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ABSTRACT: There is an increasing need to develop new antibacterial materials for
treating contaminated potable water, particularly for addressing increasing bacterial
resistance, which is predicted to be a major threat to human health in the future,
especially for high-risk groups and populations displaced in conflict regions. In addition, a
material that can be easily separated from solutions is highly desirable to allow for the fast
and efficient recovery of the bactericidal material. In this study, we reported the
preparation of microsized cross-linked PVP (PVPP) decorated with silver nanoparticles.
The silver particles grew to sizes between 100 and 700 nm with average diameters of 534
+ 72 nm (N = 70), 265 + 66 nm (N = 70), and 255 + 75 nm (N = 70) for the 0.5, 1, and
10 mg/mL concentrations of PVPP, respectively. The prepared complexes were easily
separated from water by gravity. The minimum inhibitory concentrations against E. coli
were calculated to be approximately 100, 65, and 60 pg/mL Ag® for the 10, 1, and 0.5

Disinfect

mg/mL concentrations of PVPP, respectively. The PVPP/AgNP microparticles retained
their antibacterial activity after they were collected from a bacterial culture, washed, and then recycled into a second batch of

freshly prepared microorganism solution.
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B INTRODUCTION

In 1945, Alexander Fleming and Howard Walter Florey
received the Nobel Prize for discovering the antibiotic
penicillin. As they accepted the prize, the Nobel Laureates
warned against antibiotic resistance.' More than 70 years later,
their warning has been validated with the proliferation of
resistant strains and corresponding bacterial infections due to
the excessive use of antibiotics, especially in farming.” In fact,
several bacterial strains have developed resistance against more
than one antibiotic, such as multidrug resistant (MDR)® and
extensively drug resistant (XDR) ,* and even pan-drug resistant
(PDR)’ microorganisms have been identified.” The spread of
resistance mechanisms® at a rate that is faster than our ability
to develop antibiotic drugs has raised the possibility of entering
a “post-antibiotic era”." Thus, the search for new antibacterial
agents, for which resistance cannot be easily developed, is
necessary.

Silver has been an effective antibacterial agent for more than
six thousand years.” While its use has declined with the advent
of antibiotics, it is currently being reconsidered because of the
spread of resistance.”'" The silver metal itself is not toxic to
bacteria, but the activity of silver ions is toxic to bacteria. With
multiple studies demonstrating the antibacterial activity of Ag",
it has been shown that it acts on multiple sites within the
bacterium, namely, damage of the cell and nuclear membranes,
denaturation of DNA, and disruption of protein activity.'”""

The applications of silver as an antibacterial agent have been
diverse. One of the earlier uses relied on silver nitrate as a
treatment for inflammation.”'> However, this application
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results in an acute concentration of silver that might injure
human tissues. Therefore, the uses of silver as an antimicrobial
agent have shifted toward structures that release silver ions
gradually, such as silver salts including AgCl and silver
sulfadiazine.'" Other prominent implementations have relied
on silver nanoparticles, which have been used for greater than
one hundred years.'” In fact, more recent studies have
rigorously investigated the antibacterial activity of silver
nanoparticles on several bacterial strains."*~"

Silver has been included with DNA,*° electrospun fibers,
silica nanoparticles or microspheres,m_2g antibiotics,
calcium carbonate,”” graphene oxide,”"***” polypropylene
fibers,*® MOFs,*! etc.

Our attempt to develop a silver NP complex with
antibacterial activity was focused on three practical criteria:
(1) facile synthesis, (2) stability upon storage, and (3) the
ability to be easily removed from solution. The third criterion
is particularly important not only because of the possibility of
reusability but also because of the potential adverse effects of
having silver nanoparticles uncontrollably released into the
environment.'" It has been recently reported that silver
nanoparticles might penetrate the human skin via textiles or
wound dressings.”” Other reports have shown the uptake of
these particles into the female reproductive system when
incorporated into hygienic products.” These particles can
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Figure 1. Schematic summary of the prepared cross-linked polyvinylpolypyrrolidone micromolecule (PVPP) decorated with silver nanoparticles.
The suspended micromolecules have bactericidal properties, and they can be easily removed from solution by sedimentation.

form protein—silver complexes that are deposited mainly in the
liver, kidney, lung, and other organs.34

Therefore, we investigated the complexation of silver
nanoparticles with cross-linked polyvinylpolypyrrolidone
(PVPP). The PVPP used in this study is an insoluble
polyvinylpyrrolidone, which is also referred to as crospovidone,
that can be described as a “cross-linked popcorn polymer” in
reference to its morphology.”> PVPP is widely used in the
pharmaceutical industry, particularly by being incorporated
into tablets as excipients to promote drug delivery or to
sufficiently bind tablets.”>~*” Furthermore, because PVPP is
insoluble it makes the entire complex easily removable from
solution by simple sedimentation.

Based on these characteristics of silver and PVPP, this paper
presents an antibacterial complex in the form of a silver
nanoparticle-modified cross-linked polyvinylpolypyrrolidone
polymer that is stable, inexpensive, nontoxic, easily synthe-
sized, and filterable. To examine the antibacterial activity of
this agent, several complexes were synthesized with varying
amounts of silver. All samples were thoroughly characterized,
and the minimum inhibitory concentrations were determined
to be 60—100 ug of Ag per mL of solution depending on the
sample tested.

B EXPERIMENTAL SECTION

Materials and Methods. Cross-linked polyvinylpolypyrrolidone
with an average reported size of 100 ym was purchased from Sigma-
Aldrich. 1(+)-Ascorbic acid (99%) and ammonium hydroxide (28—
30% solution in water) were both purchased from Acros Organics.

Synthesis of PVPP/AgNP Complexes. Multiple PVPP/AgNP
complexes were prepared by varying the ratio of PVPP to silver. This
was achieved by changing the final PVPP concentration (10, 1, and
0.5 mg/mL), while the silver diamine and ascorbic acid concen-
trations remained constant (Table S1). These complexes will be
referred to by the final PVPP concentrations throughout this work.
The ascorbic acid solution was added dropwise at a rate of 200 uL/
min under constant stirring. All samples were washed twice by
centrifuging at 2000 rpm for 5 min and replacing the supernatant with
deionized water to remove any unbound silver nanoparticles.

Characterization. The PVPP/AgNP complex morphology was
determined by scanning electron microscopy (SEM) using a MIRA3
Tescan. For SEM characterization, the complex was dried overnight
on carbon tape. Prior to imaging, the sample was sputtered with a 10
nm layer of gold. Atomic absorption spectroscopy (AAS) and
thermogravimetric analysis (TGA) were used to quantify the silver
content in the PVPP/AgNP complexes. For the AAS experiments, a
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Solaar atomic absorption spectrophotometer equipped with a single-
element hollow cathode lamp was used for the quantification of silver.
Prior to analysis, 1 mg of the polymer—silver complex was digested in
50 mL of hot nitric acid solution and then filtered. For the
thermogravimetric analysis, a Netzsch TG 209 F1 Libra instrument
was used. The samples were first dried overnight at 60 °C and then
analyzed between 30 and 1100 °C (but only reported until 600 °C) at
a heating rate of 10.0 °C/min.

Antibacterial Activity. To prepare the bacterial culture, 4—5
colonies of E. coli (ATCC 25922) were scraped from a freshly
prepared plate and inoculated overnight in 3 mL of LB broth. One
hundred microliters of the overnight culture was suspended in 3 mL
of Mueller—Hinton broth (MHB) and incubated for 2—3 h to achieve
a bacterial culture with a concentration of 5 X 10 CFU/mL.

To assess the inhibitory effects of the PVPP/AgNP solutions, the
complex was first suspended in MHB, and then the antibacterial
activity was measured upon the addition of incremental amounts of
the polymer—silver complex to the E. coli solution. The mixture was
incubated in an incubator shaker (KS 4000 (i)) at 37 °C with shaking
at 150 rpm. After 24 h, the turbidity of the samples was assessed
visually, and the optical densities were measured using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific) to determine
the minimal inhibitory concentrations (MICs).

B RESULTS AND DISCUSSION
Synthesis and Characterization of PVPP/AgNPs. To

achieve the three previously stated objectives, we aimed to
grow silver nanoparticles on cross-linked PVPP microparticles
(Figure 1). This design should allow us to target common
waterborne bacteria while easily recovering the PVPP particles
by simple sedimentation.

The challenge was to grow the silver nanoparticles on the
cross-linked PVP surface. PVP (povidone) is an amphiphilic
micromolecule that has been shown to form chemical
complexes with a number of substances including, but not
limited to, aromatic molecules,*® hydrogen peroxide,39 and
metal ions.*”*! Therefore, we first attempted to grow silver
nanoparticles on the cross-linked PVP beginning with silver
ions. Upon the addition of ascorbic acid, an immediate change
in color was noted. When the particles were examined using
SEM, a wide size distribution was observed with particle sizes
ranging between 50 and 500 nm and a low nanoparticle surface
density (Figure S1). Previously reported studies have shown a
correlation between the silver nanoparticle size/morphology
and their antibacterial activity.””~** To reduce the variables in
our study, we aimed to develop a synthetic approach that can
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result in an improved size distribution of the silver nano-
particles. We speculated that the nucleation of the silver
particles is not efficient, and an improved complexation
strategy between the PVPP surface and the silver ion might
result in an improved size distribution. In particular, PVP has
been shown to efficiently adsorb amine molecules. For
instance, piezoelectric quartz crystals have been modified
with a thin layer of PVP to efficiently detect ammonia and
primary aliphatic amines.” In this approach, silver ions were
first converted to silver diamine before being added to PVPP.
We hypothesized that the diamine complex would improve the
interaction between the silver ion and the cross-linked PVP
surface. PVP is also widely used as a surfactant to control the
growth of silver nanoparticles. Molecular dynamics simulations
have revealed that the oxygen of the carbonyl group on the
pyrrolidone ring has a favorable interaction with the silver
nanoparticle surface.***’

Therefore, the synthesis of the bactericide structure was
achieved by the addition of ascorbic acid to a solution of PVPP
and silver diamine, and an immediate dark brown color was
observed, reflecting the formation of silver nanoparticles.

The sample was washed twice to remove any free
nanoparticles. The suspended PVPP microparticles retained
their dark brown color, indicating that the metal nanoparticles
were adsorbed onto the particle surface. The prepared complex
was stable for at least three months and could be stored as
solution or as a powder. The decorated microparticle
complexes easily sedimented from the solution within minutes,
allowing for the efficient recovery of the complexes. As shown
in Figure 2, we observed the sedimentation of a 1 mg/mL
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Figure 2. Sedimentation of a 1 mg/mL solution of PVPP/AgNPs over
time monitored by measuring the solution absorbance at 400 nm.

solution of the 10 mg/mL PVPP/AgNP complexes over time
by measuring the solution scattering at a wavelength of 400
nm. Within the first 2 min, the solution scattering decreased by
50%, and the particles completely sedimented after 10 min.
After successfully reducing the silver ions in the presence of
PVPP, we then needed to confirm that the nanoparticles grew
on the microparticle surface. The SEM images confirmed the
morphology of the decorated microparticle complex as well as
the size distribution of the prepared silver nanoparticles
(Figure 3). The SEM images revealed that with decreasing
PVPP concentration the AgNPs grew larger and denser.
Therefore, for the cross-linked polymer concentrations of 0.5,
1, and 10 mg/mL, the average diameter of the silver
nanoparticles was calculated to be 534 + 72 nm (N = 70),
265 + 66 nm (N = 70), and 255 + 75 nm (N = 70),
respectively. We theorized that with the decreasing PVPP
concentration the nucleation sites available for silver nano-
particles decreased, resulting in denser and larger particles."”
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We opted not to decrease the PVPP concentration below 0.5
mg/mL because of the achieved silver nanoparticle density/
diameter. Any further decrease in the concentration would
have led to the growth of nanoparticles in solution.

Next, we quantified the silver content per mass of PVPP
using atomic absorption spectroscopy (AAS) and thermogravi-
metric analysis (TGA).

For the AAS measurements, the three samples prepared with
different concentrations of PVPP were first digested in nitric
acid and then analyzed to determine their silver content. The
amount of the adsorbed silver was determined to be 0.040145,
0.122713, and 0.260828 mg of silver per milligram of PVPP for
the 10, 1, and 0.5 mg/mL PVPP samples, respectively.

As expected, the silver did not fully grow onto the
microparticles; considering how much silver was initially
added, we expected to measure 0.1041 mg (61% difference),
1.041 mg (88% difference), and 2.082 mg (87% difference) of
Ag per mg of PVPP for the 10, 1, and 0.5 mg/mL PVPP
samples, respectively. Therefore, as the PVPP concentration
increased, the amount of silver per mass of the cross-linked
polymer decreased, but the probability of capturing the
nanoparticles on the surface increased.

To further validate the obtained results and to assess the
thermal stability of the prepared complexes, thermogravimetric
analysis was performed for all of the tested samples (Figure 4).
A slight decrease at 100 °C, which was attributed to water
evaporation, was detected, followed by a steep decrease in the
signal at 430 °C. The results are consistent with previously
reported TGAs of PVPP.*”*° The calculated percent mass
difference for the PVP/AgNPs was 30.24, 38.53, and 69.98%
for the 0.5, 1, and 10 mg/mL PVPP samples, respectively. This
trend is consistent with the AAS results.

Until this point, we achieved the objective of preparing silver
nanoparticles adsorbed onto microparticles that easily sedi-
ment. Next, we assessed their bactericidal activity.

Antibacterial Activity of PVPP/AgNPs. Next, the
antibacterial activity of the prepared complexes was assessed.
Different concentrations of the PVPP/AgNPs were tested on
an E. coli sample. Decreasing amounts of the complexes were
incubated overnight with a fresh bacterial culture, and the
results were assessed visually and by measuring the sample
optical density (Figure S).

The minimal inhibitory concentrations for different PVPP/
AgNP complexes were calculated. For the 10 mg/mL PVPP/
AgNP sample, the MIC was 2.5 mg/mL. Notably, the minimal
inhibitory concentration for the 1 mg/mL PVPP/AgNPs
sample was 0.5 mg/mL, and the MIC for the 0.5 mg/mL
PVPP/AgNPs sample was 0.25 mg/mL. To confirm these
results, the optical densities of the samples were measured.

Using the amount of silver per mg of PVPP that was
quantified by AAS, the MIC values were expressed as the silver
concentrations: 100, 65, and 60 pug/mL of Ag* for 10 mg/mL
(255 = 75 nm), 1 mg/mL (265 + 66 nm), and 0.5 mg/mL
(534 = 72 nm) PVP/AgNPs, respectively. Therefore, the
denser and larger the nanoparticles, the more effective they are
at inhibiting the growth of microorganisms. The effect of the
silver nanoparticle size and shape has been widely studied, with
many reports correlating the increase in the bactericidal effect
with the decrease in the silver particle size."”~*" However, we
observed the opposite effect. Alvarez et al. ruled out any
correlation between the particle size/morphology and the
bactericidal effect.”’ When silver nanoparticles were prepared
in different sizes and shapes and tested under anaerobic
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Figure 3. SEM images of 10, 1, and 0.5 mg/mL concentrations of cross-linked PVP decorated with silver nanoparticles. The scale bar on the left is
10 pm, and the scale bar on the right is 2 ym. The histograms show the average diameter of the silver nanoparticles for each prepared sample (N =

70).
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Figure 4. Thermogravimetric analysis of PVPP alone and PVPP

decorated with silver nanoparticles with initial PVPP concentrations
of 10, 1, and 0.5 mg/mL.

conditions, which limits the release of Ag®, no toxicity was
observed. They proposed that the nanoparticle morphology,
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Figure S. Optical density measured at 600 nm for an E. coli culture
solution incubated with different concentrations of PVPP/AgNPs
prepared from initial PVPP concentrations of 10, 1, and 0.5 mg/mL.

which is known to affect the antimicrobial activity, is an
indirect factor that contributes to the rate of Ag* release. We
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speculate that our observation is also mostly regulated by the
amount of Ag®. In fact, PVP has been reported to reduce silver
ions.>” Therefore, we speculate that because of the high surface
coverage in the 0.5 mg/mL sample the Ag" exposure to the
PVPP surface decreased, which resulted in a more effective
bactericidal material. With exposed PVPP surfaces in the other
two structures (10 and 1 mg/mL), the oxidized silver may have
been reduced to its original state, thus limiting the inhibitory
effect.

Related to the efficacy of the complexes, silver nanoparticles
and silver nanoparticle complexes have been widely reported in
the literature as efficient antibacterial materials with MICs
typically ranging from the ng/mL to the mg/mL level. As
stated previously, this variation is mostly due to the rate of
oxidation of Ag to Ag". In a recent work, we showed that silver
postmetalated MOF structures had an MIC in the low pg/mL
range.”’ The MIC numbers reported in this work are in the
mid-ug range, which might be the effect of the slow release of
silver ions into solution. Because of the foreseen possibility of
using PVPP/AgNPs in water treatment applications, it is
desirable to control the amount of released silver, which limits
its overoxidation over long periods of time. As a comparison of
our complex to other silver nanoparticles adsorbed onto nano/
microstructures, Song et al. reported an MIC of 1.5 mg/mL for
silver-decorated silica nanoparticles,23 while a graphene oxide/
iron oxide/silver nano%)article complex was reported to have an
MIC of 14.4 ug/mL.”> A complex of magnetic nanoparticles
decorated with silver particles, which has the potential to be
recovered and recycled, showed an MIC value between 15.6
and 125 mg/L.53

The complex reported herein has the advantage of fast
sedimentation from solution (Figure 2). Therefore, we
examined whether the PVPP/AgNP complex retained its
activity after we recovered it from a 24 h cycle of antibacterial
testing. We observed that a solution containing 5 mg/mL
PVPP/AgNPs prepared from an initial concentration of 10
mg/mL PVPP was separated from the bacterial culture. The
supernatant was removed, and a fresh water solution was
added to rinse away any remaining microorganisms. The
rinsing was repeated twice before the particles were
reintroduced into a fresh bacterial culture. The OD was
measured after 24 h to monitor any potential bacterial growth.
As shown in Figure 6, the recycled particles retained their
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Figure 6. Optical density measured at 600 nm for an E. coli culture
solution in the presence and absence of 5 mg/mL PVPP/AgNPs
prepared from an initial PVPP concentration of 10 mg/mL. Cycle 2
refers to the use of PVPP/AgNPs collected from cycle 1 and
incubated with fresh bacterial culture for an additional 24 h.
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antibacterial activity, which would allow for multiple uses.
Previously reported recyclable antibacterial materials have been
mostly based on magnetic nanoparticles modified with silver
nanoparticles.””**~*® While these materials were reported to
be efficient and fulfilled their intended purpose, it might be
difficult to apply them in large-scale water treatment systems
since they would require large/multiple external magnets to
recover the silver-modified nanoparticles compared to
sedimentation, which could be easily upscaled.

B CONCLUSIONS

In this study, we grew silver nanoparticles on insoluble cross-
linked PVP microparticles. The complexes were characterized,
and the sizes of the silver nanoparticles ranged between 100
and 700 nm depending on the initial concentrations of the
PVPP. The silver loading was quantified and used to calculate
the MIC value when tested against E. coli. While previous work
has shown the antibacterial potential of silver nanoparticles and
silver nanoparticle complexes, few of these applications can be
easily separated and recovered by simple sedimentation. Our
approach allows the material to be recycled and reused, and it
subsequently prevents its disposal into the environment.
Therefore, the prepared PVPP/AgNPs could prove to be
instrumental in providing access to clean water, especially in
areas of conflict and for displaced populations.
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