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1 | INTRODUCTION
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Abstract

The sustainable development of natural polysaccharide-based hybrid composites is highly
important for the effective replacement of metal nanoparticles in diverse applications.
Here, polypyrrole nanotubes (PPyNTs) were embedded on the surface of aminated gum
acacia (AGA) to produce ecofriendly nanocomposites for biomedical applications. The
motphology of a PPyNT-enhanced AGA (PPyNT@AGA) hybrid nanocomposite was
studied by scanning electron microscopy and transmission electron microscopy and their
affirmed interactions were characterised by X-ray diffraction, Raman, Fourier transform-
infrated and UV-visible spectroscopy. Interestingly, the prepared PPyYNT@AGA nano-
composite exhibited 90% biofilm inhibition against gram-negative Pseudomonas
aeruginosa, gram-positive Streprococcus pneumoniae and fungal strain Candida albicans
with promising antimicrobial performance. This study establishes the good inhibition of a
PPyNT@AGA hybrid composite against vatious microotganisms. The stability of the
nanocomposite coupled with antimicrobial activity enables an effective strategy for
diagnosing and controlling pathogens.

nanotubes, and nanorods, confirming the modified physi-
ochemical and electronic properties [6]. On the other hand,

Among different conducting polymers, polypyrrole (PPy) has
garnered much attention in biomedical application because of
its easy preparation, high conductivity, good chemical stability,
tunable electrical and optical property [1, 2]. PPy, a poly-
cationic polymer, is reported to have excellent antimicrobial
efficacy because of its pronounced biocompatibility and high
stability [3]. It can easily be synthesised using various organic
solvents and oxidative or chemical polymerisation methods at
a neutral pH solution in an aqueous medium [4]. The strong
intermolecular and intramolecular force in the PPy structure
demonstrates colloidal solubility in an aqueous medium [5].
To address this issue, researchers attempted to synthesize PPy
in different nanostructures such as nanospheres, nanowites,

the high surface area of nanostructured PPy more often tends
toward agglomeration because of Van der Waals forces, thus
leading to instability [7]. To attain an agglomeration-free
structure, the strategies employed in synthesis methods
of PPy were the use of a hard template (using the porous
form of aluminium oxide, silver or silica) and a soft template
(using the surfactant of micelles). However, the structural
property of PPy was modified using strong acids and more
surfactants in hard and soft template methods, respectively [8,
9]. In another way, the stability of the nanostructured PPy was
investigated by doping on or with carbon materials (reduced
graphene oxide [10], multi walled carbon nanotube
(MWCNT) [11], etc.), metal nanoparticles (NPs) (CuO [12],
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Fe;04 [13], Ag [14], etc.) and biomolecules (cellulose [15],
chitosan [106], etc.) for biomedical applications. Among these,
the hybrid composite formation of PPy with natural poly-
saccharides exhibited more biodegradability and biocompat-
ible ability with enhanced stability and antimicrobial power
and has attracted the attention of scientists in the biomedical
field [2, 17].

Gum arabic (GA), a natural biopolymer, is composed of
D-galactose (~40% of residues), L-arabinose (~24%), 1-
rhamnose (~13%), and two types of uronic acids responsible
for the polyanionic character of the gum, D-glucuronic acid
(~21%) and 4-O-methyl-D-glucuronic acid (~2%) [18, 19].
The wide abundance of GA in the Indian forest makes it an
excellent candidate for food and pharmaceutical industries; it
also possesses various physicochemical characteristics such as
solubility, colloidal stability, ecofriendliness, and emulsifying,
encapsulation and biosorption properties [20]. Bandyo-
padhyaya et al. [21] reported GA on the electrosteric stabili-
sation of carbon mnanotubes (CNTs) by interroping the
nanotubes with enhanced dispersibility. The use of GA-
encapsulated hybrid composites was extended to biomedical
applications owing to their soluble nature and antimicrobial
and antibiofilm abilities [18, 22]. The antimicrobial and anti-
biofilm efficacy of the proposed composite is investigated in
this work.

Moreover, progress in research on PPy nanotube (PPyNT)-
based composites is widely applied in drug delivery, textile and
sensing applications with antimicrobial and antioxidant efficacy
[18, 22-25]. For example, Zhao et al. [26] studied the antibiotic
resistance property of encapsulated NPs over linear polymers
and reported that the multiple functional groups facilitate higher
cell recognition and binding capabilities [27]. In other work, PPy
anchored with palladium NPs and reduced graphene oxide
exhibited good antibiofilm efficacy owing to its more reactive
groups on the composite surface [28]. Similatly, a composite film
based on GA/polyvinyl alcohol/chitosan incorporated with
black pepper oil and ginger oil showed significant inhibition
against microbes [20]. In addition, Murugesan et al [11] moni-
tored the antibiofilm effect of MWCNT-supported Pd-doped
PPy for a chemotherapeutic approach against cancer. Hence,
the ability of resistance to microbial pathogenesis is considered
to be the pivotal factor for therapeutic applications [2, 24].
Therefore, we designed aminated GA enhanced with PPyNTSs
for more facile interaction and disruption towards cell walls of
microbial pathogens.

In this study, we demonstrate the physicochemical inter-
action of a PPyNT-enhanced aminated gum acacia (AGA)
(PPyNT@AGA) nanocomposite and its antibiofilm and anti-
microbial efficacy against different microbial pathogens. To the
best of our knowledge, no report has discovered the potential
antibiotic  resistance property of PPyNT@AGA nano-
composites. We assessed the stability of the as-prepared
PPyYNT@AGA nanocomposite, conducted systematic mate-
rial characterisation, and investigated its antibiofilm and anti-
microbial effectiveness. We expect that our findings from the
proposed composite will provide an alternative strategy for a

promising future in wound dressing and drug-delivery
applications.

2 | EXPERIMENTAL SECTION

2.1 | Materials and collection of microbes

All chemicals used were of analytical grade used without
further purification. Methyl orange (MO), ferric chloride
(FeCly), pyrrole, GA, ethylene diamine, HCI, acetone, and
microbial media were purchased from Himedia, Mumbai.
Gram-positive and gram-negative bacteria, including Staphy-
lococcus  amreus (MTCC1935)  Streptococcus pneumoniae
(MTCC1936), Klebsiella pnewmoniae MTCC432), Salmonella
typhi (MTCC3224), Pseudomonas aeruginosa (MTCC2642),
and fungi Candida albicans (MTCC3959), were purchased
from Microbial Type Culture Collection, India. For aqueous
solutions, deionised (DI) water was used. Experiments were
conducted at room temperature (~37°C).

2.2 | Material preparation and modification

221 | Preparation of PPyNTs

PPyNTs were synthesised by a simple oxidative polymerisation
technique [28]. Briefly, 0.5 g of FeCl; and 5 mM of MO so-
lution (60 ml) were stitred for 30 min, and then 210 ul of
pyrrole monomer was slowly added into the solution over
10 min. The reaction mixture was maintained at —5°C for 36 h.
After polymerisation, the black precipitate was filtered and
purified with DI water and ethanol and then dried at 45°C for
12 h.

2.3 | Preparation of PPyNT-enhanced AGA
nanocomposite

The PPyNT@AGA nanocomposite was prepared by a simple
sol-gel method with amination and reduction using chemical
agents of ethylenediamine (C;HgNj) and HCI, respectively
[29]. In brief, 1 g of GA powder was dissolved in 250 ml of DI
water with stirring, Into that, 15 ml of C,HgN, was added to
substitute the primary—OH groups of galactose and—COOH
groups of glucuronic acid in GA with —-NH,CH,CH,NH,,
with stirring overnight. Into this colloidal solution, 100 mg of
PPyNT was dispersed in 100 ml DI water using ultrasonication
for 3 h. The colloidal solution of PPyNTs was added to the
aminated GA reaction mixture with stirring for 5 h. Therefore,
the -NH" groups in PPyNTs electrostatically and electro-
sterically interacted with secondary —OH™ groups in GA. Then,
1 M (50 ml) HCl was added for the reduction of —
NH,CH,CH,NH, into -NH, and stirred for 3 h (Figure 1). By
mixing acetone with a sample solution at a ratio of 3:1, the
modified polymer was separated and dried using a lyophiliser.
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Similarly, AGA was synthesised separately by the sol-gel
method for comparison purposes. Thus, the accumulated
cationic functional groups in the prepared hybrid composite
are very useful for facilitating more effective interaction to-
wards a negatively charged cell membrane in microbial path-
ogens. Figure 2 shows a schematic illustration of a
PPyYNT@AGA composite in antibiofilm and antimicrobial

studies.

2.4 | Characterisation

Scanning electron microscopy (SEM) images for PPyNTs,
AGA and PPYNT@AGA nanocomposites wete obtained us-
ing EVO 18 SEM (Carl Zeiss, Germany) operating at
21.00 kV. The transmission electron microscopy (TEM) image
of the nanocomposite was obtained using a Tecnai G2 (F30)
high-resolution transmission electron microscope. X-ray
diffraction (XRD) patterns were obtained using a Bruker
Germany D8 advance instrument (1 = 1.5418 A) operated at
30 mA, 40 kV using Cu ka radiation. The Raman spectrum
analysis was performed with an imaging spectrograph (model
STR500 mm focal length) laser Raman spectrometer (SEKI
Japan). The functional groups of the samples were further

analysed using a Thermo Nicolet 200 FTIR spectrometer and
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ALS-SEC2000 UV-vis spectrophotometer (Biologic). The
antibiofilm activity of the PPyYNT@AGA nanocomposite was
studied by confocal laser scanning microscopy (CLSM) (Carl
Zeiss LSM 710).

2.5 | Microbial assay

2.5.1 | Growth studies

Initially, the bacterial strains were cultured on tryptone soya
agar plates, incubated at 37°C for 24 h, and stored at 4°C for
further experiments [30]. C. albicans were cultured in yeast
extract peptone dextrose medium (1% yeast extract, 2%
peptone, 2% dextrose; Himedia Laboratories) by incubation at
37°C for 12 h at 160 rpm, and stored at 4°C for further ex-
periments [31]. Before testing, the microbial cultures were
subcultured at least twice and grown for 24 h at 37°C on agar
plates. For growth studies, 10° cells (optical density
A600 = 0.1) of test strains were grown aerobically in 50 ml
media on an automated shaker set at 37°C with 200 rpm
agitation. PPyNT@AGA nanocomposites with final concen-
trations of 0 X minimum inhibitory concentration (MIC),
0.5 x MIC and 1 x MIC for each test were added to cultures.
For the analysis of growth kinetics, bacterial cells (1 X 109
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were inoculated in the PPyNT@AGA (10, 30, 50 and
100 pg/ml) at 37°C for 12 h using azithromycin as positive
control. Similarly, fungal cells (3.2 x 107) were inoculated in
the PPYNT@AGA (10, 30, 50 and 100 pg/ml) at 37°C for 12 h
using fluconazole as positive control. Optical density (OD)
values were taken at 1—h intervals for 24 h and the growth
curve was plotted as ODgppam against the time interval.

2.6 | Determination of minimum inhibitory
concentrations of PPyNT-enhanced AGA

The MICs of PPyNT@AGA against fungal were examined
using the microtiter plate method (CLSI, 2015) [32, 33]. In
brief, 1% of an overnight culture of S. aureus (1 x 10% was
inoculated in 200 ul of nutrient broth with different concen-
trations of PPyYNT@AGA (0, 20, 40, 60, 80, 100, 120, 140, 160,
180 and 200 ug/ml) and incubated at 37°C for 24 h. In a
similar way, bacterial cultures of S. pneumoniae, K. pneumo-
niae, S. typhi, and P. aeruginosa were prepared for MIC
analysis with 20 pg/ml of azithromycin as positive control. For
fungal analysis, 1% of an overnight culture of C. albicans
(3.2 x 107) was allowed to grow in potato dextrose agar me-
dium containing PPyNT@AGA in varying concentrations (0

to 200 pg/ml) with 20 pug/ml of fluconazole as positive con-
trol. After incubation, the cell density of the bacterial and
fungal cultures was measured at 600 nm using SpectraMax M3
(Molecular Devices).

2.7 | Well-diffusion assay

The antimicrobial activity of the prepared samples was inves-
tigated using the well-diffusion method [34]. The gram-positive
(S. aureus and S. pneumoniae) and gram-negative (K. pneu-
moniae, S. typhi, and P. aeruginosa) bacteria were grown in
nutrient agar medium and incubated at 37°C for 24 h followed
by frequent subculture to fresh medium and were used as test
bacteria. The fungal culture of C. albicans was grown in potato
dextrose agar medium incubated at 37°C for 72 h followed by
periodic subculturing in fresh medium and used as test fungi.
Sterile Muller Hinton agar plates with 6-mm-diameter wells
wete used for culture. Then 0.1% overnight inoculums of S.
aureus, S. pneumonia, K. pneumoniae, S. typhi, P. aeruginosa
and C. albicans were swabbed uniformly over the surface of
Muller Hinton agar plates. To evaluate the antimicrobial
potential of PPYNT@AGA, dimethylsulfoxide (DMSO)-
dissolved GA, AGA, PPyNT and nanocomposite were added



DHANANJAYAN ET AL.

| 445

to the wells, in which the solvent DMSO (100 ul) served as
negative control and azithromycin (bactetia) and fluconazole
(fungi) as positive control. In brief, the wells of a 96-well plate
filled with bacterial suspension (1 X 10° colony-forming units
ml™") and fungal suspension (3.2 x 10”) were shake-incubated
with increasing concentrations of PPyNT@AGA (0, 20, 40, 60,
80, 100, 120, 140, 160, 180 and 200 pg/ml) for 24 h at 37°C.
All experiments were repeated thrice and the average values
were presented.

2.7.1 | Biofilm assay

For antibiofilm screening, sterilised glass slides (1 X 1 cm) were
placed in 24-well polystyrene plates loaded with 1.5 ml nutrient
broth in each well. Lag phase bactetial cultures (S. pneumoniae
and P. aeruginosa) with an OD wvalue of 0.1 at 660 nm
(~1 x 10” cells/ml) were used as inoculums and the plates
were incubated at 37°C (pH 7.0) for 24 h. The 3-day fungal
culture (C. albicans) diluted to the final concentration was
3.2 x 107 cells, which was counted using a haemocytometer
(Neubauer Chamber, Merck) and incubated at 37°C (pH 7.0)
for 24 h. After incubation, the PPYNT@AGA nanocomposite
at different concentration was loaded into each well and
incubated again for another 24 h at 37°C. The biofilm cells
were stained by 0.1% crystal violet (Sigma Aldrich) followed by
destaining with 10% glacial acetic acid. The absorbance of the
solution was measured at 570 nm using a SpectraMax 3. All
experiments were repeated thrice. The percentage of biofilm
inhibition was calculated using the formula:

% inhibition = [(control ODs7 g, — treated ODs7g o)/
control ODs7 ] X 100.

To visualize the biofilm, glass slides were washed and
stained with 0.1% acridine orange for 15 min, removing excess
stain. Then, the glass slides were air-dried and observed under
CLSM |31, 35].

2.8 | Statistical analysis

Antimicrobial and antibiofilm activities were analysed using
analysis of variance followed by Duncan post hoc test. A
p value of .05 was used as a threshold to assess significant
differences among mean values of antimicrobial data and are
shown as mean + standard deviation.

3 | RESULTS AND DISCUSSION

3.1 | Material characterisation

The XRD patterns of as-prepared samples of PPyNTs, AGA
and PPyNT@AGA are shown in Figure 3(a). In PPyNTs, it
showed small characteristics peaks at 20 of 18.5°, 29.4°) and
34.3° owing to the nanostructured and semicrystalline nature
of PPyNTs arising from n—n interaction in polymer chain [12].
AGA showed a wide maxima diffraction peak at 20 of 20.2°,

representing an amorphous phase of biopolymer. The rise in
intensity and broad diffraction peak in the PPyNT@AGA
nanocomposite indicate the modification in the PPyNT semi-
crystalline nature caused by its strong adsorption with the
AGA surface.

Figure 3(b) shows the Raman spectra of the prepared
samples. In the PPyNT spectra, the main characteristic bands
at 1552 cm™! (C=C stretching vibrations of polymer back-
bone) and two bands of ring stretching at 1381 em™! and
1295 cm ™! are recorded [36]. In the composite, observation of
individual bands of PPyNTs in PPYNT@AGA confirmed the
feasible composite formation. Hong et al. [37] found the
upshifting in symmetric C=C stretching mode of PPy and
concluded that there was a distortion in the polymer causing a
reduction in the polymer aromatic ring and m-conjugation
length. Here, we noted an upshift of the C=C stretching band
from 1552 to 1595 cm™'; it revealed the increased surface
caused by a reduction in n-conjugation length of PPyNTs while
it was combined with AGA. Marakova et al. [28] reported
variations in Raman spectra intensity resulting from deproto-
nation caused from silver NP deposition with PPy. Hence, the
increase in intensity and upshifting of the main band of
PPyYNT@AGA compared with PPyNTs signifies strong
interaction in the synthesised nanocomposite.

The surface morphology of the as-prepared samples was
observed from field emission-SEM images, as shown in
Figure 2. As shown in Figure 2(a), the synthesised AGA had a
fibrous morphology with fine pores with an average size of
0.29 pm. Figure 2(b) confirms that the PPyNTs were homo-
geneously and densely dispersed throughout the active surface
of the AGA microstructure. Furthermore, we evidenced the
tubular form of PPyNTs in the nanocomposite, which eluci-
dates the formation of nanostructures. Williams et al. [38] re-
ported the synergistic effect of surface charges in GA
responsible for steric attraction towards magnetic NPs. Here,
we speculate that the functionalised amine charges of AGA
with carboxyl groups provided steric hindrance and bridged
the PPyNTs. Thus, it maintained the steric separation of
PPyNTs by hydrophilic and hydrophobic forces from AGA
and resulted in agglomeration-free nanocomposite. In addition,
the TEM image of the nanocomposite (Figure 4c) shows the
adsorption of PPyNTs on the surface and in the pores of
AGA. The respective selected area electron diffraction pattern
further demonstrates the firm interaction of nanocomposite
from the presence of diffraction rings which are in agreement
with plane values observed in the XRD of PPyNTs (Figure 4d).

The dispersibility of PPyNTs with AGA in DI water is
explored in Figure 5. For the successful validation of our work,
the homogeneous solution was left to stand for 3 months and
checked periodically. After it was left for 2 days, PPyNTs
without AGA composite started to subside to the bottom of
the solution, whereas with AGA it showed a well-dispersed
composite, indicating good dispersibility with stability pro-
vided by AGA to the PPyNT nanocomposite in water. The
experiment was consecutively checked after 5, 10, 20, 30, 60
and 90 days for long-term dispersibility. After 3 months of
evaluation, the PPyNT colloidal solution with AGA maintained
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homogeneity, confirming the remarkable dispersibility of
the nanocomposite owing to strong electrosteric and
hydrophobic—hydrophilic interactions.

The presence of amine, alkyl and hydroxyl groups in
PPyNTs and AGA is demonstrated by a Fourier transform-
infrared study as, shown in Figure 6(a). In Curve a, peaks at
1560, 1420 and 1060 cm™" are attributed to C—C stretching, C—
N stretching and aliphatic C-N stretching vibrations of the
pyrrole ring, respectively [28]. The observed main characteristic
peaks at 1040 and 1350 em™" (C-O stretch), 1600 cm™" (C=0
stretch and N—H bending), and 2700-3600 em™' (O-H
stretch) signify amine modification in the GA structure (Curve
b) [25]. Upon modification of hydroxyl groups of GA to the —
NH,; group, the broad absorption band around 3500 shifted to
3600 em™' in AGA, confirming amine modification; this is
supported in Figure S1. The presence of main characteristic
peaks of PPyNTs wete obsetved in the PPyNT@AGA
nanocomposite (Curve c) with slightly shifted peak intensities
and bands denoting changes in n-interactions of the prepared
hybrid composite. Also, the wide band observed in AGA
became sharper and shifted from 3140 to 3450 cm™' in the
nanocomposite; this was ascribed the reduction in —OH
groups owing to adsorbed —-NH groups from PPyNTs.

Further confirmation of successful hybrid composite
formation was achieved from UV-Vis spectra analysis of as-
prepared samples (Figure 6b). In Curve a, the absorption
peak at 280 nm corresponds to n—n* transition of the pyrrole
aromatic ring [10]. The intensity of peak reduction in Curve ¢

shows the affirmed attachment of PPyNTs to the AGA
structure.

3.2 | Antimicrobial efficacy

We evaluated the MIC of PPyNT@AGA composite against
gram-positive bactetia (S. aureus and S. pneumonia), gram-
negative bacteria (K. pneumonia, S. typhi, and P. aerugi-
nosa) and a fungal strain (C. albicans) by broth dilution assay.
The corresponding absorbance at ODggg nm Was observed and
plotted in Figure 7. The MIC value for PPyNT@AGA against
mictobial pathogens was obsetved at 80 pg/ml concentration.
It revealed a decrease in the absorption of the assay upon an
increase in the concentration of PPyNT@AGA; no absorption
was observed at a high concentration (100 pg/ml).

The antimicrobial activity of GA, AGA, PPyNTs and
PPyNT@AGA were examined against gram-positive bactetia
(S. awureus and S. pnewmonia), gram-negative bacteria (K.
pneumonia, S. typhi, and P. aeruginosa) and a fungal strain (C.
albicans) using azithromycin and fluconazole as positive con-
trols (Figure 8b). The images of disc diffusion assay showed
significant zones of clearance for AGA and no activity for GA.
The amine functionalised hybrid materials exhibited supetior
antimicrobial and antibiofilm activities against planktonic
bacterial cells [39]. In AGA, the amine functional groups
initiated cell attachment towards microbes and proved to be an
inhibiting material with antimicrobial properties. The highest
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FIGURE 4 Field emission-scanning electron microscopy images of (a) aminated gum acacia, (b) polypyrrole nanotube-enhanced aminated gum acacia.
Transmission electron microscopy image of (c) polypyrrole nanotube-enhanced aminated gum acacia and (d) SAED pattern. SAED, selected area electron
diffraction

FIGURE 5 Photographs of polypyrrole nanotubes taken periodically: (a) with and (b) without aminated gum acacia dispersed solution in deionised water



448 |

DHANANJAYAN ET AL.

(a)

25
b
2.0
R -
g 3
£ :
£ ]
2 2
8 5 1.0 a
': 2 N
a e L
0.5
c
b
1 i 1 i 1 L 1 0.0 A A | A 1 A 1 i 1 A '
3500 2800 2100 1400 700 200 300 400 500 600 700 800
Wavenumber (cm-1) Wavelength (nm)
FIGURE 6 (a) Fourier transform-infrared spectrum and (b) UV-vis spectra of (a) polypyrrole nanotubes, (b) aminated gum acacia, (c) polypyrrole

(b)

nanotube-enhanced aminated gum acacia nanocomposite

(@)

(b)

(c)

»
» |
16 16} 16 \
[
3 E c
S 12 \ o 12+ \ 8 12
o o o
w © g
bt -
] o 8
g 08 8 o8| £ o8}
= £ 8
£ £ 8
5 S 2
204 \ 2 o4} 2 o4}
) ) \\
0.0 S —r—b—p 0.0} > > > > > > 0.0} \\b—b—b—b—)
E & ' 1 1 1 A 1 il A v L 'S 1 L ¥ B A A A 1
0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200

(d)

1.0

Concentration of PPyNTs@AGA (ng/mL)

—_
D
~—

Concentration of PPyNTS@AGA (pg/mL)

®)

Concentration of PPyNTs@AGA (ug/mL)

5 10} . 16k b\
0.8 E 08} \
E S \ Eq2f
o S (=]
3 os 2 osl 3
% & %
8 \ g \ g osr
c o
£ 04 S oal ]
< 2 S
@ 2 @ 0.4F
o
202 e < o2} < \\
0.0 \—p—y—p—p—; 0.0k \‘b—b—b—b—b 0.0} Lo ol Sl oot 2
L 1 1 L L 1 L A A1 A1 A A 1 A r | A L '
o 40 80 120 160 200 ) 40 80 120 160 200 0 40 80 120 160 200
Concentration of PPyNTS@AGA (pg/mL) Concentration of PPyNTs@AGA (ug/mL) Concentration of PPyNTs@AGA (ng/mL)
FIGURE 7 Microbial inhibitory concentration of polypyrrole nanotube-enhanced aminated gum acacia (0, 20, 40, 60, 80, 100, 120, 140, 160, 180 and

200 pg/ml) against (a) S. aureus, (b) S. pneumoniae, (c) K. pneumoniae, (d) S. typhi, () P. aernginosa and (f) C. albicans

inhibition activity was observed in 20 pg/ml PPyNT@AGA
against S. awureus, S. pnewmonia, K. pnewmonia, S. typhi,
P. aeruginosa and C. albicans, and the corresponding zones of
inhibition were 13, 11, 15, 12, 14 and 24 mm, respectively. The
results cleatly displayed an increased zone of clearance at the
PPYNT@AGA composite compared with individual samples.
The zone of clearance (in mm) of each plate was measured and
presented as a bar graph (Figure 8a). Therefore, the prepared

PPyYNT@AGA nanocomposite showed better antimicrobial
efficacy.

Also, the PPYNT@AGA nanocomposite showed higher
antimicrobial efficacy against gram-positive bactetia (S. aureus
and S. pneumonia), gram-negative bactetia (K. pneumonia, S.
typhi, and P. aeruginosa) and a fungal strain (C. albicans)
compared with positive controls azithromycin and fluconazole
(Figure 9) at varying concentrations. Antimicrobial growth
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FIGURE 8 Antimicrobial activity (a) zone of inhibition and (b) zone of clearance for 20 ug/ml of (1) negative control, (2) positive control, (3) gum acacia,

(4) aminated gum acacia, (5) polypyrrole nanotubes, (6) polypyrrole nanotube-enhanced aminated gum acacia against different microbial pathogens
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FIGURE 9 Antimicrobial activity of polypyrrole nanotube-enhanced aminated gum acacia composite: (a) Zone of inhibition and (b) zone of clearance using

(1) 20 ug/ml negative control; (2) 20 pg/ml positive control at different concentrations; (3) 10 pg/ml; (4) 30 pg/ml; (5) 50 pg/ml of polypyrrole nanotube-

enhanced aminated gum acacia sample against different microbial pathogens

curve activity of the PPYNT@AGA composite was evaluated
periodically (1-24 h) in different concentrations (10, 30, 50 and
100 upg/ml). Figure 10 shows the gradual inhibiton of
microbes encountering conditions of different concentrations
with increasing time of interaction; it achieved stationary phase
growth at 24 h. Kora et al. [40] explored the stability of silver
NPs with rhamnogalacturonan gum against gram-positive
S. awreus and gram-negative Escherichia coli strains; they
evaluated the time kinetics on the microbial growth and
attained stationary phase at 48 h. Here, the proposed

PPYNT@AGA nanocomposite exhibited enhanced growth
inhibition at 24 h and further affirmed stability against mi-
crobes. The mechanism of electrostatic interaction between the
polycationic structure and the predominantly anionic compo-
nents of the microorganisms have a pivotal role in antibacterial
activity [41]. Thus, the negatively charged surface of the mi-
crobial cell is the target site for the positively charged groups in
the PPYNT@AGA composite leading to leakage of intracel-
lular components that cause cell damage. The number of
ammonium groups linking to the polymer backbone of



450 |

DHANANJAYAN ET AL.

(@)

—m=— Control
24 —e— (10 pg/mL)
1| —&— (30 pg/mL)
2.0 | —v— (50 pg/mL,)
= 1l —=— 100 pg/mi,
=
= 1.6 —
= 4
=
= 1.2 -
=
= i
=
S 0.8 —
2
= 4
-
0.4
0.0 -
T e W T T e i S s O e T
0O 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
14
—=— Control
1.2 == 10 pgmL)
—+— (30 pg/mL)
E o] v GOugmLy
§ T == (100 pgimLy
L 084
=
g
£ 0.6
El
=
<
2 044
]
=
0.2
0.0

T T
10 15

Time (h)

n

(b)

Absorbance at 600 nm

—_
()
~—

Absorbance at 600 nm

_
(1)
~

0.9 -

0.6

0.3

0.0

~a— Control

—— (10 pg/mL)
—— (30 pg/mL)
—— (50 pg/mL)

—a— Control

—e— (10 pg/mL)
—a— (30 pg/mL)
—p— (50 ng/mL)

1.0

0.8 -

0.6

0.4

0.2 4

A | == 100 pymL) by —¢— (100 pyg/mL)
3 164
]
g 12
£
s
£
S 08
2
=
=
0.4
0.0
T T T T T T T T T
0 5 10 15 20 25 0 10 15 20 25
Time (h) Time (h)
g 24
—=— Control —e— Control
|| —e— 10 pgimy, —e— (10 pg/mLy
—a— (30 pg/mL) 2.0 o —&— (30 pg/mL)
—v— (50 pg/mL) _ —v— (50 p/mL)
—e— (100 pg/mL) B 16 | (== 00 pymLy
§
-
= 1.2
3
g
=
=
£ 08
°
2
=
w <€ 0.4
0.0+
T T T T T T T T
5 10 15 20 25 0 10 15 20 25
Time (h) Time (h)

FIGURE 10 Growth kinetics of polypyrrole nanotube-enhanced aminated gum acacia composite at different concentrations (10, 30, 50 and 100 pg/ml),
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(d) S. typhi, (¢) P. aeruginosa, and (f) C. albicans for 24 h
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inhibition against (a) S. pneumoniae, (b) P. aeruginosa and (c) C. albicans

PPyYNT@AGA was also substantally increased by amine
modification of the GA structure, initiating good antimicrobial

efficacy because of minimal cytotoxicity.

33 |

nanocomposite on biofilm formation

Action of PPyNT-enhanced AGA

The crystal violet quantification of biofilm formed in the
absence and presence of increasing concentrations of a
PPYNT@AGA composite (20-200 pg/ml) exhibited propot-
tionally increased percentage of biofilm inhibition (Figure 11).
The maximum biofilm inhibition of 96% was achieved for
100 pg/ml PPyNT@AGA against gram-positive bactetia

o
o

Biofilm inhibition %
a
o

N
=}

100 120 140 160 180 200

0

20 40 60 80 100 120 140 160 180 200
Concentration of PPyNTs@AGA (ug/mL)

Effect of polypyrrole nanotube-enhanced aminated gum acacia on biofilm formation. The bar graph indicates the percentage of biofilm

(S. pneumoniae), gram-negative bactetia (P. aeruginosa) and
a fungal strain (C. albicans). Hence, 100 pg/ml of PPyN-
T@AGA was determined to be the biofilm inhibitory con-
centration and was taken for further assays.

The antibiofilm activity of GA and AGA were evaluated
and are shown in Figures S2 and S3. Generally, GA, which is
known to be potent against microbial pathogens, is used only
as a stabilising agent for NPs in antimicrobial application [42].
However, here we found significant biofilm inhibition in AGA
and speculated that the amine modification of GA is respon-
sible for the cell attachment and disruption of microbial
pathogens. The antibiofilm of AGA, PPyNTs and PPyN-
T@AGA against gram-positive bactetia (S. pneumoniae),
gram-negative bactetia (P. aeruginosa) and the fungal strain
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FIGURE 12 Biofilm inhibitory effect of 100 ug/ml aminated gum acacia, 100 pg/ml polypyrrole nanotubes and 100 pg/ml polypyrrole nanotube-

enhanced aminated gum acacia incubated at 37°C for 24 h in (a) ODG600 nm graph, (b) Biofilm inhibition % (c) confocal laser scanning microscopy (CLSM)

images of maturely formed microbial biofilm with negative control (NC) (20 pg/ml dimethyl sulfoxide), positive control (PC) (20 pg/ml azithromycin for

bactetia and 20 pg/ml fluconazole for fungi). In the CLSM image, living microbes emit green light and no colour for dead cells

(C. albicans) incubated at 37°C for 24 h was efficacious
(Figure 12). After 24 h of incubation, the PPyNT@AGA
showed higher antibiofilm activity than PPyNTs or AGA.

We evaluated the antibiofilm activity of PPyNT@AGA
nanobiocomposite against microbes such as S. prneumoniae, P.
aeruginosa, and C. albicans. From the interaction of microbes
with PPyNTs/AGA composite for 24 h, it is found that the
biofilm formation ability is decreased with increasing com-
posite concentration (Figure 13). Thus, more than 90% biofilm
inhibition was observed at 50 ug ml™" concentrations and 85%
at 30 pg ml™". Also the lowest MIC value (10 ng ml™") showed

prominent antibiofilm activity. In addition, the control DMSO
and water had no significant biofilm inhibition activity. The
positive control fluconazole exhibited more biofilm inhibition
activity. These data indicate that the PPYNT@AGA composite
impedes biofilm formation by P. aeruginosa, S. pneumoniae
and C. albicans. The impeding mechanism may repress the
protein in microbial pathogens, resulting in damage to the
exopolymeric mattix, leading to cell death [37]. Sun et al. [43]
reported the mechanism of antibiofilm efficacy of positively
charged glycine modified lipid NPs against microbial patho-
gens. The maximum biofilm inhibition was found in the case
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FIGURE 13 Biofilm inhibitory effect of polypyrrole nanotube-enhanced aminated gum acacia at varying concentrations of 10, 30, and 50 pug/ml incubated
at 37°C for 24 h in (a) OD600 nm graph (b) Biofilm inhibition % (c) confocal laser scanning microscopy (CLSM) images of maturely formed microbial biofilm
after contact. In the CLSM image, living microbes emit green light and no colour for dead cells studies

of the PPyYNT@AGA nanocomposite owing to the strong metabolism and resulted in microbial pathogen die-off. Thus,
interaction of N in amine-modified GA and PPyNTs towards the facile interaction of positively charged PPyNT@AGA
the negatively charged cell membrane of microbes. Hence, it towards microbial cell membrane caused the accumulation of
was speculated that the disruption in cell membranes of mi- more positive charges and demonstrated good antibiofilm
crobial pathogens eventually caused a decrease in cell efficacy. In previously reported studies, antimicrobial and
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antibiofilm efficacy were demonstrated using GA and NPs
with better inhibition activity [11, 44]. For example, 125 pg/ml
of ZnO/GA-based composite showed 85% of inhibition
against S. aureus and exhibited MIC antibiofilm activity at a
concentration of 500 pg/ml [42]. Here, the PPYNT@AGA
nanocomposite had better antimicrobial and antibiofilm
studies at different concentrations. Notably, 100 pg/ml of
PPyNT@AGA inhibited 94.11% of S. pneumoniae, 95.78% of
P. aeruginosa and 90.90% of C. albicans. Therefore, the
proposed nanocomposite showed enhanced antibiofilm activity
against gram-positive bactetia (S. pneumonia), gram-negative
bacteria (P. aeruginosa) and a fungal strain (C. albicans).

4 | CONCLUSIONS

We developed a sol-gel based approach to prepare a PPyNT-
embedded AGA-based nanocomposite for antibiofilm and
antimicrobial applications. The physicochemical property of
the PPyNT@AGA composite is greatly enhanced by the
electrosteric stabilisation effect of AGA, which in turn
exhibited a more agglomeration-free, highly soluble and
dispersible composite. As a result, strongly binding and accu-
mulated cationic active sites in the as-prepared nanocomposite
are extensively attached towards the cell wall of microbial
pathogens. The antimicrobial and antibiofilm studies of
PPyYNT@AGA also revealed higher antimicrobial and anti-
biofilm efficacy and thus proved it to be a better biocompatible
platform for future applications such as drug delivery and
pharmaceutical and food industries. The long-term antimi-
crobial ability of the sample demonstrated its powerful role as
an antimicrobial agent, which makes it a template for a design
in wearable biomedical applications.
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