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ARTICLE INFO ABSTRACT

Keywords: We used an in situ chemical oxidation method to prepare a new composite of silver nanoparticles (AgNPs) with
Polypyrrole polypyrrole (PPy), whose properties were optimized through a 23-factorial design of the synthesis conditions.
Metal nanoparticles The successful formation of the AgNPs/PPy composite was confirmed by UV-Visible and FTIR spectroscopies.
lé;?;i;iﬁ? Transmission electron microscopy revealed the presence of AgNPs smaller than 100 nm, dispersed into the PPy

matrix. This hybrid composite exhibits a blue fluorescence emission after excitation in the ultraviolet region. In
MTT assays, the AgNPs/PPy composite exhibited low cytotoxicity toward non-tumoral cell lines (fibroblast, Vero,
and macrophages) and selectively inhibited the viability of HeLa cells. The AgNPs/PPy composite induces ul-
trastructural changes in HelLa cells that are consistent with the noticeable selectivity exhibited toward them when
compared to its action against non-tumoral cell lineages. Also, the AgNPs/PPy exhibited a hemolytic activity
below 14% for all blood groups tested, at concentrations up to 125 pg/mL. These results suggest that the AgNPs/

PPy composite has a promising potential for use as an antitumoral agent.

1. Introduction

Conductive polymers (CPs) combine typical metallic properties, as
elevated electrical conductivity and nonlinear optical properties, with
an easy synthesis and flexibility in processing [1-3]. To a certain degree,
their electrical properties can be controlled by chemical or electro-
chemical doping, i.e., the oxidation or reduction of the main polymeric
chain [4], which creates charged conformational defects [5,6]. These
non-conventional polymers are usually conjugated systems, in which the
induced defects exhibit high mobility along the backbone of alternating
single and double covalent bonds. Furthermore, several CPs can present
environmental stability and good compatibility with cells, tissues, and
organs [7], allowing their use in different biological and material sci-
ence applications [8].

Polypyrrole (PPy), in special, is a CP that has attracted great interest
as a smart biomaterial due to their useful features such as good chemical
stability and high conductivity under physiological conditions [8]. PPy
has also been extensively investigated as an active agent in drug delivery
systems, biosensors, neural interface, electrocatalytic platforms, and
therapeutic protocols [9-12].

Composites of CPs with metal (gold, silver, iron oxide, etc.) nano-
particles have been shown to exhibit enhanced conductivity and inter-
esting responses that have been exploited for the development of
biological and material science applications [13-17]. Usually, the
physicochemical properties of these hybrid nanostructures are remark-
ably different from their isolated components [18].

Good biocompatibility, i.e., the ability to provide beneficial cellular
or tissue response without causing deleterious collateral effects [8,19],
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is an essential characteristic of any material with potential for use in
biological applications [20,21]. The biocompatibility of PPy, which has
been demonstrated in both in vitro and in vivo models [22], has allowed
its use as a convenient substrate for the immobilization of biomolecules
[23]. Due to their significant inhibitory activity on many species of
bacteria [24,25], silver nanoparticles (AgNPs) alone exhibit a high
antibacterial activity that has been exploited in medical applications and
the development of commercial products [26]. However, it is well
known that when used in their pristine form these particles can induce
cell membrane damage and/or cause oxidative stress [27].

PPy-AgNPs composites have been used in the stabilization of oil-in-
water emulsions [28] and as efficient nanocatalysts for the alkylation
of amines [29]. It has been shown that the addition of AgNPs to a
polymeric matrix can affect their interaction with cells and tissues [21].
Hybrid nanomaterials (such as polymer/metal nanoparticles) have been
used in coatings with reduced toxicity and low level of particle aggre-
gation [15,30], as well as antimicrobial agents [31,32] and platforms for
cancer treatment [33]. Scanty information is available on the cytotoxic
potential of hybrid composites based on PPy and AgNPs, and the eval-
uation of possible effects of AgNPs/PPy composites on mammalian cell
systems remains an open field of investigation, with multiple avenues
for multifaceted biomedical applications.

In this work, we report a novel synthesis of AgNPs/PPy composite by
a single step in situ chemical oxidation of pyrrole monomers by silver
cations. A 23-factorial design was applied for the optimization of the
physicochemical properties (maximum fluorescence emission, mean
zeta potential, and mean particle size) of the AgNPs/PPy. UV-Visible
spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), and
transmission electron microscopy (TEM) were used to characterize the
composite obtained using the optimal experimental conditions. We
assayed the biocompatibility/cytotoxicity of the AgNPs/PPy composite
on fibroblast, macrophages, Vero cells, and Human Cervix Epithelioid
Carcinoma (HeLa) cells and examined its possible hemolytic activity
toward ABO blood groups. The ultrastructural changes induced in these
cells after exposure to the AgNPs/PPy composite was also investigated
by Scanning Electron Microscopy.

2. Materials and methods
2.1. Chemical

Ethanol PA (CoHsOH - Quimica Moderna, Brazil) was used as a sol-
vent, and silver nitrate (AgNO3 99% - Sigma-Aldrich, USA) as a metal
precursor. The pyrrole monomer 98% (C4HsN) and (3-Mercaptopropyl)
trimethoxysilane 95% ((HS(CH3)3Si(OCH3)3) — MPTS) were obtained
from Sigma-Aldrich (USA). All reagents were used without further pu-
rification, except pyrrole, which was distilled under vacuum before use.
Deionized water, was obtained by Millipore Synergy® Water Purifica-
tion system (Merck, USA).

2.2. Synthesis of AgNPs/PPy composite

The synthesis of the AgNPs/PPy composite was carried out according
to Santos et al. [34], with slight modifications. The reaction was per-
formed in a round-bottom flask containing 10 mL of ethanol, followed
by the addition of pyrrole monomer (3,0 x 10~2 mol/L), AgNO3 solution
(8,1 x 107° mol/L), and MPTS (2,7 x 1072 mol/L). The resulting
colloidal solution was maintained under vigorous stirring at 1000 rpm
for 48 h, at room temperature. The dark AgNPs/PPy precipitate obtained
was centrifuged at 10,000 xg and washed successively with methanol
and ultrapure Milli-Q water, and then dried in an oven at 70 °C for 24 h.

2.3. Fluorescence emission screening of AgNPs/PPy composite

We investigated the fluorescence spectrum of the AgNPs/PPy com-
posite in the (360-590) nm emission range, at room temperature
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(23 °C), using a FluoroLog-3 spectrofluorimeter (Horiba, USA), under
excitation in the (290-400) nm range. The excitation and emission slits
had an opening of 2 mm, and 5 nm step sweeps were performed, using
quartz cuvettes with a 1 cm optical path. The Spectra Lux program [35]
was used to design a color coordinate graph in the RGB spectrum.

2.4. Optimization of the experimental condition of AgNPs/PPy composite
by factorial design

A factorial experimental design method [36,37] was used to identify
the main variables which have a key influence on the maximum fluo-
rescence emission intensity (Iyax), mean zeta potential (MZP), and mean
particle size distribution (Z-Ave) of the AgNPs/PPy composite. The
following variables were considered: (A) concentration of PPy mono-
mers, (B) concentration of AgNPs, and (C) concentration of MPTS. A
factorial design was implemented using two selected levels lower (—)
and upper (+) for each variable (Table 1). By combining three-factor
variables with the two levels for each one, 8 possible experiments (23)
were performed in duplicate, resulting in a total of 16 experiments
(Table S1). The significance of the effects of each variable was evaluated
by the analysis of variance (ANOVA) using the statistical software Sta-
tistica 10 (Statsoft, USA). A p-value < 0.05 was used to indicate which
variables were statistically significant, within a 95% confidence interval
of Student's t distribution [38]. The statistical data were compared with
Pareto chart analysis.

2.4.1. Z-average size and MZP measurements

The Z-Ave size and MZP of the sixteen AgNPs/PPy formulations were
analyzed using a Zetasizer NANO-2590 (Malvern Instruments, UK). The
Z-Ave were obtained by Dynamic Light Scattering (DLS) analysis, in
which 10 pL of the AgNPs/PPy composite were previously dispersed in 1
mL of ethanol P.A.. A polystyrene cuvette with a 1 cm optical path was
filled, capped, and checked for the absence of any bubbles. The mea-
surements were performed with a laser (A = 633 nm) under a spreading
angle of 90° and a temperature of 25 °C. The zeta potential was assayed
from the electrophoretic mobility of each one of the sixteen runs of the
complete factorial design. The main zeta potential was calculated from
the average of three values of the electrophoretic mobility of each one of
the sixteen AgNPs/PPy composite formulations. All measurements were
performed in a polystyrene cuvette with a 1 cm optical path, using an
electrode for aqueous systems.

2.5. Characterization methods

2.5.1. UV-visible and FTIR spectroscopies

The absorption UV-Visible spectra of dilute AgNPs/PPy solutions
(5:1000 v/v) were obtained in the 200-1000 nm range, by using a quartz
cell with an optical length of 1.0 cm, in a UV-2600 spectrophotometer
(Shimadzu, Japan). The FTIR spectra were recorded on an FTIR-ATR
spectrophotometer 4600 (Jasco Corporation, Japan) equipped with an
ATR attachment comprising a ZnSe crystal with a central incidence
angle of 45°, a circular contact area of 4.9 mm? and operating at a
resolution of 4 cm ™! in the 4000 cm ™! to 400 cm ™! range.

Table 1
Experimental factors and levels in the 23-factorial design for the AgNPs/PPy
composite synthesis optimization.

Factors Levels (mol/L)

Lower (—) Upper (+)
MPTS 1,6 x 1072 2,7 x 1072
Pyrrole 1,4 x 1072 3,0 x 1072
AgNOs 3,6 x 10°° 8,1 x 10°°

MPTS: (3-MercaptopropyDtrimethoxysilane.
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2.5.2. Transmission electron microscopy

The structural characterization of the AgNPs/PPy composite was
carried out using an FEI Tecnai Spirit transmission electron microscope
(FEI, USA) operating at 120 kV. For this, we dropped 10 pL of diluted
AgNPs/PPy solution on a 400-mesh carbon-coated copper grid that was
allowed to dry completely, at room temperature, before obtaining the
TEM images.

2.6. In vitro biocompatibility of AgNPs-PPy composite

2.6.1. Cell culture and cytotoxicity assay

For the biocompatibility studies, we used four mammalian cell lin-
eages: J774A.1 macrophage (ATCC® TIB-67™), Vero (ATCC® CCL-
81™), fibroblast (ATCC® PCS-201-012™), and HeLa (ATCC® CCL-2™).
The Vero cells and macrophages (5 x 10° cells/well) were cultured in
96-well plates containing 100 pL of an RPMI 1640 medium (Sigma-
Aldrich, USA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin solution (Sigma-Aldrich, USA). The fibroblasts
and HeLa cells were cultivated at the same conditions for the macro-
phages and Vero cells, except by the use of a DMEM medium (Sigma-
Aldrich, USA). After the adhesion, the cells were incubated in the
appropriate culture medium in the absence (untreated control cells) or
presence of different concentrations (31.2-500 pg/mL) of AgNPs/PPy
composite for 24 h. After the incubation time, the cells were washed and
reincubated in a fresh RPMI culture medium without phenol red (Sigma-
Aldrich, USA), containing 5 mg/mL of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich, USA) and
cultivated for an additional period of 3 h at 37 °C. Afterward, the cells
were solubilized in 100 pL of an acidified isopropanol solution (0,04 M
HCI + absolute isopropanol), to dissolve the formazan dye. The absor-
bance was read in a microplate spectrophotometer (Bio-Rad®, Califor-
nia, USA) at 540 nm. Each analysis was performed in quadruplicate, in
two independent experiments.

2.6.2. Ultrastructural analysis

The scanning electron microscopy (SEM) analysis was performed to
investigate the effects of AgNPs/PPy on the morphology of HeLa and
J774A.1 macrophage cells. For this, the HeLa and macrophages cells
were treated with the AgNPs/PPy composite solutions at CCsy or 2x
CCsp concentration, for 24 h. Untreated cells were used as a negative
control. After incubation time, both the control and treated cells were
washed with PBS and fixed for 2 h at room temperature in a solution
containing 2.5% glutaraldehyde/4% paraformaldehyde in 0.1 M of
cacodylate buffer at pH 7.2. After washing in the same buffer, the cells
were post-fixed for 1 h with 1% osmium tetroxide/0.8% potassium
ferricyanide/5 mM CaCl, diluted in 0.1 M cacodylate buffer solution at
pH 7.2. The samples were dehydrated in an increasing gradient series of
ethanol, drying by critical point, covered with a 20 nm thick gold layer,
and analyzed in a JEOL T-200 scanning electron microscope (JEOL,
Japan).

2.6.3. Hemolytic assay

The hemolytic activity of AgNPs/PPy composite was investigated on
human erythrocytes (A, B, O, and AB), according to the protocol
established by Yang et al. [39]. Briefly, erythrocytes of each blood type
were serially diluted in saline (NaCl 0.9%) and incubated in a 96-well
microplate, in the presence of AgNPs/PPy solution at different concen-
trations (31.2-500 pg/mL), for 30 min at 37 °C. After incubation, the
microplates were centrifuged at 1500 xg for 4 min, and the hemolysis
activity was quantified in a UV-Vis spectrophotometer at 412 nm.
Erythrocytes incubated in 100 pL of saline solution (NaCl 0.9%) or
treated with 100 pL of Triton X-100 (0,1%) were used as a negative and
positive control of hemolysis, respectively. The hemolysis rate was
determined as
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A, — Ay
A, — Ay

x 100,

Pohemolysis =

where Ag, Ap, and Ay are the absorbances of the tested sample, the
positive (100% of lysis), and the negative control, respectively. Each
analysis was carried out in three independent experiments in triplicate.

2.7. Ethical considerations

The present study was carried out following the ethical principles
adopted by the Brazilian Law 11.794/2008 and National Research
Ethics Committee (CEP/CONEP), under the number CAAE:
06959119.8.0000.5048.

2.8. Statistical analysis

The statistical analyses were performed using the SPSS Statistics for
Windows (Version 18.0. IBM Corp. USA). The 50% cytotoxic concen-
tration (CCsp) was calculated by linear regression. All data are presented
as the average value + standard deviations. A value of p < 0.05 was
considered as statistically significant by one-way ANOVA test, and
Dunnett's Post-test in GraphPadPrism 5.0 (Graphpad, California, USA).

3. Results and discussion
3.1. Synthesis of the AgNPs/PPy composite

In this work, the AgNPs/PPy composite was obtained efficiently and
economically through a one-pot reaction. A schematic diagram and the
mechanism proposed for the colloidal formation of AgNPs/PPy are
depicted in Fig. 1, according to Oliveira et al. [40]. Initially, the silver
precursor (AgNOs) dissociates into silver cations (Ag*) and nitrate an-
ions (NO3) (Step a). Consequently, the Ag" cation acts as an oxidizing
agent for the in situ chemical polymerization of the pyrrole monomers,
resulting in the simultaneous formation of pyrrole radical cation and
metallic silver (Ago) (Step b). The PPy molecules are absorbed by
hydrogen bonding and electrostatic interaction onto the mercapto-
carboxylic acid, capping the AgNPs [41,42]; the silver nanoparticles are
aggregated inside the PPy chains (Step c) [28,40,43,44]. The MPTS is
widely used to prevent the agglomeration of the formed nanoparticles,
due to its chemical affinity — which is associated with the presence of
thiol groups - toward different noble metals [45,46].

3.2. Fluorescence measurements and optimization of the experimental
condition of AgNPs/PPy composite

Highly fluorescent nanoparticles, as conductive polymers, have
attracted scientific and industrial interest due to their remarkable opti-
cal/fluorescence properties, which can be exploited in various applica-
tions such as high-throughput screening, ultrasensitive assays, live-cell
imaging, and photodynamic therapy [47]. Previous work conducted by
our group demonstrated that the interaction between the metal particles
and the polymeric chains in the AuNPs/Polyaniline composite results in
remarkable fluorescence emission in the visible region [34]. To inves-
tigate the photoluminescence of the as-prepared AgNPs/PPy, an exci-
tation and emission spectrum screening was performed (Fig. 2A-B). The
maximum fluorescence emission intensity (I,ax) was observed at ~425
nm (Fig. 2B), for a Aeyxe = 350 nm (Fig. 2A). This corresponds to the blue
region in the visible spectrum, as confirmed by the corresponding color
coordinate graph (Fig. 2C). Dong et al. [47] have reported a fluorescence
emission peak around 440 nm for PPy nanospheres excited at 360 nm.
The interaction of the AgNPs with PPy chains can account for the blue-
shift observed in our case. Ramanavicius et al. [48] showed that quan-
tum dots covered with PPy layer presented enhanced photo-
luminescence and resistance to the photobleaching. It has been reported
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(a) Ag(N 03)( Aq) Ag+(Aq) + NO3-(AQ)
H |;I+
H H N4 g = H
\ / +ag _[ raAd
H H H d
HS(CH,)3Si(OCH3);3

hydrolysis | H*

AgNPs/Polypyrrole composite

Fig. 1. Mechanism proposed for the of AgNPs/PPy composite formation.
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Fig. 2. Fluorescence intensity of the AgNPs/PPy composite at excitation wavelengths at 290-400 nm excitation wavelengths range (A), fluorescence emission
spectrum (Aexe = 350 nm) (B), and color coordinate in the RGB spectrum (C).

that besides playing an important role in modulating the fluorescence of are stabilized with appropriate ligands [49]. The fluorescence emission
dyes, noble metals as gold and silver can become fluorescent per se, when of the AgNPs/PPy composite may result from the interaction between
their size is sharply decreased to the subnanometer range and/or they the pyrrole monomers and the AgNPs formed during the AgNPs/PPy
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synthesis process [34,50].

Because the existence of fluorescence expands the diversity of bio-
logical applications of the AgNPs/PPy composite, we further investi-
gated the influence of the concentrations of Ag, pyrrole monomers, and
MPTS (independent variables) on the maximum emission fluorescence
intensity (Imax, under 350 nm excitation), mean zeta potential (MZP),
and the mean particle size distribution (Z-Ave) using the 23.factorial
design. This approach also allowed us to choose the optimal conditions
for the synthesis of AgNPs/PPy that would better fit the physicochemical
parameters evaluated. A matrix consisting of the selected variables
(concentration of pyrrole, AgNPs, and MPTS) together with the corre-
sponding responses (Iyax, Z-ave, and MZP) is presented in Table 2.

The Pareto chart analysis showed which of three variables analyzed
(concentration of MPTS, AgNOs, and pyrrole) or its interactions should
be statistically significant based on the variation between the two levels
chosen. The red line at 0.05 indicated the statistical significance (Fig. 3).
Our results demonstrated that the I,y is increased when the AgNPs/PPy
composite was synthesized with the highest concentration of pyrrole
and AgNOj3 (Fig. 3A), as indicated by the positive value of the stan-
dardized effect (AgNO3 = 7.73; pyrrole = 3.51; Ag and Pyrrole inter-
action = 2.77). The positive interactions between these variables were
confirmed by the analysis of variance (ANOVA) (Table S2).

The MZP, which depends on the surface charge, plays a key role in
the stability of nanoparticles in suspension and is an important param-
eter for the synthesis and functionality of solid-state and soft matter
synthetic colloids [51]. The analysis of the MZP measurements showed
negative absolute values, for all 16 samples tested indicating a able
colloidal dispersion of AgNPs/PPy composite (Table 2). As shown in the
Pareto chart (Fig. 3B), the concentration of MPTS, as expected, was the
variable that presented the most significant influence on MZP, as also
demonstrated by the ANOVA analysis (Table S2). When MPTS, used in
its lower level (—), was combined with the upper levels (+) of AgNO3
and pyrrole there is a reduction in the average value of the main zeta
potential (run 7 and 8; and run 15 and 16, respectively). When the
amount of PPy was increased, the MZP was more negative (run 7 and 8;
and run 15 and 16, respectively). Wen et al. [52] have found that the
zeta potential of PPy/Ag composites becomes more negative when the
relative amount of PPy is increased, as a result of a stronger interaction
between the PPy chains and AgNPs.

The influence of reagent concentrations on Z-Ave was also analyzed.
The Z-ave measurements of the samples (1-16 runs) showed that the size
of the composite is influenced by reagent concentration, varying from
971.30 nm for MPTS (+4), pyrrole (—), and AgNO3 (+) to 942.70 nm for

Table 2
Matrix of interactions and results of the complete factorial design of the syn-
thesis of AgNPs/PPy composite. Response: higher emission intensity (Imax)
recorded at Aeye = 350 nm, mean zeta potential (MZP), and the mean particle size
(Z-Ave).

Run Variables Responses
MPTS Pyrrole AgNOs Imax (@.1) MZP (mV) Z-Ave (nm)

1 - - - 4.62 x 10°  —25.7 843.20
2 + - - 3.50 x 10°  —38.9 764.10
3 - + - 6.42 x 10°  —19.2 798.70
4 + + - 7.72 x 10°  —21.6 823.70
5 - - + 3.92x10°  -223 950.00
6 + - + 5.64 x 10°  —44.1 896.20
7 - + + 1.14 x 10°  -33.1 851.30
8 + + + 1.12 x 10°  -43.9 867.20
9 - - - 6.97 x 10°  —38.9 892.60
10 + - - 499 x 10°  —38.4 843.90
11 - + - 8.58 x 10°  —25.9 864.10
12 + + - 8.61 x 10°  —36.4 795.70
13 - - + 6.48 x 10°  —32.6 885.70
14 + - + 573 x 10°  —45.0 971.30
15 - + + 1.22 x 10°  —44.1 964.60
16 + + + 1.08 x 10°  —46.4 942.70
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MPTS (+), pyrrole (+) and AgNO3 (4) (run 14 and 16). The Pareto chart
demonstrated that pyrrole concentration has the highest standardized
effect on this parameter (3,42) at a 95% confidence level (Fig. 3C). This
result indicates that only the pyrrole concentration was statistically
significant and the best response for the dispersion of the average par-
ticle size occurred when this variable was at its upper level (+). The
positive effect showed on the Pareto chart also corroborates with the
main effect of pyrrole concentration (statistical test - Table S2) that was
observed for Iyax.

Taking into account the observed influence of the concentration of
composite constituents on the Iy, MZP, and Z-ave, the optimal con-
dition for the synthesis of colloidal formulation of AgNPs/PPy was those
where MPTS (—), AgNOs (+), and pyrrole (+). In this regard, this
optimized formulation was used for the subsequent characterizations
and the investigation of its biocompatibility and antimoral activity.

3.3. Spectroscopic and structural characterization of the Ag/polypyrrole
composite

The absorption spectrum of the AgNPs/PPy composite is shown in
Fig. 4. It has been verified that the predicted optimal point of the AgNPs/
PPy has two absorption bands at 230 nm and 280 nm, corresponding to
the n-1* transitions of the benzenoid rings and the n-n* transitions of the
pyrrole rings, respectively [47]. The shoulder at 470 nm (Fig. 4, inset) is
associated with the overlapping of the n-n* transitions of the PPy and the
presence of plasmons resonance surface of metallic nanoparticles [53].
Although the AgNPs commonly exhibit plasmon resonance bands in the
(410-440) nm region [54], a band shift should be expected upon their
incorporation into the polymeric chains [55,56].

The FTIR spectrum of the synthesized AgNPs/PPy composite
confirmed the successful polymerization of pyrrole and the incorpora-
tion of the AgNPs (Fig. 5), even though some peaks become slightly
displaced due to the interaction of the metallic nanoparticles with the
PPy chains [42,57-59]. Characteristic peaks of PPy were observed in
1329 ecm™!, 1044 em™!, 879 em™!, and 601 cm™!, which can be
attributed respectively to the C=C stretch in the ring, C—H twist of the
ring outside the plane, stretching of C=C, and deformation of C=C-N-H
of the ring outside the plane [60]. The peak attributed to the pyrrole
oxidation appears near 1379 cm™! [61]. The peak at 1660 cm * is
characteristic of the C=C bond stretch or can be assigned to the
O=C-NH, groups. The peak around 1086 em™! can be assigned to the
vibrations of the pyrrole ring [42,44,62].

The structural analysis of the AgNPs/PPy composite by TEM revealed
the presence of both monodisperse and aggregated regions. In the
monodisperse structures, the electron-dense core, which corresponds to
single spherical silver nanoparticles with sizes smaller than 100 nm, is
surrounded by an amorphous electron-lucent PPy matrix (Fig. 6A and
B). On the other hand, the aggregates corresponded to a large polymeric
matrix containing various inner silver nanoparticles, with sizes ranging
from 200 nm to 500 nm (Fig. 6C and D). These agglomerate structures
could have been formed by the concomitant reduction of silver cations
and the growth of the PPy chains, which explains the higher mean
particle size values obtained by DLS (Section 3.2).

3.4. Cytotoxic assay on mammalian cells

The biocompatibility of a given material can be assessed by exam-
ining the subsequent viability of selected cells exposed to it [20,63]. In
this work, the cytotoxicity of as-prepared AgNPs/PPy composite was
examined by performing MTT assays on fibroblasts, macrophages, and
Vero cells at different concentrations of the composite. While fibroblasts
and Vero Cells are frequently used for the evaluation of the cytotoxicity
of biomaterials [20,64], macrophages are immunocompetent cells that
first interact with foreign particles, efficiently phagocytizing them [65].
Macrophages also participate in the immune response to cancer cells
[66]. Human cervix epithelioid carcinoma (HeLa) cells have been
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Fig. 4. UV-Visible spectrum of the AgNPs/PPy composite.

efficiently used as a model to evaluate the antitumor activity and tumor
targeting of hybrid nanomaterials [67]. As a manner to assess the
possible role of the AgNPs/PPy composite on cancer therapy, we eval-
uated its effect on HeLa cells.

Our results indicated that the AgNPs/PPy composite did not induce
significant cytotoxic activity on macrophages and fibroblast and Vero
cells (Fig. 7A-C). The corresponding CCsy could not be estimated by
regression analysis, and so it was considered greater than the highest
concentration tested (500 pg/mL) in these cells (Table 3). Our results are
consistent with the good biocompatibility already reported in the
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Fig. 5. FTIR spectrum of the AgNPs/PPy composite.

literature for PPy-based molecules [68-70]. It has been demonstrated
that PPy was not toxic to mouse marrow-derived stem cells and sustain
the attachment and proliferation of these cells on the PPy-modified
surfaces. It has been also shown that the presence of amine groups
and positive charges in the PPy structures allows the adhesion and
proliferation of fibroblasts and other adherent cells [70-72]. Our results
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Fig. 6. TEM of the AgNPs/PPy composite in monodisperse shapes (A and B) and its agglomerated morphology (C and D).
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Fig. 7. Effect of the AgNPs/PPy composite on mammalian cells: (A) fibroblasts, (B) Vero, (C) J774A.1, and (D) HeLa. Values represent the mean + standard deviation
of three independent experiments in triplicate. *Significant differences at p < 0.05 compared to untreated control.
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Table 3
The effect of AgNPs/PPy on the viability of mammalian cells.

Cell line CCsp (pg/mL)
Fibroblast >500

Vero >500
Macrophage (J774A.1) >500

Hela 210,06

CCsg — concentration (pg/mL) able to decrease the cell viability
by 50%.

indicated that while the viability of fibroblasts cultivated in presence of
the lowest concentration of AgNPs/PPy slightly increases (Fig. 7A), a
significant decrease in the viability of HeLa cells treated with 250 and
500 pg/mL of the composite occurs. For the highest concentration
tested, the inhibition of cell viability was close to 90%. The estimated
CCsp for HeLa cells after 24 h of incubation was 210 pg/mL (Table 3).
The action of PPy-based materials on the viability of cancer cells has
already been pointed out [73]. However, most of the previous works
have been limited to the use of such materials as active agents for
photothermal therapy or as biosensors for cancer diagnosis

[7,15,74,75]. To the best of our knowledge, the present results corre-
spond to the first report of the antitumoral activity of AgNPs/PPy
composite per se.

Materials Science & Engineering C 128 (2021) 112314

3.5. Effect of AgNPs/PPy composite on the ultrastructure of mammalian
cells

We used scanning electron microscopy to investigate the effects of
the AgNPs/PPy composite on the morphology of J774A.1 macrophages
and HelLa cells. To establish a baseline for comparison, in Fig. 8A and B
we present the characteristic morphology of untreated J774A.1 mac-
rophages and HeLa cells. The control macrophages, which present round
to flattened shapes, were found to firmly attach to the substrate.
Prominent filopodia and lamellipodia projections are commonly
observed in these cells (Fig. 8A). The HelLa cells presented flattened and/
or polygonal morphology. The cell surface of these cells is decorated
with numerous microvilli (Fig. 8B) [76-78]. The surface topography of
both types of cells indicates that they are extraordinarily active [79]. No
damage to the plasma membrane was observed when the J774A.1
macrophage was treated with CCsy of the AgNPs/PPy composite
(Fig. 8C). However, under this treatment condition, these cells became
more flattened and with longer pseudopodia compared to non-treated
cells (Fig. 8C). This phenotype has been usually associated with
macrophage activation [80,81]. The treatment of macrophages with
LPS, which is a standard activator of macrophages toward classical M1
activation profile, quickly induces the formation of pseudopods,
filopodia-like projection, and the spreading of these cells on the sub-
strate, in a similar way to those observed in our study [82]. Similarly,

Fig. 8. Representative micrographs of the effects of
AgNPs/PPy on the morphology of macrophages (left
column) and HeLa cells (right column). (A) Untreated
macrophages presenting a round shape and evident
filopodia and lamellipodia tightly attached to the
substrate with a clear emission of filopodia and
lamellipodia. (B) Untreated HeLa cells presenting
flattened morphology. The cell surface showed char-
acteristic microvilli extending from the cell surface.
(C-D) Cells treated with CCso of AgNPs/PPy. (C)
treated-macrophages showing spread and flattened
morphology with long filopodia projections (black
arrow) (D) Detail of a HeLa cell showing a rounding
of the cell body and loss of microvilli (black star).
(E-F) Macrophages (E) and HeLa cells (F) were
treated with 2 x ICso of AgNPs/PPy (F). Detail of
HelLa cell culture showing scant adhered cells, all of
them with a round morphology. Note the presence of
membrane perforations (black arrow) and loss of
microvilli structures (inset). Bars: A, Band D = 2 pm;
C, E, =5 pm; F = 10 pm; inset = 1 pm.
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Gniadek et al. [83] demonstrated that THP-1 monocytes in contact with
PPy-coated materials, including AgNPs/PPy, showed numerous funnel-
like lamellipodia characteristics of macrophage activation. Classically
activated M1-polarized macrophages have an important role in refo-
cusing the immune system for the elimination of cancer. Thus, the
AgNPs/PPy composite may induce the polarization of macrophages to-
ward the M1 phenotype, making them more competent to attack and
phagocyte tumor cells [80,84].

The treatment of HeLa cells with CCso of AgNPs/PPy composites
induced the loss of microvilli, whereas their plasma membrane assumes
a corrugated appearance (Fig. 8D). These morphological changes are
indicative of a loss of plasma membrane function. Only at the higher
concentration tested, the AgNPs/PPy composite induced some damage
to the macrophage membrane (Fig. 8E), and, even so, to a lesser extent
than the damage caused to the HeLa cells. In all concentrations tested,
the morphology of the HeLa cells assumed a more globular aspect, with
damage to the plasma membrane being observed even at the lowest
AgNPs/PPy concentration tested (Fig. 8D and F). Hence, our results
indicate that the AgNPs/PPy composite selectively affects the HeLa cells
relative to the treated fibroblast, Vero cells, and macrophages.

It is usually assumed that the antitumor activity of AgNPs is mainly
due to the possible release of metallic silver (Ago) and silver ions (Ag™),
which can trigger increased ROS production leading to oxidative stress,
DNA, mitochondrial and membrane damage, genotoxicity, resulting in
cell death by necrosis or apoptosis [85]. Consistently, our morphological
results showed that the treatment of HeLa cells with the composite
caused damage to the plasma membrane and the presence of cellular
debris, characteristic of necrosis. It has been demonstrated that reactive
oxygen species (ROS) have a paradoxical role in cancer. ROS can pro-
mote protumorigenic signaling, favoring cancer cell proliferation, sur-
vival, and adaptation to hypoxia [86]. On the other hand, ROS can
induce antitumorigenic signaling and trigger oxidative stress-induced
cancer cell death [87,88]. The high metabolic activity in cancer cells,
needed for cell transformation and tumorigenesis, increases ROS pro-
duction by these cells. Concomitantly, to maintain ROS homeostasis,
tumor cells altered their antioxidant capacity increasing their suscepti-
bility to ROS-induced oxidative stress as compared to normal cells. Our
results indicate that the combination of AgNPs with PPy chains has a
noticeable effect on HeLa cells, without causing substantial damage to
normal mammalian cells (macrophages, fibroblasts, and Vero cells).
These results suggest that the presence of the PPy chains reduced the
cytotoxic potential of AgNPs on non-tumoral cell lines. Despite the good
biocompatibility of PPy to mammalian cells have been already reported
in the literature, we cannot rule out that this CP also contributes, at least
in part, to the cytotoxicity of AgNPs/PPy toward HeLa cells. Vaitkuviene
et al. [72] showed that PPyNPs presented considered cytotoxic effects to
the Jukart, MH-22A tumoral linages whereas the cytotoxic effect of
these nanoparticles on primary mouse embryonic fibroblast was
observed only at higher concentrations.

3.6. Hemolytic assay

The hemolytic activity is an important parameter to be considered
when assessing the biocompatibility of a given material [89]. The he-
molysis corresponds to the breakdown or destruction of the plasma
membrane of Red Blood Cells (RBCs), with the subsequent release of
hemoglobin [90]. A significant RBC rupture in response to the exposure
to a material is an adverse effect that could lead to important patho-
logical conditions, limiting its systematic use in medical devices and
applications [91]. We used RBCs from the A, B, AB, and O human blood
groups to investigate the hemolytic potential of the AgNPs/PPy com-
posites (Fig. 9). The hemolytic activity of AgNPs/PPy composites was
less than 20%, for all blood groups tested, at concentrations up to 125
pg/mL, which is a threshold value to consider a biomaterial as non-
hemocompatible [62,92,93].

It is important to note that the composition of the human erythrocyte
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Fig. 9. Hemolytic percentage of AgNPs/PPy in different human erythro-
cytes groups.

plasma membrane varies according to the blood group [94], leading to
differences in the susceptibility of these cells to biomaterials [95,96].
Membrane proteins contribute considerably to the total surface charge
of these cells. Particularly, the intermolecular interactions of composite
materials with the surface of the different blood groups erythrocytes can
modify the zeta potential of these cells [97-99]. It is worth mentioning
that isolated silver nanoparticles can induce the rupture of the eryth-
rocyte membrane [15,91,95]. The cytotoxic and hemolytic effects of
AgNPs or silver-based nanocomposites on mammalian cells have been
reported by various groups [91,100,101]. The hemolytic activity of
isolated AgNPs seems to depend on their surface/volume ratio, with
nanoparticles presenting a higher hemolytic activity than micron-size
particles. On the other hand, as a hemocompatible material [22], PPy
can protect the erythrocytes from the deleterious effects of Ag
nanoparticles.

4. Conclusions

We presented an easy method of preparing AgNPs/PPy composite
which emits a fluorescent signal in the blue region of the visible spec-
trum, characterizing them by UV-Visible and FTIR spectroscopies, and
TEM analyses. The impact of the concentration AgNOs, pyrrole, and
MPTS on the maximum fluorescence intensity, main zeta potential, and
Z-Ave size was demonstrated by factorial design methodology and
validate by statistical analysis (Pareto charts and ANOVA). This
approach allowed us to optimize the experimental condition for the
synthesis of AgNPs/PPy composite. We have shown that the optimized
AgNPs/PPy composite exhibits low cytotoxicity toward non-tumoral cell
lineages but has highly selective action against HeLa cells, in which
severe membrane damage is induced, as observed by SEM. The AgNPs/
PPy composite also exhibited a low hemolytic activity, when used at
concentrations below 125 pg/mlL. Overall, these results confirm the
good biocompatibility and promising potential of the AgNPs/PPy com-
posites as cytotoxic agents against HeLa cells without induces damage to
healthy cells. Additionally, the fluorescence of these composites opens
up the possibility of their use as biomarkers for diagnosis and bio-
sensing. We believe that further studies are necessary to elucidate the
mechanism of action of the AgNPs/PPy composite on HeLa cells, as well
as on other tumoral cells both in vitro and in vivo.
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