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Synthesis of stable silver colloids was achieved using nitrogen-containing polymers acting simultaneously
as a reducing and stabilizer agent. The polymers polyethyleneimine (PEI), polyvinylpyrrolidone (PVP) and
poly(2-vinyl pyridine)-b-poly(ethylene oxide) (PEO-b-P2VP) were used in the procedures. The influence
of the surface chemistry and chemical nature of the stabilizer on the cytotoxicity and antimicrobial
properties have been evaluated. The produced nanomaterials were found to be non-toxic up to the
highest evaluated concentration (1.00 ppm). Nevertheless, at this very low concentration, the AgNPs
stabilized by PVP and PEO-b-P2VP were found to be remarkable biocides against bacteria and fungus.
On the other hand, we have surprisingly evidenced negligible antimicrobial activity of AgNPs stabilized by
positively charged PEI although both (AgNPs and PEI) materials separately are known for their
antimicrobial activity as also evidenced in the current investigation. The evidence is claimed to be related
to the blocking of Ag™ kinetic release. Accordingly, the antimicrobial effect of nano-sized silver colloids
largely depends on the chemical nature of the polymer coating. Possibly, the outstanding colloid
stabilization provided by polyethyleneimine slows down Ag* release thereby hampering its biological
activity whereas the poorer stabilization and good ionic transport property of PVP and PEO-b-P2VP
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Ag" with thiol groups in enzymes and proteins is accepted to be
the main responsible for the antimicrobial action, although
their lethal action can, at least to some extent, be also linked to
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Noble metal nanoparticles have proven to be very useful in
medical applications due to their well-known antibacterial,
antifungal and antiviral properties.® Particularly considering
silver nanoparticles (AgNPs), they are nowadays popular as
coatings for surgical clothes, dressings and other medical
devices.”® Additionally, AgNPs are also being added to a variety
of everyday products including food packaging, textiles and
detergents.>'® Indeed, the biocide effect of silver salts has been
known since the 19th century whereas such a property for
AgNPs was discovered recently."* There are up-to-date investi-
gations reporting the effect of size,”” shape'® and surface
charge on the resulting toxicity of silver colloids. Nevertheless,
the actual mechanism of action governing their toxicity remains
heavily debated."® Possibly, the antimicrobial property arises
from the contribution of silver ions (Ag') and bulk silver existing
as nanocolloids (the nanoparticles per se).”” The interaction of
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inhibition of cell division and binding to bases of the DNA
chains.'® Simultaneously, the adhesion of AgNPs onto the cell
membrane of microorganisms and further cell internalization
can lead firstly to changes in membrane permeability and later
to damages in intracellular structures and biomolecules, ulti-
mately causing cell death." Hence, the antimicrobial property
of AgNPs can be influenced by the features of the nano-sized
silver colloids and by the presence of dissolved silver ions.
Taking into account the above mentioned issues, clearly, the
biological activity of AgNPs is at least indirectly sensitive to size,
shape, surface charge and surface chemistry (chemical nature
of the stabilizer). These physicochemical parameters are driven
by the strategies to produce the colloidal suspensions. Pres-
ently, the most versatile methods towards the manufacturing of
metallic nanoparticles involve the reduction of a metallic salt in
the presence of a reducing agent and a stabilizer required to
provide colloidal stability. In such way, the use of polymers and
copolymers is an interesting route for the fabrication of
polymer-stabilized metallic nanoparticles. The polymeric
materials are used almost exclusively as stabilizers in the
presence of different reducing agents. Polysaccharides,*
biodegradable®® and temperature-responsive*  polymers,
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polycations,* polyamino acids** as well as other non-ionic
water-soluble polymers® were successfully employed for such
a purpose with resulting biological activity of the hybrid mate-
rials evaluated. Alternatively, when nitrogen-containing poly-
mers are incorporated into the process, they can simultaneously
act as reducing and stabilizer agent while imparting unique
properties to the manufactured colloidal systems.>® Indeed, the
use of nitrogen-containing polymers acting simultaneously as
reducing and stabilizer agent is an insightful approach and it
can be also employed for instance in one-pot synthesis of
metallic colloids directly in the aqueous media without the aid
of any other external agent expect the ionic precursor. Such
method was successfully applied by us in the synthesis of nano-
sized silver colloids produced and stabilized using a variety of
nitrogen-containing polymers.”” The reactions were carried out
in ethylene glycol and in such a case, the reduction of Ag" was
promoted by the nitrogen atoms of the polymer chains and also
by the oxygen atoms of the solvent. The polymer chains
subsequently chemisorb onto the newly generated particles
promoting colloidal stability. The procedures led to nearly
spherical structures stabilized by lengthy hydrophilic shells
where the dimension is primarily governed by the molecular
weight of the polymers. Likewise, the surface charge of the
resulting hybrid materials depends on the polymer chemical
structure. Herein, we relate the produced assemblies to the
cytotoxicity and antimicrobial properties. The biological assays
were investigated regarding AgNPs stabilized by PEI (poly-
ethylenimine), PVP (polyvinylpyrrolidone) and PEO-H-P2VP
(poly(2-vinyl pyridine)-b-poly(ethylene oxide)). The antibacterial
and antifungal properties were evaluated in three different
bacteria strains (Gram-negative or Gram-positive) and against
Candida albicans which is a type of yeast commonly found at the
human gut flora. Additionally, the cytotoxicity was evaluated
into two different mammalian cell lines. The nanoparticle
stabilization provided by the capping agent significantly
impacts the biocide properties of the produced polymer-
stabilized silver colloids.

Experimental
Materials

Silver nitrate (AgNOj3) and ethylene glycol (EG) were of analytical
grade purchased from Sigma-Aldrich and used as received. The
polymers PEI  (polyethyleneimine) and PVP (poly-
vinylpyrrolidone) were also purchased from Sigma-Aldrich
whereas PEO-b-P2VP block copolymer (poly(ethylene oxide)-b-
poly(2-vinyl pyridine)) was purchased from Polymer Source Inc.
The water was pretreated with Milli-Q® Plus System (Millipore
Corporation). The Fig. 1 portrays the molecular structure of the
reducing/stabilizer polymers.

The reducing/stabilizer polymers are herein referred to as
BLPEI (M, = 1200 g mol ', M,,/M,, = 1.1), BHPEI (M,, = 25 000 g
mol ', M,,/M,, = 2.5), PVP (M,, = 40 000 g mol*, M,,/M,, = 2.0)
and PEO-b-P2VP (M,, = 21 000-b-13 500 g mol~*, M,/M,, = 1.1).
The labels B, L and H stand respectively for branched, lower
molecular weight and higher molecular weight.
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Nanoparticle synthesis

The synthesis of the AgNPs was carried out following the
procedure described previously.”” The silver colloids were
produced in EG environment containing molecularly dissolved
PEI, PVP or PEO-b-P2VP. The silver nitrate (11.0 mg, 1.0 mL) was
slowly added to a solution (3.0 mL) containing EG and the
reducing/stabilizer polymers (1.6 mg). The mixture was then
homogenized, heated up to 50 °C and the reactions were carried
out for 2 hours. The produced AgNPs were further precipitated
in acetone followed by centrifugation (4 °C, 11 000 rpm, 30 min)
and resuspension in water.

Nanoparticle characterization

Dynamic light scattering (DLS). DLS measurements were
performed using an ALV/CGS-3 compact goniometer system
consisting of a 22 mW HeNe linearly polarized laser operating at
a wavelength of 633 nm, an ALV 7004 digital correlator and
a pair of avalanche photodiodes operating in pseudo cross-
correlation mode. The autocorrelation functions reported are
based on 03 independent runs of 60 s counting time. The data
were collected and further averaged by using the ALV Correlator
Control software. The correlation functions were analyzed using
the cumulant method*® applied to the autocorrelation functions
measured at 90° as:

In g () = In c—rz+%z2...‘ (1)

where C is the amplitude of the correlation function, I' is the
relaxation frequency (™) and the parameter u, is known as the
second-order cumulant. The hydrodynamic radius (Ry) of the
nanoparticles was determined by using the Stokes-Einstein

relation with D =t '¢g™*

ks Tq?
RH:BqT

6ren (2)
kg is the Boltzmann constant, T'is the absolute temperature, g is
the scattering vector, 7 is the viscosity of the solvent and 7 is the
mean relaxation time related to the diffusion of the nano-
particles. The polydispersity index of the samples (PDI) was
computed as (u,/T?).

Electrophoretic light scattering (ELS). ELS measurements
were used to determine the average zeta potential ({) of the
polymer-stabilized silver colloids. The values were collected
using a Zetasizer Nano-ZS ZEN3600 instrument (Malvern
Instruments, UK). This instrument measures the electropho-
retic mobility (Ug) and converts the value to {-potential (mV)
through Henry's equation:

. .

e = 2200 ®)
where ¢ is the dielectric constant of the medium and 7% its
viscosity. Furthermore, f(ka) is the Henry's function calculated
through the Smoluchowski approximation f(ka) = 1.5.

Transmission electron microscopy (TEM). The TEM samples
were prepared by evaporating 5 drops (4 pL) of the colloidal
samples into copper grids (400 square mesh) coated with for-
mvar. The micrographs were acquired with a JEOL JEM 1011

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Molecular structure of branched polyethyleneimine (left), polyvinylpyrrolidone (middle) and poly(ethylene oxide)-b-poly(2-vinyl pyridine)

(right).

electron microscope operating at 100 kV. The average sizes were
determined by measuring at least 130 particles using Image]
and adjusting the histograms with a Gaussian distribution
equation.

UV-vis spectroscopy. UV-vis spectroscopy data were
acquired by using a Varian Cary 50 spectrometer. The spectral
resolution for wavelength scanning was 1.0 nm. The
measurements were performed by using a quartz cell with
optical path length of 1.0 mm.

Nanoparticle quantification

The mass of silver nanoparticles at each formulation was
determined based on the methodology previously reported by
Paramelle et al. and Kalishwaralal et al.>**° Firstly, the molar
concentration of AgNPs (Cagnps) Was determined taking into
account the measured absorbance:

A
CAgNPs = E (4)

where A is the absorbance, ¢ is the extinction molar coefficient
and b is the optical path (1.0 mm). The value of ¢ was taken
based on the average size and respective A, of each produced
AgNPs.* Subsequently, the overall number of AgNPs per liter
was computed using eqn (5).

Ni = CagnpsNa (5)

where Ny, is the number of silver nanoparticles per liter and N,
is the Avogrado's number. Finally, the mass of AgNPs per liter
was determined using eqn (6).

4
MANPs = 3 (R;,,) dasNe (6)

where Mmagnps is the mass of silver nanoparticles, dag is the
density of the metal (10.5 g cm™*) and R;__ is the average radius
of the AgNPs as estimated by A;,4x.>> Complementary, the total
silver concentration in the hybrid systems was determined by
inductively coupled plasma-optical emission spectroscopy after
sample digestion using a Spectro Arcos ICP-OES spectrometer.
This has been performed in order to take into account the
amount of silver existing as a colloid (Ag®) as well as silver ions
(Ag") released from the produced AgNPs.

Biological assays

Cell viability. Telomerase immortalized rhesus fibroblasts
(Telo-RF) (Princeton University, USA) and human cervical

This journal is © The Royal Society of Chemistry 2018

carcinoma cells (HeLa) (Universidade Federal do Rio Janeiro,
Brazil) were cultured in DMEM (Dulbecco’'s modified Eagle's
medium) supplemented with 10% fetal bovine serum and
antibiotic solutions (penicillin 10 000 U mL ™" and streptomycin
10 000 pg mL ") at 37 °C in 5% CO, atmosphere.

The cytotoxicity of the silver nanoparticles and pure
polymers were evaluated in both cell lines. The cells were
cultured into 96-well plates at a density of 10 000 cells per
well for 24 h and afterwards treated with 90 pL of fresh
DMEM plus 10 pL of different concentrations of silver
nanoparticles. The cells were incubated for 24 h at 37 °C,
washed with PBS and subjected to MTT assay. Briefly, 100 pL
of MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium
bromide) reagent solution (0.5 mg mL ") was added to each
well for 4 h. The medium was aspirated and violet crystals of
formazan generated by living cells at each well were dissolved
in 100 pL of dimethyl sulfoxide (DMSO). The absorbance at
570 nm was measured using a Synergy microplate reader. The
relative cell viability (%) was determined by comparing the
absorbance at 570 nm with control wells containing
untreated cells (100%).

Hemolytic effects. Hemolysis assays were conducted to evaluate
the effect of the AgNPs on red blood cells (RBCs). Initially, blood
sample donated under obtained consent by one healthy individual
(F.C.G) was collected into vacutainer tubes® (BD Bioscience) con-
taining sodium citrate to minimize clot formation. The sample was
then centrifuged (3500 rpm, 5 min) in order to remove plasma and
the RBCs were washed three times using 500 pL of PBS (pH 7.4).
The stock hematocrit solution (Ht) was kept at 10 °C. Afterwards,
varying concentrations of AgNPs or pure polymers (980 uL) were
incubated for 2 h with 20 uL of the stock Ht solution at 37 °C. The
negative and positive controls were respectively physiological
saline (PBS pH 7.4) and Triton 2% solutions. Finally, the solutions
were centrifuged (2000 rpm, 10 min) and subsequently the
absorbance of released hemoglobin from damaged erythrocytes
was quantified by transferring 150 pL of supernatant to a 96-well
plate. The absorbance was measured at 545 nm using a microplate
reader. The hemolysis (%) was calculated by using the straight-
forward equation, being A the measured absorbances.

Asample - Anegative control

hemolysis(%) = x 100 (7)

Apositive control — Anegalive control

The use of human blood sample in this study was approved
by the Universidade Federal do ABC under protocol
66527417.2.0000.5594.
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Antimicrobial activity. The antimicrobial activity of the
hybrid nanomaterials was evaluated by liquid growth inhibition
assay against four different microorganisms: Escherichia coli
SBS 363, Enterobacter cloacae B-12, Bacillus megaterium ATCC
10778 and Candida albicans MDMS8, all donated by the Instituto
Butantan (Sao Paulo, Brazil). Peptone Broth (PB, 0.5% NacCl, 1%
peptone at pH 7.4) and Potato Dextrose Broth (Invitrogen) were
used for antibacterial and antifungal assays, respectively.
Bacterial (10’ CFU mL ") or fungal (10* CFU mL ') suspensions
at the log growth phase were incubated with 2-fold serial dilu-
tions of AgNPs or pure polymers in 96-well microplate at 30 °C
for 18 h under gentle stirring. The microbial growth was
assessed by measuring the absorbance at 595 nm in a Multiskan
Go microplate reader (Thermo Scientific, USA). The minimum
inhibitory concentration (MICy, and MICy) of each nano-
particle was defined as the lowest concentration inhibiting
respectively 90% and 99% of the microbial growth as deter-
mined using eqn (8).

Asam e Awa er
MIC = Zsmple — Twater o 100 (8)

Aconlrol - Awaler
where Agample is the absorbance of each suspension treated with
AgNPs or pure polymers, Ay.cer i the absorbance of water and
Acontrol 18 the absorbance of the untreated control. The whole set
of measurements was performed in triplicate.

Growth Kkinetic assay. In order to evaluated whether the
AgNPs and polymer behave as bacteriostatic or bactericidal
agent, Escherichia coli SBS 363 (~5 x 10° CFU mL ") in the log
growth phase were incubated into PB medium containing
AgNPs or BPEI in a 96-well microplate for 16 h at 37 °C and
under gentle stirring. Aliquots were withdrawn at pre-
determined times of incubation and plated on LB agar (Invi-
trogen) to evaluate the number of colony-forming units (CFUs).

Results
Structural features of the produced AgNPs

We recently demonstrated the production of nano-sized silver
colloids simultaneously reduced and stabilized by nitrogen-
containing polymers.”” The most relevant parameters of the
manufactured assemblies are summarized in Table 1.

The dynamic light scattering data revealed radius ranging
from 30.6 to 56.1 nm. The smallest AgNPs are those stabilized
by polymers of lower molecular weight (BLPEI and BHPEI) and
respectively, larger sizes were monitored for AgNPs stabilized by

Table 1 Structural features of the produced nano-sized silver
colloids®

{-potential

Stabilizer Ry (nm) PDI  Rpgy (nm)  Wipen (nm)  (mV)
BLPEI 30.6 0.24 19.0 11.6 +14.2
BHPEI 37.4 0.15 19.0 18.6 +42.6
PVP 40.3 0.16 11.0 29.3 —-9.5
PEO-b-P2VP  56.1 0.16 14.0 42.1 +1.6

a
Wehent = Ru — Rrem.
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PVP and PEO-b-P2VP. The radii reflect essentially the thickness
of the polymeric stabilizing shells (Wgpep1) calculated as Wype =
Ry — Rrepm and given in Table 1. Besides being influence by the
molecular weight of the polymers, the parameter Wy, also
reflects the hydrophilicity of the polymer chains. Since PEI is
a less hydrophilic polymer compared to PEO and PVP, the pol-
ycation is supposed to be less stretched towards the solvent
(water) due to unfavorable interactions whereas for the case of
PEO and PVP, the energetically favorable interactions between
solvent and polymer segments lead to the expansion of the
stabilizing chains. These differences presumably influence the
silver ion release from the produced AgNPs and consequently
the biological activity of the entities (discussed hereafter).

The scattering data have been complemented by TEM anal-
ysis. The images are portrayed in Fig. 2 and they evidence that
the AgNPs are reasonable polydisperse. Indeed, in agreement
with the TEM images, the values of PDI reported in Table 1 also
reveal that all the samples are polydisperse (PDI = 0.15).

Moreover, the monitored sizes are smaller compared to
those reported by DLS. This also confirms that the silver cores
are stabilized by lengthy polymeric shells regardless the poly-
mer features. Indeed, the polymeric shell is hardly seen by TEM
and that is the main reason of discrepancies comparing the
measured dimensions. The values of {-potential point out that
the nanoparticles stabilized by BPEI hold a positive surface
charge whereas the surface is respectively nearly neutral and
negatively charged when the metallic nanoparticles are stabi-
lized by PVP and PEO-b-P2VP. The negative {-potential of PVP-
stabilized AgNPs is presumably the consequence of charge
partitioning on carbonyl groups present at the PVP polymer
backbone. The PEO-b-P2VP provides a nearly neutral {-potential
to the assemblies since the outer PEO shell does not exhibit
ionizable groups and there is no charge partitioning that could
possibly lead to a negative or positive surface. The positively
charged PEI-stabilized AgNPs is straightforward and due to the
ionization of tertiary amines of the PEI chains. The higher
positive value for BHPEI compared to BLPEI is most probably
linked to its higher molecular weight and therefore a higher
number of ionized amines making part of the shell. Further-
more, the PEI-stabilized AgNPs were produced significantly
faster and the slowest reaction rate was monitored in PEO-b-
P2VP environment. This behavior is supposed to be connected
to stronger Ag-PEI interaction compared to the strengths of Ag-
PVP and Ag-PEO-bH-P2VP pairs.

Biological assays

The previous step before performing the biological assays was
the quantification of the mass of silver nanoparticles at each
formulation. This was done based on the UV-vis spectra re-
ported in Fig. 3 and the use of eqn (4)-(6). The Table 2 reports
the amount of AgNPs at the starting stock solutions along to
the values of extinction coefficients used. The concentrations
are in the range 4-40 ppm. The whole set of samples were
normalized by dilution to an equal starting concentration of
1.00 ppm. This was the highest concentration of AgNPs eval-
uated in biological assays.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM images of AgNPs coated by nitrogen-containing polymers: (a) BLPEI, (b) BHPEI, (c) PVP and (d) PEO-b-P2VP.

The total silver concentration in the hybrid systems was also
accessed by ICP-OES. The monitored values are about 15-20%
higher than those determined by UV-vis most probably due the
presence of silver ions (Ag') not taken into account in the
determinations based on UV-vis data.

Subsequently, the cytotoxicity of the silver colloids and the
antimicrobial performance were evaluated.

The cell viability was probed by using the straightforward
MTT protocol where polymer-stabilized AgNPs as well as the
pure polymers were evaluated in contact with HeLa and Telo-RF
cells and the results are given in Fig. 4 (AgNPs) and Fig. S1f

0.75
B — BLPEI
Mnax = 411 nM —— BHPEI
—PVP
—— PEO-b-P2VP
~ 0504
35
s
[0]
(8]
c
©
2
2 0254
<
Amax=415 nm
0.00 /\ : :
300 400 500 600 700 800 900
A (nm)

Fig. 3 UV-spectra of AgNPs suspended in water and stabilized by
using different nitrogen-containing polymers according to the legend.

This journal is © The Royal Society of Chemistry 2018

(polymers). The data clearly demonstrate that the polymer-
stabilized AgNPs are not cytotoxic at least up to the highest
concentration evaluated (1.00 ppm). The percentage of viable
cells is always higher than 70% as requested by the ISO 10993-5
(2009) to characterize the material as non-toxic. Interestingly,
even the AgNPs stabilized by BPEI did not demonstrated
substantial levels of cytotoxicity although the pure polymers are
known to hold high levels of cytotoxicity depending on
concentration as can be evidenced in Fig. S1.f The intrinsic
cytotoxicity of catiomers is usually attributed to electrostatic
interactions with a variety of negatively charged lipids present
in several cell organelle®** thereby inducing, usually, cell
apoptosis.*® The current results evidence that only in contact
with dilute BPEI solutions (~0.3 mg mL ') the percentage of
viable cells is higher than 70%. On the other hand, the polymers
PEO-b-P2VP and PVP are non-toxic even at reasonable high
concentrations (~2 mg mL™ ') as well as the AgNPs stabilized by
such polymers. Regarding the absence of cytotoxicity of the
BPEI-stabilized AgNPs, the behavior could be related to the low
concentration of the polycation at the final suspension. The
starting polymer concentration at EG environment was 0.4 mg
mL ™" and certainly this value is smaller after the following steps
of precipitation, centrifugation and resuspension in water as
described in the experimental section. Additionally, strong
electrostatic, hydrophobic and van der Waals interactions
between BPEI and silver could to some extent weaken the ability
of PEI chains in promoting cell damage.

Complementary to MTT assays, the influence of the struc-
tural features of the produced AgNPs on the hemolytic behavior
was investigated by placing them in contact with red blood cells
(RBCs) for 30 min and further measuring the absorbance of

RSC Adv., 2018, 8, 10873-10882 | 10877
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Table 2 Summary of parameters used for determining concentration of silver nanoparticles at each formulation based on the UV-vis spectra

Stabilizer Absorbance Amax (NM) e(10*M ' em ™) Cuvwis (ppm) Cicp-ors (ppm)
BLPEI 0.633 411 295 38.9 41.3
BHPEI 0.574 410 295 35.3 39.3
PVP 0.060 415 416 4.1 5.2
PEO-b-P2VP 0.225 431 739 21.8 26.0

released hemoglobin at 2 = 545 nm. The dose-dependent
hemolytic behavior is reported in Fig. 5. The ISO 10993-5
(2009), that describes the biological evaluation of medical
devices, considers values of hemolytic activity below 5% as
satisfactory. The current results evidence that the differences in
optical density of experimental samples as compared to the
control higher than ~2% regardless the
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Fig. 4 Hela (A) and Telo-RF (B) cell viability after 24 h incubation time
with AgNPs stabilized by different nitrogen-containing polymers and
at different concentrations. The results are expressed as mean + SD (n
= 3) and the control refers to untreated cells.
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concentration and whatever the system thus demonstrating
biocompatibility of the produced AgNPs also with RBCs at the
investigated concentration range. Accordingly, as similar evi-
denced by cell viability assays, the produced AgNPs did not
show significant hemolytic effect even at the highest concen-
tration tested (1.00 ppm) demonstrating biocompatibility also
when in contact with the bloodstream (hemolytic effect < 2%).
The analogous results as evaluating the pure polymers are
given in the ESI File (Fig. S21) where a slightly higher hemolytic
effect was monitored when RBCs were in contact with BHPEL

Antimicrobial activity

The antibacterial performance of the produced polymer-
stabilized AgNPs was evaluated by liquid growth inhibition
assay against two Gram-negative (Escherichia coli and Enter-
obacter cloacaes and one Gram-positive bacteria strains (Bacillus
megaterium). The results are portrayed in Fig. 6A-C. Gram-
negative and Gram-positive bacteria present membrane
composition differences which may have particular influence
on the mechanism of action of the proposed antimicrobial
agents. Essentially, the Gram-negative species hold higher
contents of the zwitterionic lipid phosphatidylethanolamine in
the membranes whereas the Gram-positive bacteria membranes
are constituted by high amount of the anionic phosphatidyl-
glycerol and cardiolipin lipids.**** Besides the evaluation

5.0
4.5+
4.0
R 3.5-
%‘ 3.04 E =
§ 2.5 Il \egative Control
o [ 11.00 ppm
S 204 ] 0.50 ppm
g 15 [ 10.25ppm
% 1.0 1
LIl
0.04—7 il e %rh e
Contrlol BILPEII B|I'|PE| I F’\}P F’IEO-b-]P2VPI

Fig. 5 Hemolytic activity of AgNPs stabilized by different polymers at
different concentrations according to the legend. The error bars
represent standard deviations and the inset portrays the visual
appearance of the samples after the experimental procedures.
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Fig. 6 Antibacterial activity (% bacterial growth compared to
untreated controls) of AgNPs stabilized by nitrogen-containing poly-
mers and at different concentrations against strains of Gram-negative
(Enterobacter cloacae — (A); Escherichia coli — (B)) and Gram-positive
(Bacillus megaterium — (C)) bacteria.
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against bacteria strains, the AgNPs were also tested against the
fungus Candida albicans and the results are given in Fig. 7.
Firstly, the results portrayed in Fig. 6 evidence a remarkable
antibacterial activity of the PVP and PEO-b-P2VP stabilized
AgNPs when the concentrations are above 0.06 ppm and
0.25 ppm, respectively against Enterobacter cloacae and Escher-
ichia coli. These data regards to the activity against Gram-
negative bacteria. On the other way around, and very surpris-
ingly, the BPEI-stabilized AgNPs are not effective as antibacte-
rial agent. The results are to some extent similar when
evaluating the performance against the Gram-positive bacte-
rium Bacillus megaterium. In this case, it is observed antibac-
terial effect of PVP and PEO-b-P2VP-stabilized AgNPs in
concentrations higher than 0.13 ppm whereas the BPEI-
stabilized AgNPs are not effective in the whole range of
concentration evaluated. The results are also similar in the
evaluation of the performance against the fungus Candida
albicans, although a slightly higher resistance of the microor-
ganism is evidenced (Fig. 7). The minimum growth at the
evaluated concentration range was ~3-4% when the concen-
tration of silver colloids was 0.50 ppm or higher. The BPEI-
stabilized AgNPs also does not have any effect against such
microorganism. The quantitative values of antimicrobial
activity are given in Table 3. The values of MICy, and MICyq are
defined as the lowest concentrations of the antimicrobial agent
at which respectively 90% and 99% of the strains are inhibited.
The values are within the range reported in the literature for
AgNPs manufactured by using different approaches.>**** The
same evaluations were performed using the pure polymers
where BPEI was found to be a very powerful antimicrobial agent
whereas PVP and PEO-h-P2VP are not the responsible for the
antimicrobial effect at least in the concentration range 1-
0.06 mg mL™ . It is accordingly obvious that the antimicrobial
effect of PVP and PEO-b-P2VP stabilized AgNPs comes from the
presence of the metallic silver cores (or silver ions) since the
polymers themselves do not hold such property (Fig. S3-S47).
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Fig. 7 Antifungal activity (% fungal growth compared to untreated
control) of AgNPs stabilized by nitrogen-containing polymers and at
different concentrations against strain of the fungus Candida albicans.
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Table 3 MICgo and MICgg values determined for polymer-stabilized
AgNPs against different microorganisms

Microorganism BLPEI BHPEI PVP PEO-b-P2VP
MICs,

Enterobacter cloacae — — 0.06 ppm 0.06 ppm
Escherichia coli — — 0.50 ppm 0.50 ppm
Bacillus megaterium — — 0.25 ppm 0.25 ppm
Candida albicans — — 0.50 ppm 0.50 ppm
MICqo

Enterobacter cloacae — — 0.13 ppm 0.13 ppm
Escherichia coli — — 0.50 ppm 0.50 ppm
Bacillus megaterium — —

0.50 ppm  1.00 ppm

Candida albicans — —

The data reported in Table 3 evidences that the PVP or PEO-
b-P2VP stabilized AgNPs possesses essentially equivalent anti-
microbial activity for a given microorganism whereas both
BPEI-stabilized AgNPs demonstrated to be ineffective against all
tested strains in the range of concentration evaluated.
Comparing the antimicrobial activity against Gram-negative
and Gram-positive strains, one observes that the lowest MICqyq
values are reported for Enterobacter cloacae which is a Gram-
negative bacterium and the highest MICyq values are reported
for Bacillus megaterium. The understanding of such behavior
may linked to the phospholipid compositions of bacteria
membranes. The Gram-negative bacteria contain both anionic
and zwitterionic phospholipids whereas Gram-positive bacteria
contain predominantly zwitterionic phospholipids. For
instance, the Enterobacter cloacae membranes consist of 80%
zwitterionic phosphatidylethanolamine (PE), 15% anionic
phosphatidylglycerol (PG) and 5% anionic cardiolipin.*® The
lipid composition of Escherichia coli is similar.* On the other
hand, the Bacillus megaterium membranes consist of roughly
53% zwitterionic phosphatidylethanolamine (PE), 43% anionic
phosphatidylglycerol (PG) and 3% anionic cardiolipin.**
Accordingly, electrostatic repulsions between the more nega-
tively charged bacterium membrane and the negatively charge
surface of the assemblies can at least partially explain the
higher resistance of Bacillus megaterium. Therefore, the surface
charge of the hybrid material might have a marginal influence
in the observed behavior, although the BPEI-stabilized AgNPs
are non-toxic against the tested microorganisms. Amongst the
several factors influencing the antimicrobial activity of AgNPs,
the stability provide by the capping agent is supposed to,
directly or indirectly, severely affect the efficacy. Despite the fact
that the antimicrobial activity of pure hyperbranched PEI and of
AgNPs is known, the hybrid BPEI-stabilized AgNPs are herein
shown to be inert. Presumably, this is due to the highly stable
assemblies produced which protects the silver core and conse-
quently does not allow reasonable amounts of Ag" ions to be
released to promote cell damage. The great inhibition of Ag"
release promoted by PEI surface coating was recently
confirmed.” Thus, the PEI shielding restrict metal oxidation
resulting in less ionic Ag" release compared to the anionic and
nearly neutral coatings. The presence of ring at the molecular
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structure of PVP and PEO-b-P2VP may also contribute to
a poorer stabilization of the manufactured AgNPs due to stearic
effects enabling faster Ag' release. Additionally, faster Ag"
release can also be explained by the ionic transport property of
PVP and PEO-b-P2VP. On the other hand, electrostatic repulsion
between Ag' and the positively charged PEI chains may also
eventually slow down Ag" release. Accordingly, the prime effect
of silver ions (Ag") in such property seems to overall much better
describe the reported behaviors as suggested by the litera-
ture**** whereas the extent to which nanoparticle's features
directly affect the toxicity of AgNPs still remains as an open
question. This has been also addressed by Sotiriou and Pratsi-
nis*® who concluded that bactericidal activity is dominated by
Ag' rather than by AgNPs, particularly for particles smaller than
10 nm. The paramount importance of silver ions on the toxicity
of silver nanoparticles seems to be
accepted.'>'74718

At this time, it is of due relevance to highlight that there are
some reports in the literature highlighting the antimicrobial
effect of PEI-stabilized AgNPs.'****° Nevertheless, in those
investigations, the PEI chains were used as stabilizer whereas
silver reduction was promote by ascorbic acid or sodium boro-
hydride. However, the current report makes us believe that such
systems can maybe be considered biocide only at much higher
concentrations, if so. The herein employed methodology ruled
out the initial presence of unreduced Ag" and free BPEI chains
which could themselves damage the microorganisms. This is
true because the colloids were produced in EG environment and
further transferred to water. Taking into account that Ag" and
branched PEI chains are highly toxic, the presence of unreduced
Ag' and freely diffusing polymer chains can certainly conduct to
misinterpretation of the actual antimicrobial effect of hybrid
PEI-stabilized AgNPs. Accordingly, in order to evaluate the effect
of PEI-coated AgNPs, one has to unquestionably get rid of all
remaining reactants. At this condition, such as in the current
investigation, we evidence that the AgNPs stabilized by poly-
ethyleneimine are not effective as an antimicrobial agent at
least in the concentration range evaluated. In summary, the
antimicrobial effect of AgNPs seems to be governed by the
availability of Ag" and, the stability promoted by the capping
agent possibly allows faster Ag" release from PVP and PEO-b-
P2VP-coated AgNPs due to the weaker stabilization provided by
such polymers and due to their ionic transport property
particularly for silver ions. On the other hand, the PEI coatings
seem to greatly inhibit the Ag" release thereby making the PEI-
stabilized systems ineffective in the time scale assessed.

presently well

Bacterial inactivation mechanism

The time-kill curves were explored towards a better under-
standing of the bacterial inactivation mechanism. Accordingly,
the suspension of Escherichia coli was subject to treatment and
the absorbance was measured as a function of time. The results
are portrayed in Fig. 8.

The results evidence that the strain is progressively inacti-
vated as a function of time when treated by using the AgNPs
regardless the stabilizer (PVP or PEO-b-P2VP). One sees that
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Fig. 8 Time—kill plots (CFU mL™* versus time) for Escherichia coli
strain exposed to MICge concentrations of distinct antimicrobial
agents according to the legend (CFU: colony-forming units).

after 3 h treatment the value of log CFU mL ™" drops about three
times and it reaches a value seven times smaller when the
incubation time doubles (6 h). The profiles reported in Fig. 8
can be used to distinguish between a bacteriostatic and
a bactericidal agent. The pure BHPEI polymer is a strong
bactericidal agent since more than 99% reduction in CFU mL ™"
is instantaneously observed and it defines an antibiotic as
bactericidal. On the other hand, the observed effect for the
polymer-stabilized AgNPs is time-dependent. Indeed, one of the
most important characteristics of an antibiotic is the distinc-
tion between the bactericidal or bacteriostatic effect. Essen-
tially, antibiotics that kill bacteria are bactericidal whereas
those that inhibit their growth are called bacteriostatic.
Although one observes time-dependent killing in Fig. 8, the
AgNPs not only inhibit bacterial growth but also kill the large
majority of them within the time scale of 6 h and thus the
systems can be also considered as bactericidal since the extent
of reduction in bacterial numbers is remarkably. Presumably,
the required time to promote the biocide effect is linked to the
time-dependent release of Ag".

Conclusions

The use of nitrogen-containing polymers acting simultaneously
as reducing and stabilizer agent in the course of silver colloids
synthesis is demonstrated. The method regards to an inter-
esting approach and it can be also used for instance in one-pot
synthesis of metallic colloids directly in aqueous media without
the aid of any other external agent expect the ionic precursor.
The entire set of manufactured polymer-stabilized AgNPs were
found to be non-toxic to mammalian and red blood cells
whereas those stabilized by PVP and PEO-h-P2VP were found to
be remarkably biocide against bacteria and fungus strains even
at very low concentrations (¢ = 1.00 ppm). On the other hand,
the antimicrobial activity of AgNPs stabilized by positively
charged BHPEI and BLPEI was evidenced to be negligible. These
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findings highlight that the known biocide effect of AgNPs can
be suppressed depending on the chemical nature of the capping
agent used to provide colloidal stabilization. Furthermore,
although this issue will certainly remain heavily debated, the
results suggest that the biocide effect is greatly dependent on
the presence of Ag" rather than the nanoparticles themselves.
The different polymer coatings are supposed to provide partic-
ular Ag" release kinetics to the resulting hybrid materials.
Presumably, the coating provided by polyethyleneimine
embraces great stability and hampers Ag' release from
polyethyleneimine-capped AgNPs thereby hindering their bio-
logical activity. Instead, the outstanding ionic transport prop-
erty of PVP and PEO-b-P2VP apparently enables substantial
amounts of Ag" release thus providing the biocide effect to the
polymer-stabilized silver colloids.
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