and S. epidermidis strains by PANI-integrated fabric.
From the aforementioned reports, PANI fabric could become a superior prospect as a future
antibacterial agent.

Here, we present the optimised fabrication of PANI-integrated PES fabric that utilizes
pTSA as a dopant for its antibacterial performance. While there are major studies which
are investigating how protonated PANI fabric conveys an antibacterial effect and previous
research has only focused on limited types of bacteria [23–25]. Collectively, there is an
important point to emphasize: each Gram-positive and Gram-negative bacteria type may
have different antibacterial activities against PANI fabric. Therefore, this study covered the
antibacterial assessment against the following Gram-positive bacteria: methicillin-resistant
Staphylococcus aureus (MRSA), Staphylococcus epidermidis (S. epidermidis), Staphylococcus au-
reus (S. aureus); and against the following Gram-negative bacteria: Pseudomonas aeruginosa
(P. aeruginosa), Escherichia coli (E. coli), and Salmonella typhi (S. typhi). A 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical-scavenging test was performed to quantify the antioxidant
activity of the fabric. The tentative mechanisms and effects that contribute to the antibacte-
rial properties are also discussed.

Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) spectroscopy and
energy dispersive X–ray fluorescence (EDXRF) were employed to determine the changes
in the structural and elemental compositions of PANI fabric upon treatment with bacte-
rial strains. Meanwhile, electrochemical impedance spectroscopy (EIS) was performed to
characterize the fabric’s electrical properties. The morphological changes of the bacterial
surface membrane were analysed with a scanning electron microscope (SEM), while ther-
mogravimetric analysis (TGA) was conducted in order to reveal the extent to which the
virgin fabric’s thermal stability was maintained. These findings report promising antibac-
terial performance of the fabric as a result of its inherent dopants, such as pTSA, and the
conjugated backbone of PANI-integrated fabric.
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2. Materials and Methods
2.1. Materials

Bare polyester (PES) fabric (50 × 60 cm2) was purchased from a local retailer, Kamdar
Sdn. Bhd. (Klang, Malaysia). Polyaniline (PANI) solution and para-toluene sulfonic acid
(pTSA) were sourced from Sigma Aldrich (St. Louis, MO, USA).

2.2. Preparation of Protonated PANI Fabric

PANI-integrated PES fabric was fabricated through an immersion method as reported
in our previous studies [17]. Briefly, a bare piece of PES fabric was cut to specified
(5 × 5 cm2) dimensions and then submerged in a 10-millilitre green solution of proto-
nated PANI (emeraldine salt). Formerly, PANI was protonated by chemically doped pTSA,
in which the optimized value was 0.9 weight percentage (wt.%) concentration [16]. The
immersion process was carried out for 30 min after which the fabric was dried at room tem-
perature for 24 h in dark conditions. For deprotonated PANI (emeraldine base)-integrated
fabric, no addition of pTSA was employed.

2.3. DPPH Radical-Scavenging Assay

A 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging activity was used to quan-
tify the antioxidant activity of each fabric. Briefly, 10 mg of the fabric was added to 1.6 mL
of 0.1 mM DPPH-methanol solution. The blank was set at 517 nm, and the absorbance of
the fabric was recorded after a 30-minute incubation period at a temperature of 25 ◦C in
dark conditions. A lower absorbance indicates stronger DPPH radical-scavenging activity
in the reaction mixture. The test was carried out in triplicate. The scavenging activity of the
fabric in percent (%) was calculated using the following formula [26]:

Scavenging activity (%) = (Ablank − Afabric/Ablank) × 100

where Ablank is the absorbance rate of the bare PES fabric (control), and Afabric is the
absorbance of the tested fabric. The spectrum was analysed using an ultra-violet spec-
trophotometer (model: Secomam Prim Light, Aqualabo Group, Shanghai, China).

2.4. Statistical Analysis

Results of the DPPH radical-scavenging assay are presented as means ± standard
deviations (SD). An analysis of ordinary one-way ANOVA was carried out in order to com-
pare significant relationships between three (3) groups with one (1) parameter. ANOVAs
were corrected using Tukey’s hypothesis test in comparing bare PES fabric (control group)
with undoped PANI fabric and pTSA-doped PANI fabric. A difference was considered
significant if p < 0.0001. The statistical analysis was conducted using GraphPad Prism
version 9.0 (GraphPad Software, San Diego, CA, USA).

2.5. Kirby–Bauer Disk Diffusion

Three isolates of Gram-positive bacteria (methicillin-resistant Staphylococcus aureus
(MRSA) (BAA 2094), Staphylococcus epidermidis (S. epidermidis) (ATCC12228), and Staphy-
lococcus aureus (S. aureus) (ATCC25923)) were demonstrated. Meanwhile, Gram-negative
bacteria, namely Escherichia coli (E. coli) (ATCC1129), Pseudomonas aeruginosa (P. aeruginosa)
(ATCC10145), and Salmonella typhi (S. typhi) (ATCC14028), were used to perform the antibac-
terial performance test of PANI-integrated fabrics. The bacteria isolates (4.0 × 10−7 cfu/mL)
were inoculated in MH broth and incubated at 37 ◦C for 24 h under shaking conditions
(250 rpm). The bacterial suspension’s turbidity was adjusted to that of a McFarland stan-
dard of 0.5 by adding PBS (1×). The MH agar was lawned with each bacterial isolate using
a sterile cotton swab. The specimens (6.05 ± 0.08 mm) were placed onto the agar with
sterilized tweezers, including the control antibiotic discs for each strain (Table 1), bare PES
fabric, deprotonated PANI fabric, and protonated PANI fabric. The plates with lawned
bacteria and specimens were incubated at 37 ◦C for 18 h. The appearance and size of the
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inhibition zone around the specimens were observed and measured. Measurements were
performed in triplicate.

Table 1. List of strains and their control antibiotic discs.

Type of Bacteria Antibiotic Disc (Control)

Gram-positive
MRSA (BAA2094) Clindamycin (DA—2 µg)

S. epidermidis (ATCC12228) Clindamycin (DA—2 µg)
S. aureus (ATCC25923) Clindamycin (DA—2 µg)

Gram-negative
E. coli (ATCC1129) Streptomycin (S—10 µg)

P. aeruginosa (ATCC10145) Streptomycin (S—10 µg)
S. typhi (ATCC10428) Streptomycin (S—10 µg)

2.6. Characterisation of Protonated PANI-Integrated Fabrics
2.6.1. Attenuated Total Reflectance–Fourier Transform Infrared (ATR–FTIR) Analysis in
Collaboration with Energy Dispersive X–ray Fluorescence (EDXRF) Spectroscopy

The FTIR spectra were studied with a Perkin Elmer Spectrum 100 ATR–FTIR. The anal-
ysis was performed at room temperature with ambient humidity. The spectra were recorded
from 450 cm−1 to 4000 cm−1 at a frequency of 20 kHz, using a resolution of 16 cm−1. Each
spectrum was recorded using a mirrored diamond surface under spectroscopic circum-
stances. The spectra were analysed with BIO–RAD WIN–IR PRO software (version 10,
Perkin Elmer, Ltd., London, UK) in order to identify the functional group components
within the PANI-integrated fabric. Meanwhile, EDXRF (model: Epsilon 3XLE–EDXRF spec-
trometer, Malvern Panalytical Ltd., Cambridge, UK) analysis was performed to measure
the elemental composition of the PANI fabric. K X–rays were used to irradiate the fabric
three (3) times, with the average value recorded; the voltage used was 50 kV. Nitrogen (N)
and sulfur (S) were specifically selected as elements of interest.

2.6.2. Electrochemical Impedance Spectroscopy (EIS)

The electrical conductivity of PANI fabric was measured with EIS (model: HIOKI 3532–50
LCR–HI Tester, HIOKI E. E. Corporation, Nagano, Japan). The analysis was performed at
room temperature using a frequency range from 100 Hz to 1000 kHz. PANI-integrated fabric
(5 × 5 cm2) was clamped between two copper electrodes, each with a 1-centimetre diameter. The
thickness of the fabric was measured beforehand with a digital thickness gauge. An average of
three measurements was recorded. Conductivity measurements were derived from the following
expression [9,27,28]:

Ơ = L/(Rb × A)

where L is the thickness of the conductive fabric measured with a digital thickness gauge;
Rb is the bulk resistance of the fabric extracted from the Nyquist data; and A is the area of
the electrodes.

2.6.3. Scanning Electron Microscopy (SEM) Analysis

The surface morphology of PANI-integrated fabric was observed with an SEM (model:
SNE–4500M Plus Tabletop SEM, SEC Co., Ltd., Suwon-Si, Korea). Before this observation,
a ~10-nanometre gold (Au) film was sputtered onto the samples in order to improve the
image’s resolution. The fabric was cut with a razor blade before the images were captured,
using magnifications ranging from 3000× to 10,000×.

2.6.4. Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGA; SETARAM model, KEP Technologies, Sophia
Antipolis, France) was used to elucidate the thermal stability profiles of the PANI-integrated
fabric pieces. The fabrics were heated at a rate of 20 ◦C/min, from 27 ◦C to 300 ◦C. The
results of the thermal reaction were amalgamated into a graph that shows how much
weight was lost with temperature or time.
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3. Results and Discussion
3.1. Fabrication of PANI Fabrics

The white appearance on the bare PES fabric in Figure 1A was constant. During
the immersion process in undoped PANI, the fabric turned a blue color (Figure 1B). This
blue-colored PANI portrays the deprotonated state (emeraldine base), which is considered
a non-conductive state [29–31]. Meanwhile, as shown in Figure 1C, immersion in PANI
doped with pTSA produced green fabric. The fabric color change to green indicates a
successful doping process resulting from the modulation of acid that generates charge
carriers into the PANI backbone. According to a past study by Mahat et al. [18], the green
shading indicates the emerald salt state, which could alter the electrical conductivity of
PANI and possibly grant antibacterial performance. Nevertheless, this method of doping
is reversible, depending on the environment. PANI’s characteristics such as electrical
performance may be lost if de-doping (the removal of dopant) is performed with alkaline
conditions (e.g., sodium hydroxide (NaOH) or physiological conditions with a pH > 7.4).
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Figure 1. Close-up image of (A) bare PES fabric, (B) deprotonated, and (C) protonated PANI-
integrated fabric.

3.2. Antioxidant Activity of PANI Fabrics

The results for the DPPH-scavenging activity of bare PES fabric (control), undoped
PANI fabric, and pTSA-doped PANI fabric (Figure 2 and Table 2) reveal a progressive
distinction in the following order: pTSA-doped PANI fabric > undoped PANI fabric > bare
PES fabric. During the process, one unit of emeraldine salt of PANI could distribute one
hydrogen atom and eliminate DPPH free radical. The greater the elimination process of
hydroxyl radicals by PANI, the higher its antioxidant activities. Along with its reaction
with DPPH, the emeraldine salt of PANI could turn into a pernigraniline state, which has
lost its ability to scavenge DPPH. In this case, the dopant in doped PANI fabric donated
more hydrogen atoms at approximately 84.83% of its composition, as compared to undoped
PANI fabric (35.74%). Therefore, excellent DPPH-scavenging efficiency was clearly seen in
protonated PANI fabric.
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Figure 2. The antioxidant activity of bare PES fabric (control), undoped PANI fabric, and pTSA-
doped PANI fabric were tested using the DPPH technique. Bars show average readings from
three independent experiments. The data were analyzed using one-way ANOVA and Tukey’s
hypothesis test. Error bars indicate the standard deviations. Statistical significance was indicated by
**** representing p < 0.0001.

Table 2. Scavenging activity of bare PES fabric (control), undoped PANI fabric, and pTSA-doped
PANI fabric.

Fabric Scavenging Activity (%)

Bare PES NIL
Undoped PANI 35.74 ± 1.01

pTSA-doped PANI fabric 84.83 ± 1.50

3.3. Antibacterial Performance of PANI Fabrics

The antibacterial action of deprotonated and protonated PANI fabrics was evaluated
through the Kirby–Bauer disc diffusion method, which resulted in a substantial indication
of antibacterial effects [32]. The inhibition zone (mm) created around the tested fabric on
MH agar was measured for antibacterial properties analysis (Figure 3A–F). In this study,
Gram-positive bacteria (MRSA, S. epidermidis, and S. aureus) and Gram-negative bacteria
(E. coli, P. aeruginosa, and S. typhi) were chosen to investigate the antibacterial performance
of PANI fabrics.

The inhibition zone that formed on the bacterial plates around the protonated PANI
fabric was observed after 18 h of incubation. Meanwhile, there was no inhibition zone
observed on deprotonated PANI fabric or on bare PES fabric. This condition means that
the introduction of pTSA into PANI-integrated fabrics yielded a noticeable transparent
inhibition zone that revealed significant antibacterial properties against the selected bacteria.
The inhibition zone diameter of the protonated PANI fabrics was measured an average of
three (3) times, and the data are tabulated in Table 3. The close-up images and the inhibition
zone of protonated PANI fabric against each strain are shown in Figure 4A,B, respectively.
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Figure 3. The inhibition zone revealed by bare PES fabric (BF), deprotonated/undoped PANI
fabric (UF), protonated/doped PANI fabric (DF), and antibiotic (AB) disc control against (A) MRSA,
(B) S. epidermidis, (C) S. aureus, (D) E. coli, (E) P. aeruginosa, and (F) S. typhi.

Table 3. Inhibition zone of protonated PANI fabrics in contact with all selected bacteria.

Type of Bacteria Antibiotic Disc (AB)—Control
Inhibition Zone (mm) of

Protonated PANI Fabric with
pTSA (DF)

Gram-positive

MRSA
(BAA2094) Clindamycin (DA—2 µg) 21.50 ± 0.09

S. epidermidis
(ATCC12228) Clindamycin (DA—2 µg) 19.11 ± 0.02

S. aureus
(ATCC25923) Clindamycin (DA—2 µg) 22.30 ± 0.03

Gram-negative

E. coli
(ATCC1129) Streptomycin (S—10 µg) 14.12 ± 0.07

P. aeruginosa
(ATCC10145) Streptomycin (S—10 µg) 24.33 ± 0.02

S. typhi
(ATCC10428) Streptomycin (S—10 µg) 21.35 ± 0.08

For the Gram-positive bacteria group, S. aureus exhibited a 22.30 ± 0.03 mm breakpoint
zone, followed by MRSA at 21.50 ± 0.09 mm, and S. epidermidis at 19.11 ± 0.02 mm
for the zone diameter breakpoint measurement. In contrast, Gram-negative bacterial
groups such as P. aeruginosa possessed a 24.33 ± 0.02 mm breakpoint zone, followed
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by E. coli at 14.12 ± 0.07 mm, and S. typhi at 21.35 ± 0.08 mm for the zone diameter
breakpoint measurement.
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Figure 4. (A) Close-up images of inhibition zones formed and (B) the inhibition zone values (mm) of
each selected bacteria species around the surface of protonated PANI fabric after 18 h of incubation.

Overall, we found that the protonated PANI fabrics showed relatively noticeable
antibacterial activity against both Gram-negative and Gram-positive bacteria. In contrast,
there were no inhibition zones observed around the deprotonated PANI fabric for both
groups of bacteria since no acid was impregnated in the fabric. According to Omar et al. [21],
the acid dopant in the fabrics is the critical element involved in establishing the inhibition
zones and activity against the bacteria. When the acid dopant leaches out, the fabric is able
to inhibit several bacterial isolates on its surface.

There are several tentative mechanisms that can contribute to the antibacterial activity
of protonated PANI fabrics against bacteria. When PANI fabric was exposed to the bacteria,
cationic antibacterial compounds such as hydrogen (H+) were triggered [22]. Consequently,
these compounds could penetrate the anionic bacterial membrane. The electrostatic contacts
between both ionic charges of protonated PANI and bacterial membranes can interfere
with their proliferation, and also result in disruption of their cell walls, which could lead to
bacterial cell death (Figure 5A,B).
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Figure 5. Two possible mechanisms can contribute to the antibacterial activity of protonated PANI
fabrics against bacteria. (A) The illustration of protonated PANI-integrated fabric when exposed to
the bacteria strain. (B) Electrostatic contact of cationic compounds in protonated PANI fabric with
the anionic charges in the bacterial membrane. (C) The disruption mechanism of hydroxyl radicals
formed by the production of hydrogen peroxide by PANI reacting with the atmosphere.

Our data show that most of the Gram-negative bacteria formed a noticeable inhibition
zone around the protonated PANI fabrics compared to those of the Gram-positive bacteria.
This can be explained by the difference in cell membrane structures in both groups of
bacteria. According to Mahat et al. [10], Gram-negative bacteria have a thinner layer of
peptidoglycans compared to Gram-positive bacteria. Due to the exposure of numerous neg-
ative charges on their membrane layers, Gram-negative bacteria are attracted to protonated
PANI chains. Therefore, PANI chains are tied up to the bacterial membrane and interrupt
their natural gradients of ion channels [33]. In contrast, the thicker layer of peptidoglycans
of Gram-positive bacteria is very rigid due to their linear polysaccharide chains cross-linked
by short peptides. Consequently, this reduces the potential of the PANI chains to penetrate
their membrane layers compared to those of Gram-negative bacteria.

Moreover, the existence of hydroxyl radicals formed by the production of hydrogen
peroxide by PANI from the fabric to the neighboring atmosphere [34] could aid the bacterial
cell membrane disruption mechanism. Referring to Section 3.2, protonated PANI fabric has
a huge impact on antioxidant activity at 84.83%. The treated fabric releases reactive oxygen
species (ROS) that disrupt multiple biological responses and provokes damage to the bacte-
rial membrane itself (Figure 5C). This study has revealed the potential of protonated PANI
fabric in its antibacterial performance, in which S. aureus and P. aeruginosa showed substan-
tial values of zone diameter breakpoint ranges for antibacterial susceptibility. Therefore,
further characterizations that focused on both samples were performed.

3.4. Morphological Characterization of Bacteria Strains

SEM was used to elucidate the morphological changes in bacterial cells for S. aureus
and P. aeruginosa strains, before and after exposure to protonated PANI fabric. A smooth
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surface membrane is visible on the untreated S. aureus (Figure 6A) and P. aeruginosa cells
(Figure 6B). The red circled areas in Figure 6A’,B’ for treated S. aureus and P. aeruginosa,
respectively, show membrane corrugations after treatment with protonated PANI fabric.
Surprisingly, wrinkled and damaged cell walls were seen after the exposure to protonated
PANI fabric in an 18-hour treatment of both S. aureus and P. aeruginosa.
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As mentioned in Section 3.3, the antibacterial activity of protonated PANI fabric can
be explained by the natural reaction of the electrostatic force between the cationic charges
of protonated PANI and the anionic charges of the bacterial membrane. This attraction
of opposite charges could disrupt the structure of the cells, leading to membrane rupture,
as shown in Figure 6A’,B’. The attraction to the negatively charged bacteria’s surface by
the cationic amphiphilic antimicrobial of the dopant penetrates the hydrophobic areas of
lipid membranes, causing membrane breakdown and membrane damage. According to
Rojas et al. [35], the disintegration begins from the outer membrane of the strain, followed
by the permeabilization of the inner membrane, and finally, the complete disintegration
of both membranes, resulting in the cytoplasmic contents being released. Furthermore,
in conjunction with ROS formation in the environment, this mechanism also leads to the
leaking of intracellular substances, shrinkage of the cell membrane, and ultimately to cell
death [36].

3.5. Structural Confirmation and Elemental Identification of Treated PANI Fabric

Figure 7 shows the FTIR spectra, which provide structural confirmation of untreated
PANI fabric and treated PANI fabric with bacterial strains. Two (2) significant peaks were
confirmed that indicated the presence of PANI and pTSA in the fabrics. The general charac-
teristic at ~3073.26 cm−1 corresponded to the amine (N–H) stretching peak of PANI [37,38].
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Meanwhile, the absorption peak at ~1030 cm−1 is assigned to the sulfonate group (S=O
stretching vibration) of pTSA [39], which is attached to the aromatic ring of protonated
PANI. In order to confirm that the antibacterial effects are related to the discharging of
dopant, S=O peak intensities in PANI fabrics were observed after 18 h of incubation. Clearly,
the S=O band was significantly reduced when the strains were applied. This seems to be
related to the changes in protonation and oxidation levels, or to the change in stability of
dopant in the conjugated structure of PANI [40] that exhibited the leaching out of dopant
from the PANI fabric. Moreover, the decrement of N–H peak intensity was also highlighted
after being treated with bacterial strains. Possibly, some of the PANI chains are being
expelled together during the leaching out of the dopant from the fabric.
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Figure 7. FTIR spectra of untreated PANI fabric, and of PANI fabric treated with S. aureus and P. aeruginosa.

EDXRF analysis was used in conjunction with FTIR in determining the elemental
composition of PANI and pTSA in the fabric after the antibacterial assessment. Two main
elements were focused on in this study: Nitrogen (N) is attributed to the elemental compo-
sition in PANI, whereas sulfur (S) corresponds to the pTSA dopant in PANI fabric. These
elements displayed some significant changes in composition after being exposed to S. aureus
and P. aeruginosa (Table 4). Based on Figure 8, N and S elements’ composition dropped by
13.29% and 14.97%, respectively, when treated with PANI fabric with the S. aureus strain.
Meanwhile, 8.18% and 13.94% were exhibited by elements N and S for treated PANI fabric
with the P. aeruginosa strain, respectively. Compared to these two strains, the disintegration
of both N and S was significantly higher in S. aureus, which indicates an excellent leaching
mechanism for penetrating the bacteria. However, this also contributes to instability of
the dopant with the PANI fabric. From another perspective, the weak bonding of dopant
with the fabric could affect other potential performances, such as conductivity. Overall,
the combination results of EDXRF and FTIR provide essential data to support the possible
mechanism (refer to Section 3.3) of discharging the effect of dopant from the fabrics and
inhibiting several bacterial isolates when exposed to them.
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Table 4. Elemental compositions of nitrogen (N) and sulfur (S) in untreated PANI fabric, and in PANI
fabric treated with S. aureus and P. aeruginosa.

Fabric
Elemental Composition (%)

Nitrogen (N) Sulfur (S)

Untreated PANI 46.17 ± 2.02 32.25 ± 2.01
Treated with S. aureus 32.88 ± 2.98 17.28 ± 1.96

Treated with P. aeruginosa 37.99 ± 1.72 18.31 ± 1.95
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3.6. Conductivity Measurement of Protonated PANI Fabric

Before the employment of the bacteria, the conductivity value of protonated PANI
fabric was recorded at 3.35 ± 6.66 × 10−3 S cm−1 through the EIS measurement. The
incorporation of pTSA as a dopant enhances the electrical conductivity of the PANI fabric.
This condition permits an electrical charge to pass through the PANI backbone and cause
electrical conduction [41]. Here, we report the conductivity value of the fabric upon being
treated with both S. aureus and P. aeruginosa strains, which are recorded and plotted in
Table 5 and Figure 9, respectively.

Table 5. Conductivity values of untreated PANI fabric, and PANI fabric treated with S. aureus and
P. aeruginosa.

Fabric Conductivity (S cm−1)

Untreated PANI 3.35 ± 6.66 × 10−3

Treated with S. aureus 4.58 ± 1.14 × 10−4

Treated with P. aeruginosa 6.19 ± 2.46 × 10−4
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PANI fabrics treated with S. aureus and P. aeruginosa show significantly reduced
conductivity values by one (1) order of magnitude, from 3.35 ± 6.66 × 10−3 S cm−1 to
4.58 ± 1.14 × 10−4 S cm−1 and 6.19 ± 2.46 × 10−4 S cm−1, respectively. These drops would
significantly disturb the electrical performances of electronic applications; however, the
values of both treated fabrics still remain within the range of metallic conductors in the
CPs [10,42].

The drop in conductivity values suggest a leaching out of acid that was used to
protonate the PANI fabrics. As reported by Mashkour et al. [43], the inhibition zone was
created due to the reactivity of the protonated acid in the fabric. Any pathogens on the
fabric’s surface were inhibited when the acid leaked. The acid’s positive ions (H+) attract
the bacteria’s negative ions (Cl−), in terms of ionic interaction. Consequently, this attraction
of opposite charges can cause damage to the cell wall of the bacteria and hinder electrically
dependent functions. The decline in the conductivity value of the protonated PANI fabric
may significantly indicate ineffectiveness related to applications for conductive fabrics, but
indicates promising impact for its antibacterial properties.

3.7. Thermal Stability of PANI Fabric

TGA was used to investigate the thermal stability of the PANI fabric in response to
S. aureus and P. aeruginosa, as shown in Figure 10. It was found that the major thermal
decomposition of untreated PANI fabric began at around 413.35 ◦C, and ended at 503.25 ◦C
with ~90% decomposition. At this phase, the decomposition of the cellulose structure of PES
fibers, degradation of PANI moieties, and depletion of dopant are fully complete [16,44].
Additionally, these phenomena could be credited to the interchain cross-linking and break-
down of the PANI backbone from the PES fabric. Based on a recent report [44], dopants
such as pTSA are likely to significantly improve the thermal stability of untreated PANI
fabric. For some reason, these occurrences are due to the structural modification and strong
bonding of sulfur with PES fiber.
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Figure 10. The thermogravimetric weight loss curves of untreated PANI fabric, and of PANI fabric
treated with S. aureus and P. aeruginosa strains.

Focusing on the PANI fabric treated with S. aureus and P. aeruginosa, the thermal
degradation is significantly shifted to 401.07 ◦C and 398.27 ◦C at the beginning, respectively.
These phases ended at 475.41 ◦C of total sample decomposition for both samples. It
seems that the PANI fabric post-treated with bacteria strains was thermally less stable than
untreated PANI fabric (exhibiting larger mass loss), probably as a result of the loss of some
dopant composition during antibacterial testing. In this case, the thermal degradation was
barely reduced by 2.97% for S. aureus and 3.65% for P. aeruginosa compared to untreated
PANI fabric. The lower amount of sulfur species induced speedy thermal degradation by
destroying the radicals generated during the combustion of PES fiber [45]. However, these
small changes do not have a big effect on the natural fiber’s properties, and keep virgin
fabrics from getting too hot.

4. Conclusions

PANI-integrated PES fabrics were developed through an immersion method. A dopant,
namely pTSA, was used to protonate the fabric and grant antibacterial performance to it.
When exposed to the bacteria, some of the dopant leached out of the fabric by electrostatic
interaction with bacteria, hence manifesting antibacterial activity. These modified fabrics
exhibited remarkably sensitive antibacterial activities against the following Gram-positive
bacteria: MRSA, S. epidermidis, and S. aureus; and against the following Gram-negative
bacteria: P. aeruginosa, E. coli, and S. typhi. Among them, S. aureus and P. aeruginosa yielded
promising zone diameter breakpoint range values of 22.30 ± 0.03 mm and 24.33 ± 0.02 mm,
respectively. These antibacterial activities were explained by several mechanisms, such as
the clashing of electrostatic charge and the production of ROS. The DPPH-scavenging test
of protonated PANI fabric expressed high antioxidant activity at 84.83%, compared to that
of the bare PES fabric as control. The discharging of dopant was proved by the decreasing
intensity of the S=O group and the dropping value of the sulfur element shown in EDXRF
analysis. Following this, EIS revealed that the electrical conductivity value of protonated
PANI fabric dropped by one (1) order of magnitude, from 3.35 ± 7.81 × 10−3 S cm−1 to
6.11 ± 7.81 × 10−4 S cm−1 and 4.63 ± 7.81 × 10−4 S cm−1 against P. aeruginosa and
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S. aureus, respectively. In terms of morphological aspects, SEM analysis showed wrinkled
and damaged bacterial cell walls after exposure to protonated PANI fabric. Moreover,
TGA proved that the virgin fabric’s thermal stability was maintained. The preparation of
protonated PANI fabric suggests promising antibacterial performance due to its inherent
dopants such as pTSA, and the conjugated backbone of PANI-integrated fabric.

Author Contributions: Conceptualisation, M.F.A., M.M.M. and Z.Z.A.; methodology, M.F.A.; formal
analysis, M.F.A.; writing—original draft preparation M.F.A.; writing—review and editing, M.F.A.,
M.A.N., N.A.J., N.A.N.A. and K.K.S.; visualisation, M.F.A.; funding acquisition, M.M.M. and K.K.S.;
supervision, M.M.M., Z.Z.A., N.A.J. and M.A.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is funded by Universiti Teknologi MARA (UiTM), Malaysia under GIP Grant
(600-RMC/GIP 5/3 (101/2021)) and Qatar University Internal Grant No. QUCG-CAM-21/22-1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge financial support from Universiti Teknologi
MARA (UiTM), Malaysia: GIP (600-RMC/GIP 5/3 (101/2021))–Development of Durable Antibac-
terial Fabrics Based Polyaniline for Potential Application in Medical Care Environment and Qatar
University Internal Grant No. QUCG-CAM-21/22-1.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gao, S.; Su, J.; Wang, W.; Fu, J.; Wang, H. Highly Efficient and Durable Antibacterial Cotton Fabrics Finished with Zwitterionic

Polysulfobetaine by One-Step Eco-Friendly Strategy. Cellulose 2021, 28, 1139–1152. [CrossRef] [PubMed]
2. Ayub, A.N.; Ismail, N.A.; Aizamddin, M.F.; Bonnia, N.N.; Sulaiman, N.S.; Nadzri, N.I.M.; Mahat, M.M. Effects of Organic Solvent

Doping on the Structural and Conductivity Properties of PEDOT: PSS Fabric. J. Phys. Conf. Ser. 2022, 2169, 012008. [CrossRef]
3. Karim, N.; Afroj, S.; Lloyd, K.; Oaten, L.C.; Andreeva, D.V.; Carr, C.; Farmery, A.D.; Kim, I.D.; Novoselov, K.S. Sustainable

Personal Protective Clothing for Healthcare Applications: A Review. ACS Nano 2020, 14, 12313–12340. [CrossRef] [PubMed]
4. Adlhart, C.; Verran, J.; Azevedo, N.F.; Olmez, H.; Keinänen-Toivola, M.M.; Gouveia, I.; Melo, L.F.; Crijns, F. Surface Modifications

for Antimicrobial Effects in the Healthcare Setting: A Critical Overview. J. Hosp. Infect. 2018, 99, 239–249. [CrossRef] [PubMed]
5. Balasubramaniam, B.; Prateek; Ranjan, S.; Saraf, M.; Kar, P.; Singh, S.P.; Thakur, V.K.; Singh, A.; Gupta, R.K. Antibacterial and

Antiviral Functional Materials: Chemistry and Biological Activity toward Tackling COVID-19-like Pandemics. ACS Pharmacol.
Transl. Sci. 2021, 4, 8–54. [CrossRef] [PubMed]

6. Slavin, Y.N.; Asnis, J.; Häfeli, U.O.; Bach, H. Metal Nanoparticles: Understanding the Mechanisms behind Antibacterial Activity.
J. Nanobiotechnol. 2017, 15, 65. [CrossRef]

7. Sui, L.; Zhang, B.; Wang, J.; Cai, A. Polymerization of PEDOT/PSS/Chitosan-Coated Electrodes for Electrochemical Bio-Sensing.
Coatings 2017, 7, 96. [CrossRef]

8. Ishida, T. Antibacterial Mechanism of Ag+ Ions for Bacteriolyses of Bacterial Cell Walls via Peptidoglycan Autolysins, and DNA
Damages. MOJ Toxicol. 2018, 4, 345–350. [CrossRef]

9. Aizamddin, M.F.; Mahat, M.M.; Ariffin, Z.Z.; Samsudin, I.; Razali, M.S.M.; Amir, M.A. Synthesis, Characterisation and An-
tibacterial Properties of Silicone–Silver Thin Film for the Potential of Medical Device Applications. Polymers 2021, 13, 3822.
[CrossRef]

10. Mahat, M.M.; Sabere, A.S.M.; Azizi, J.; Amdan, N.A.N. Potential Applications of Conducting Polymers to Reduce Secondary
Bacterial Infections among COVID-19 Patients: A Review. Emergent Mater. 2021, 4, 279–292. [CrossRef]

11. Zafari, M.; Mansouri, M.; Omidghaemi, S.; Yazdani, A.; Pourmotabed, S.; Hasanpour Dehkordi, A.; Nosrati, H.; Validi, M.; Sharifi,
E. Physical and Biological Properties of Blend-Electrospun Polycaprolactone/Chitosan-Based Wound Dressings Loaded with
N-Decyl-N, N-Dimethyl-1-Decanaminium Chloride: An in Vitro and in Vivo Study. J. Biomed. Mater. Res. Part B Appl. Biomater.
2020, 108, 3084–3098. [CrossRef] [PubMed]

12. Naradala, J. Antibacterial Activity of Copper Nanoparticles Synthesized by Bambusa Arundinacea Leaves Extract. Biointerface
Res. Appl. Chem. 2021, 12, 1230–1236.

13. Gudkov, S.V.; Burmistrov, D.E.; Serov, D.A.; Rebezov, M.B.; Semenova, A.A.; Lisitsyn, A.B. A Mini Review of Antibacterial
Properties of ZnO Nanoparticles. Front. Phys. 2021, 9, 641481. [CrossRef]

14. Sánchez-López, E.; Gomes, D.; Esteruelas, G.; Bonilla, L.; Lopez-Machado, A.L.; Galindo, R.; Cano, A.; Espina, M.; Ettcheto, M.;
Camins, A.; et al. Metal-Based Nanoparticles as Antimicrobial Agents: An Overview. Nanomaterials 2020, 10, 292. [CrossRef]

http://doi.org/10.1007/s10570-020-03542-7
http://www.ncbi.nlm.nih.gov/pubmed/33191988
http://doi.org/10.1088/1742-6596/2169/1/012008
http://doi.org/10.1021/acsnano.0c05537
http://www.ncbi.nlm.nih.gov/pubmed/32866368
http://doi.org/10.1016/j.jhin.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29410096
http://doi.org/10.1021/acsptsci.0c00174
http://www.ncbi.nlm.nih.gov/pubmed/33615160
http://doi.org/10.1186/s12951-017-0308-z
http://doi.org/10.3390/coatings7070096
http://doi.org/10.15406/mojt.2018.04.00125
http://doi.org/10.3390/polym13213822
http://doi.org/10.1007/s42247-021-00188-4
http://doi.org/10.1002/jbm.b.34636
http://www.ncbi.nlm.nih.gov/pubmed/32459395
http://doi.org/10.3389/fphy.2021.641481
http://doi.org/10.3390/nano10020292


Polymers 2022, 14, 2617 16 of 17

15. Aizamddin, M.F.; Mahat, M.M.; Nawawi, M.A. Morphological, Structural and Electrochemical Studies of Conductive Polyaniline
Coated Polyester Fabrics. Int. Exc. Inn. Conf. Eng. Sci. 2019, 5, 53–57.

16. Aizamddin, M.F.; Roslan, N.C.; Kamarudin, M.A.; Omar, S.N.I.; Safian, M.F.; Halim, M.I.A.; Mahat, M.M. Study of Conductivity
and Thermal Properties of Polyaniline Doped with P-Toluene Sulfonic Acid. Malays. J. Anal. Sci. 2020, 24, 413–421.

17. Roslan, N.C.; Aizamddin, M.F.; Omar, S.N.I.; Jani, N.A.; Halim, M.I.A.; Ariffin, Z.Z.; Mahat, M.M. Morphological and Conductivity
Studies of Polyaniline Fabric Doped Phosphoric Acid. Malays. J. Anal. Sci. 2020, 24, 698–706.

18. Mahat, M.M.; Mawad, D.; Nelson, G.W.; Fearn, S.; Palgrave, R.G.; Payne, D.J.; Stevens, M.M. Elucidating the Deprotonation of
Polyaniline Films by X-Ray Photoelectron Spectroscopy. J. Mater. Chem. C 2015, 3, 7180–7186. [CrossRef]

19. Dos Santos, M.R.; da Silva, F.A.G.; Ferrais, P.P.; de Lima, R.S.; da Costa, M.M.; de Oliveira, H.P. Polyaniline-Coated Calotropis
Procera L. Hollow Tubular Fibers with Remarkable Antibacterial Activity. SN Appl. Sci. 2020, 2, 1550. [CrossRef]

20. Robertson, J.; Gizdavic-Nikolaidis, M.; Nieuwoudt, M.K.; Swift, S. The Antimicrobial Action of Polyaniline Involves Production
of Oxidative Stress While Functionalisation of Polyaniline Introduces Additional Mechanisms. PeerJ 2018, 2018, e5135. [CrossRef]

21. Omar, S.N.I.; Zainal Ariffin, Z.; Zakaria, A.; Safian, M.F.; Halim, M.I.A.; Ramli, R.; Sofian, Z.M.; Zulkifli, M.F.; Aizamddin, M.F.;
Mahat, M.M. Electrically Conductive Fabric Coated with Polyaniline: Physicochemical Characterisation and Antibacterial
Assessment. Emergent Mater. 2020, 7, 469–477. [CrossRef]

22. Jarach, N.; Meridor, D.; Buzhor, M.; Raichman, D.; Dodiuk, H.; Kenig, S.; Amir, E. Hybrid Antibacterial and Electro-Conductive
Coating for Textiles Based on Cationic Conjugated Polymer. Polymers 2020, 12, 1517. [CrossRef] [PubMed]
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