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ABSTRACT

This work describes the synthesis of polyaniline/silica-coated magnetite composites (PANI-SMc) for
antibacterial and anticandidal applications. PANI-SMc exhibits antimicrobial activity against
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Escherichia coli, Staphylococcus aureus, and Candida albicans. PANI has a characteristic band at

1,570cm ™", corresponds to the —-C=C- stretching vibrations of quinoid (N=Q=N), and shifted to
~1,570-1,620cm™" in PANI-SMc, indicating imine nitrogen is more involved in the interaction.
PANI-SMc shows an amorphous phase, and SMc improves the thermal stability of PANI-SMc. The
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magnetization of PANI-SMc is lower than SMc; however, it is still firm to be magnetically separated
by external magnetic fields. SEM images reveal polyaniline successfully distributed.

1. Introduction

Polyaniline (PANI) is a conducting polymer with immense
application in antibacterial and antifungal’*. PANI is a
highly synthetic polymer that is unique among conjugated
polymers because of its electrical conductivity!>®, high sta-
bility in air and solutions of strong acids and alkalis, and
easy ways of synthesis!®, low monomer cost!”). Previous
studies reported that PANI has a broad range of antimicro-
bial activity against Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, Candida albicans, Enterococcus fae-
calis, and Campylobacter jejuni'>*!. The antimicrobial activ-
ity of PANI is due to its electrical conductivity, which can
mediate contact with negatively charged microbial cell surfa-
ces through electrostatic interactions!*®!,

To increase activity and stability in practical applications,
PANI is combined with various support materials. Zhou
et al®" fabricated trimethylsilyl-substituted ~polyaniline
(PSiAn) filler that showed good compatibility and high
hydrophobicity in the epoxy matrix. PSiAn inclusion on
epoxy coating significantly impacted the barrier property,
narrowing the porosity to interrupt the permeation of
aggressive substances. Filler, such as titanium dioxide!'",
graphene!'"), silica®'?, and magnetite!® had significant
advantages due to their development in polymer composites.
The interfacial interaction between the polymer chains and
the filler is responsible for the synergistic effect of the com-
ponents in polymer composites'®. It has also been reported
that a third phase forms an interface region between the
polymer matrix and the filler structures!">'*). This third
phase significantly impacts polymer composites’ properties,
such as biocompatibility!®. This structure offers many
advantages in many applications by providing better

properties, including increased antibacterial activity, biocom-
patibility, and reduced cytotoxicity.®

On the other hand, magnetite has highly attracted inter-
est in biomedical research applications, such as biosorp-

tion!"”), biosensing!'), controlled drug delivery!”), tissue
engineering!'®, and therapeutics agent!'®?*"), biosepara-
tion'*"), magnetic resonance imaging'*?!, magnetic hyper-

thermia, and thermoablation'®®!. These applications require

magnetite to have high stability and compatibility and are
highly dispersed in various liquid media. One of the main
features of magnetite particles is that magnetite can be
manipulated and influenced by external magnetic fields to
specific areas and target biological entities. However, the use
of magnetic nanoparticles is limited because the main disad-
vantage is agglomeration due to magnetic dipolar attraction.
Magnetite is also less stable in dispersion media and lacks
affinity for biomolecules, and magnetite undergoes leaching.
Hence, adding a coating is a preferable approach to over-
come this problem. Several coating materials have been dis-
covered, including surfactant’®*, metal®!, and silica®®.
Because of its unique surface chemistry, silica is considered
one of the most promising alternatives because it prevents
magnetite from oxidation and agglomeration and can also
be compatible with numerous chemicals and molecules for
bioconjugation.

Tetraethyl orthosilicate (TEOS) is generally used as the
silane precursor to produce silica-coated magnetite through
the Strober method?”). Silane precursor produces orthosili-
cate acid (Si(OH),) through a hydrolysis reaction, and
repeated condensation amidst molecules generates siloxane
(Si-O-Si) bonds®®. As a result, a silica layer can coat the
surface of magnetite. Nevertheless, this typical silica
coating method utilizes a mixed solvent insist of
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alcohol-water-ammonia and TEOS as silane precursors,
resulting in an expensive and complex manufactur-
ing process.

This work presents a facile method for fabricating silica-
coated magnetite via sodium silicate (Na,SiO3), commonly
used in industries to synthesize SiO, with broader versatility
possible than TEOS. Using hydrochloric acid solutions,
Na,SiO; was titrated at various pH values on the magnetite
surfaces to be coated with network structured SiO, and then
transformed to Si(OH),. Silica-coated magnetite composites
(SMc) were then functionalized by polyaniline. Therefore,
the purpose of this work was to synthesize polyaniline/silica
coated-magnetite composites (PANI-SMc), examine the pol-
yaniline surface features and magnetic properties of compo-
sites based on the correlation of coating behavior of silica
according to pH levels, and evaluate the growth-inhibitory
performance of composites against E. coli, S. aureus, and C.
albicans microorganisms by the agar well diffusion test.
Finally, the PANI-SMc were characterized by Fourier-trans-
form infrared spectroscopy, X-ray diffraction, thermogravi-
metric analysis, vibrating sample magnetometer, and
scanning electron microscopy.

2. Methodology

In general, the methodology of this research is summarized
in Figure 1.

2.1. Materials

Reagents consisted of aniline (Merck), sodium silicate
(Merck), ammonium persulfate (Merck), hydrochloric acid
(Merck), ethanol (Merck), and natural magnetite powder—
technical grade (CV. Satar Unggul Nusa, Indonesia). The
bacterial (E. coli and S. aureus) and fungal (C. albicans)
strains and reagents for culture media were provided by
Biochemistry Laboratory, Chemistry Department,
Diponegoro University, Indonesia. All other chemicals used
in the study were analytical grade.

Magnetite powder

Silica-coated magnetite

2.2. Fabrication of silica-coated magnetite with Na,SiO3

The coating process of magnetite was conducted by mixing
2 g of magnetite powder in 40mL of sodium silicate 10%.
The initial pH of the mixture was 12, then 3 M hydrochloric
acid solutions were added dropwise until the mixture
reached the target pH (9, 8, 7, 6, 5, 4, and 3). The mixture
was stirred using a magnetic stirrer for 3h at a rotational
speed of 500rpm and ambient temperature to produce
homogeneous solutions. Then the colloidal suspension can
be obtained. As-prepared silica-coated magnetite was aging
overnight. The products were filtered and washed several
times using distilled water, then dried at 80 °C for 24 h.

2.3. Synthesis PANI/silica-coated magnetite composite
via in situ oxidative chemical polymerization

PANU/silica-coated magnetite composite preparation has
been reported previously!®. The standard procedure was as
follows. Aniline 1.83 mL was dissolved in 0.1 mol L™" hydro-
chloric acid 50 ml. Fifty mL of ammonium persulfate (APS)
0.25mol L' was added to previous solutions. The polymer-
ization medium consisting of silica-coated magnetite, anili-
nium chloride, and APS was briefly shaken, then left in an
ice bath (0-5°C) for 6h without stirring. The as-prepared
product was collected on a filter, rinsed with ethanol and
distilled water, and dried at 60°C for 12 h.

2.4. In vitro antibacterial and anticandida activity of
synthesized composite

The agar well diffusion method was performed to assess the
zone of inhibition of Gram-positive S. aureus and Gram-
negative E. coli using Nutrient Agar (NA) media. Overnight
cultured bacteria were sub-cultured to produce the suspen-
sion with a turbidity of 0.5 McFarland (1 x 10° CFU/mL).
Thirty pL of bacteria’s suspension were uniformly spread
using a sterile cotton swab over the surface of NA plates
and left for 10 min to absorb excess moisture. Then 25mg
of synthesized composites and positive control (amoxicillin)
were placed onto the 8 mm diameters of wells separately
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Figure 1. Methodology.
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and incubated at 37°C for 24h. The zone of inhibition of
samples was measured and recorded as antibacterial activity.
The same protocol was performed for C. albicans using
Potato Dextrose Agar (PDA) plates and daktarin as a posi-
tive control.

2.5. Characterization

The synthesized PANI/Na,SiO;-magnetite composites were
measured using the KBr pellet method using Perkin Elmer
Frontier FTIR at 4,000-400cm '. The crystallinity of the
obtained structures was determined by a Shimadzu 7000
model X-ray powder diffractometer with Cu Ko radiation.
All samples were scanned from 10 to 80° at a 2°/min scan
rate. Thermal decomposition profiles of composites were
determined using a Mettler Toledo thermal gravimetric ana-
lyzer in the temperature range of 25-700°C at a heating
rate of 10°C/min under a nitrogen atmosphere. The mag-
netic properties of SMc and PANI-SMc were measured by
using a vibrating sample magnetometer (VSM) at room tem-
perature. A scanning electron microscope (Merck Phenom
Pro X) was used to determine the surface morphology of
composite structures.

3. Results and discussion

3.1. Fourier transforms infrared
spectrophotometric analysis

Figure 2 shows the FTIR spectra of PANI and the PANI-
SMc with varied pH levels in the wavenumber region

between 200 and 4,000cm . It shows major characteristic
peaks at 1,570, 1,490, 1,380, 1,083, and 812cm™ ', similar to
the standard PANI reported in the literature. PANI spectra
show two characteristic bands at 1,570 and 1,490cm ™'
ascribed to the -C=C- stretching vibrations of quinoid
(N=Q=N) and the benzoid (N=B=N) rings, respectively,
and represent a clear signature of the polymer back-
bone!>*!. The peak identified at 1083cm ™' is probably
assigned to the =N"-H vibrations (corresponding to a 1,4-
disubstituted aromatic ring of PANI)'*>*"). This characteris-
tic is associated with electron delocalization in the PANI
structure and indicates electrical conductivity. The infrared
band around 812cm ™' (indicating the head-to-tail coupling
within polymer structure) is due to the out-of-plane bending
mode of aromatic C-H groups attributed to 1,4-disubsti-
tuted aniline units"®”’,

In comparison, PANI-SM composites spectra tend to
show similar characteristics to PANL. However, PANI-SMc
is generally more hygroscopic than PANI, as shown by their
broadband at wavenumber around 3,420 cm ! with a higher
intensity corresponding to (O-H) groups'”). Besides, the
peak 1,570 cm ! is shifted to a higher wavenumber, about
1,570-1,620cm ™", It indicates that the imine nitrogen is
more involved in the interaction*****, The strong peak in
the 1,000-1,200 cm ™" centered at 1079 cm ™' is an asymmet-
ric vibration bond of Si-O-Si representing the silica network
structure®”!. The peak shows the success of the chemical
gelation of sodium silicate. The Si-O-Si peak slightly shifts
toward smaller wavenumbers (blue shift) with increasing pH
content in the sample.

absorbance (arbitrary unit)

420 570 720 870 1020

1170

1320 1470 1620 1770 1920

wavenumber (cm!)

—(a) PAni—(b) pH3—(c) pH 4

(d) pH 5—(e) pH 6 —(f) pH 7—(g) pH 8 —(h) pH 9

Figure 2. FTIR spectra of (a) PANI, (b) PANI-SMc pH 3, (c) PANI-SMc pH 4, (d) PANI-SMc pH 5, (e) PANI-SMc pH 6, (f) PANI-SMc pH 7, (g) PANI-SMc pH 8, and (h)

PANI-SMc pH 9.
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Figure 3. XRD patterns of (a) PANI, (b) PANI-SMc pH 3, (c) PANI-SMc pH 4, (d) PANI-SMc pH 5, (e) PANI-SMc pH 6, (f) PANI-SMc pH 7, (g) PANI-SMc pH 8, and (h)

PANI-SMc pH 9.

3.2. X-ray powder diffraction (XRD)

The presence of silica-magnetite in the dispersed composite
was further confirmed by XRD powder studies, as shown in
Figure 3. In the case of pristine PANI, the broadband
appears at 24.56°, indicating the formation of an amorphous
phase in the polymer, which revealed its presence as an
amorphous phase in the composites. The XRD pattern of
PANI-SMc composites is similar to PANI. Also, the broad
peak at 20=24.56° is observed due to the amorphous
nature of $iO, and PANI layers'**). Instead of high-intensity
narrower peaks, an X-ray of an amorphous layer is scattered
in numerous directions, resulting in a broad bump distrib-
uted across a wide range of 20. This broad peak in the
PANI-SMc diffraction pattern indicates the low crystallinity
of the composite. The inability to detect the magnetite peaks
is ascribed to the combined effect of the larger peak width
of PANI and the thin silica layer on its surface. This finding
confirms that the PANI layer had covered the surface of
SMc and did not affect the structure of the SMc embedded
in the PANTI layer.

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of PANI and PANI-SMc
were measured in a temperature range of 25-700°C at a

heating rate of 10°C/min, as shown in Figure 4A.
Thermogravimetric analysis was performed to investigate the
thermal properties of the PANI and PANI-SMc and the
effect of Si-magnetite content on thermal stability. The ther-
mal degradation of pure PANI (black line) consists of two
distinct stages, 50-200 and 300-700 °C, similar to the litera-
ture®>=*7) At around 50-200°C, the first stage corresponds
to the desorption moisture of polymer (dehydration pro-
cess), and evaporation of some volatile components and
dopant molecules'®***) The desorption of oligomers and
deterioration of the polyaniline backbone can be attributed
to the second weight loss from 300 to 700°C!*®*”). The
thermal degradation profiles of PANI-SM composites tend
to be similar to PANI. The first thermal degradation stage
of PANI-SMc pH 4, 5, and 7 has a more significant weight
loss than PANI, indicating they contained more water and
dopant. The opposite occurred at PANI-SMc pH 3, 6, 8, and
9. As seen in the second thermal degradation stage, it is
interesting that the presence of silica-coated magnetite pH 4,
5, 7 in composites (PANI-SMc pH 4, 5, 7) strongly prevents
the breakdown of the polyaniline backbone because the deg-
radation occurred at around 500 °C instead at 250 °C in pol-
yaniline itself.

A table in Figure 4 shows the weight loss percentage for
PANI and PANI-SMc at 700°C. The presence of silica-
coated magnetite content decreased the percent weight, or
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in other words, improved the thermal stability of PANI-SM
composites. PANI-PSMc pH 8 has the most excellent ther-
mal stability with only 22.33% weight loss along the heating
temperature given. The decreases in mass occur along with
the appearance of specific peaks on the Differential Thermal
Gravimetry (DTG) graph, as shown in Figure 4B. Figure 4B
shows the rate of change of mass during the heating process
is plotted against temperature. The DTG PANI graph shows
a specific curve at around 50 and 300°C. The curve con-
firms the thermal decomposition process in the previous
PANI TGA graph. The first thermal feature in the DTG
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Figure 4. (A) TGA and (B) DTG for PANI and PANI-SM composites at different
pH values (a) PANI, (b) PANI-SMc pH 3, (c) PANI-SMc pH 4, (d) PANI-SMc pH 5,
(e) PANI-SMc pH 6, (f) PANI-SMc pH 7, (g) PANI-SMc pH 8, and (h) PANI-SMc
pH 9.

(A)

curves of PANI is ascribed to moisture loss of the polymer,
with a maximum breakdown temperature of roughly 57°C,
with a weight loss rate of 0.41 mg/min. DTG curve shows a
feature that is not observed in the TGA graph, at around
64°C, which is probably ascribed to the evaporation of the
dopant acid with a maximal degradation temperature of
roughly 69°C, with a degradation rate of 0.37 mg/min. The
second feature in the DTG curve of PANI begins at around
300°C and is linked to a structural deterioration that may
result in polyaniline-chain breaking. The maximum tem-
perature of the second stage weight loss occurrs at 293°C
with a degradation rate of 0.13 mg/min.

In comparison, the first thermal degradation stage (cor-
respond to desorption moisture and evaporation of dopant)
of PANI-SM composites pH 4 (~70°C) has a most signifi-
cant weight loss rate of 0.85 mg/min, followed by PANI-SMc
pH of 7 at ~61°C and PANI-SMc pH of 5 at ~73°C with
degradation rate 0.63 and 0.49 mg/min, respectively, higher
than PANI. Meanwhile, PANI-SMc pH 3, 6, 8, and 9 have a
lower thermal degradation rate than PANI. The second ther-
mal degradation stage of PANI-SM composites has a similar
trend to the first, and PANI-SMc pH 8 has the lowest deg-
radation rate, indicating the most stable composites.

3.4. Vibrating sample magnetometer (VSM)

The magnetic characteristics of SMc and PANI-SMc were
measured at room temperature with a former field of —1 to
1 Tesla using a vibrating sample magnetometer (VSM).
Figure 5 represents the sample magnetic hysteresis loop.
Adding a polyaniline non-magnetic layer reduces the mag-
netic saturation (Ms) value of the PANI-SM composites so
that Ms of PANI-SMc (around 1.50-2.10emu-g ') is lower
than SMc. The magnetism of the PANI-SMc, nonetheless, is
still strong enough to be magnetically separated by an exter-
nal magnetic field, enabling the composites to be separated
from the reaction solution.

Figure 5 shows the results of the Vibrating Sample
Magnetometer (VSM) measurements of pure PANI and
PANI-SMc samples at pH variations of 3-9. The hysteresis
curve (M-H) indicates that the pure PANI sample behaves

(B) 51

-1.0 -0. -0. -0. -0. 0.2 04 0.6 0.8 1.0

magnetizatin (cmu g')

—(b) —(c) —(d)
—(e) —() —(@
—(h)

-5
Magnetic field (Tesla)

magnetizatin (emu g'!)
.

—(@) —(®) —() (d)

3 —@© —(@O —@ —h

Magncti-g field (Tesla)

Figure 5. Magnetization curves of (A) SMc and (B) PANI-SMc measured by VSM at room temperature.
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Figure 6. SEM images of (a) PANI and PANI-SM composites at different pH: (b) PANI-SMc pH 3, (c) PANI-SMc pH 4, (d) PANI-SMc pH 5, (e) PANI-SMc pH 6, (f) PANI-

SMc pH 7, (g) PANI-SMc pH 8, and (h) PANI-SMc pH 9.

as diamagnetic. The presence of silica-coated magnetite
(SM) composite turned PANI-SMc into a ferromagnetic
sample. It can be seen that the variation in pH of the silica
layer in PANI-SMc causes differences in ferromagnetic
properties. This is indicated by the sample’s difference in
saturation (Ms) and remanent magnetization (Mr). The
highest magnetic saturation (Ms) of PANI-SMc is PANI-
SMc pH 4, 2.18 emu'g_l, and the lowest is PANI-SMc pH 3,
1.5emu-g '. Meanwhile, the highest remanence (Mr) of
PANI-SMc is PANI-SMc pH 7, and the lowest is PANI-SMc
pH 3 with remanence of 0.92 and 0.44 emu-g ™.

The ability of PANI-SMc to magnetically separate also
holds promise for materials recovery. They can be further
used in water treatment processes, as mentioned in prior
work[®®, and thus, material recovery is a crucial strategy for

reducing secondary pollution*®), In the absence of an exter-
nal magnetic field, the composite can be well dispersed with
some motion, indicating that the prepared composite has
good dispersibility and magnetic responsibility.

3.5. Scanning electron microscope (SEM)

SEM analysis regarding the surface morphology of the com-
posites is presented in Figure 6. PANI itself, as shown in
Figure 6a, has a nanotubular shape with a diameter range of
185-365nm. In contrast, the SEM images of all PANI-SMc
(Figures 6b-h) reveal a predominant granular morphology.
The presence of silica-coated magnetite in PANI-SMc gener-
ates relatively a slight aggregation on the surface of the
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Figure 7. The effects of PANI-SM composites pH on growth inhibition of E. coli, S. aureus, and C. albicans.

composites. The aggregation of composites is increased as
increased silica layer pH. The SEM image of PANI-SM com-
posites shows that silica-coated magnetite particles have
been successfully coated with polyaniline.

3.6. Antibacterial and anticandidal activity

The antibacterial and antifungal activity of PANI and PANI-
SMc were evaluated against gram-positive bacteria (S. aur-
eus), gram-negative bacteria (E. coli), and fungi (C. albicans)
using the agar well diffusion. There are several methods to
evaluate the susceptibility of bacteria and fungi. The agar
well diffusion test allows rapid identification and reliable
measurements of the growth inhibition of microorganisms.
The plates were incubated at 37°C for 24h, and then the
results were evaluated by reading in millimeters the diameter
of inhibition of the growth of the microorganisms.

Figure 7 reveals the results of the average zone of inhib-
ition (mm) of PANI-SM composites, PANI, and control
against E. coli, S. aureus, and C. albicans microorganisms
using the agar well diffusion test. It was observed that PANI
has the most robust antimicrobial activities against E. coli
(19mm), S. aureus (21mm), and C. albicans (28 mm).
Microbial susceptibility to PANI is species dependent, mean-
ing that the antimicrobial activity of polyaniline depends on
the type of microbe. The results of this study indicate that
C. albicans is more susceptible to polyaniline than E. coli
and S. aureus. Previous works reported on polyaniline’s anti-
bacterial activity. This phenomenon can be explained by (a)
the conducting PANI releases the acidic dopant ions, which
react with the bacteria cell wall/membrane and then kills it,
or (b) both the bacteria and PANI have opposite charge,
causing electrostatic adhesion between them so the bacterial
cell wall/membrane lysis and leading to the death!****? 1t
is fascinating that previous research has found that synthetic
compounds have significant activity when the inhibition
zone is >16 mm, moderate activity when the inhibition zone
is 10-16 mm, and weak activity when the inhibition zone
is <10 mm.

Figure 8. Photograph of composites on agar plate (a) E. coli, (b) S. aureus, and
(c) C. albicans.

The PANI-SMc showed a lower inhibitory zone than
PANI alone Figure 8 shows the effect of pH PANI-SMc on
the susceptibility of the microorganisms. The pH of the sil-
ica layer in PANI-SMc has a different trend of influence on
the activity of antibacterial and anticandidal activities.
Antibacterial activity decreased with increasing pH, whereas
anticandidal activity increased with increasing pH. pH 3 has
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the highest growth inhibition (average zone of inhibition for
both E. coli and S. aureus. As the pH of PANI-SMc
increased, the susceptibility of composites decreased.
Nevertheless, in neutral to base pH of silica-coated, the
PANI-SMc inhibition remained constant at 11 and 14 mm
for E. coli and S. aureus, respectively. By contrast, there was
an increase in the average zone of inhibition of PANI-SMc
for C. albicans as the pH increased and hit a high at pH 8
(21 mm) but turned lower at pH 9 (18 mm). It was proven
that different pH levels in the silica coating process affect
composites’ biological properties. Based on variations in sur-
face magnetite characteristics, the susceptibility of compo-
sites is possibly associated with relative electrostatic
attractive action. The positive charge of polyaniline on the
surface of silica-magnetite acts as a cationic antimicrobial
compound that can penetrate the walls and membranes of
anionic bacteria. This interferes with cell proliferation and
impairs membrane integrity, which ultimately results in cell
death®®). The PANI-SMc has higher growth inhibition to C.
albicans than the two bacteria. Gram-positive bacteria have
a single cytoplasmic membrane with a thick multilayer pep-
tidoglycan wall. In contrast, gram-negative bacteria have a
more complex cell wall structure with a layer of peptidogly-
can between the outer membrane and the cytoplasmic mem-
brane*). Thereby, the PANI-SMc led to the cell lysis of S.
aureus (gram-positive) compared to E. coli (gram-negative).

4. Conclusions

Polyaniline/silica-coated magnetite composites (PANI-SMc)
were produced by the facile method, in situ aniline polymer-
ization. The silica layer serves as a component of the cer-
amic coating, improving the composite’s magnetic
susceptibility, while polyaniline provides antimicrobial prop-
erties. PANI-SMc was shown to have moderate-good anti-
bacterial and anticandidal activity. In addition, PANI-SMc
inhibited the growth of microorganisms with an average
zone of inhibition in E. coli at 12cm, S. aureus at 16cm,
and C. albicans at 16 cm. PANI-SMc. PANI-SMc at acidic
pH (pH 3) had the best antibacterial activity compared to
neutral and alkaline pH, while PANI-SMc at pH 8 showed
the best anticandidal activity.
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