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ABSTRACT: Antibacterial coatings have been accepted as a potent solution to the problem of
medical-device—associated infections, which affect millions of patients worldwide. In this work,
we present silver-nanoparticle-based antibacterial coatings that are highly potent against medi-
cally relevant bacteria such as S. epidermidis and S. aureus but do not have apparent cytotoxicity
to primary human fibroblast cells. The silver nanoparticles used in the coatings are synthesized in
the presence of trisodium citrate. At a given moment, 2-mercaptosuccinc acid is added to allow
for reduction of nanoparticle size and to provide the well-defined surface architecture necessary
for controllable surface immobilization. Important for application, the technology is facilitated
by a functional-plasma—deposited polymer interlayer. This makes it applicable to the surface of
medical devices manufactured from any type of material.
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I. INTRODUCTION

Lifesaving treatments and equipment such as heart valves or catheters can sometimes
endanger patients’ lives if they become the host of bacterial colonization and subse-
quently infection.'? These complex infections, which are acquired primarily during hos-
pitalization [termed hospital acquired infections (HAIs)], are extremely difficult to treat
and eradicate.’ A feasible prevention approach that has generated considerable attention
over the last two decades consists of placing an appropriate antibacterial coating on the
surfaces of medical devices.** Coatings based on silver nanoparticles (AgNPs) have
attracted attention because of their broad spectrum of antibacterial activity and unique
physiochemical properties.® Silver nanoparticles are applied extensively as antibacterial
materials on devices because of their strong bactericidal action and capacity to disrupt
biofilm formation.””’

Nanoparticles (NPs) are often purposely surface engineered with an appropriate
capping agent to enhance their properties such as interaction with cells, immobilization
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to surfaces, targeted delivery, reduced inflammation, and cytotoxicity.'*"> Factors such
as size, shape, aggregation state, capping agent and surface chemistry, dissolution, and
solution properties (i.e., pH and ionic strength) can all influence the toxicity and antibac-
terial capability of AgNPs.%1¢ Size and shape, in particular, have dominant control over
many of the physiochemical characteristics of nanoscale materials including electro-
magnetic, optical, and catalytic activity as well as conductivity.!”-'® Bacteria/nano-silver
interactions are also dictated by the size and shape of silver nanoparticles.'”** These
facts have encouraged extensive research efforts on elaborating the synthetic routes to
allow greater control of nanoparticle shape and size.""**

Silver nanoparticles are commonly synthesized via chemical reduction methods.
Typically, a metal salt precursor is reduced to its metallic form in the presence of an
appropriate reducing agent. A capping agent is also added to assist with the control of
nanoparticle growth, size, and colloidal stability.”> Among the variety of synthetic meth-
ods proposed for generation of silver nanoparticles, citrate reduction of silver nitrate is
a popular synthetic procedure, which was first reported by Lee and Meisel in 1982.%
Citrate plays a dual role as a reductant and a stabilizer. The citrate reduction method
typically results in silver crystallites of various shapes and size distributions in the range
of 60-200 nm because trisodium citrate (TSC) is a weak reducing agent.!” The reaction
stoichiometry can be expressed as follows:

4Ag' + C,H,ONa, +2H,0 — 4Ag’+ CH,OH,+3Na'+ H' + 0,1 77 (1)

The nanoparticle size and shape is affected by the ratio of [sodium citrate]/ [Ag'].%®
A drawback of the citrate reduction method is the nanoparticle surface structure. The
particles are capped by physisorbed citrate ions and products of the reduction, which
provide stabilization of the colloidal suspension. However, the surface structure is not
well defined. These ions may separate from the particle surface upon changing pH
and/or ionic strength as has been demonstrated with gold nanoparticles by Zhu et al.?
Furthermore, this undefined surface structure may make attachment of nanoparticles
to solid surfaces challenging and irreproducible. For generation of antibacterial sur-
faces and other applications, controlled immobilization of nanoparticles to surfaces is
essential.

In this work, we present a method to control the size of silver nanoparticles and
their surface structure by introducing a co-capping agent during the nanoparticle growth
phase. We selected 2-mercaptosuccinic acid (MSA) as the co-capping agent for several
reasons. The MSA molecule contains a thiol group, which is well known for its affinity
to silver and other metals.’** We hypothesized that, upon introduction, MSA binds to
the growing nanoparticles through its thiol group forming a self-assembled monolay-
er (SAM) on the surface of the nanoparticle, thus terminating their growth. Second,
the MSA molecule carries two carboxyl acid groups. Upon binding to the nanoparticle
surface, the two carboxyl acid groups point outward. If the pH is >5, a negative charge
occurs on the surface of the nanoparticles that stabilizes the colloidal solution. In addi-
tion, this negative charge facilitates immobilization to solid surfaces, carrying a positive
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charge such as those modified with a plasma polymer coating deposited from the vapor
of allylamine. A plasma-deposited interlayer was selected with the purpose of apply-
ing the antibacterial coating to any type of substrate material because the technique is
widely accepted to be substrate independent.’!*? Third, we have recently shown that
antibacterial coatings based on mercaptosuccinic acid capped silver nanoparticles have
excellent efficacy and biocompatibility.*

Il. MATERIALS AND METHODS
A. Material

1. Thin film preparation

Allyamine (AA) (98%), silver nitrate (AgNO 99.99%), and trisodium citrate (TSC,
C H O Na ), 2-mercaptosuccinic acid (97%) of analytical grade purity were supplied
by Aldrich (Australia) and used as starting materials without further purification. Hy-
drochloric acid (36%) was supplied by Ajax Finechem Pty. Ltd (Australia) and nitric
acid (HNO,, 70%) was purchased from Sigma-Aldrich. All solution preparation and
glassware cleaning procedures were performed using ultrapure (Milli-Q) water (resis-
tivity 18.2 Q). All glassware and magnet stirrers were soaked in aqua regia solution (3:1
conc.HCI: conc.HNO,) and were then rinsed thoroughly with the Milli-Q water before
performing the nanoparticle solution preparation.

2. Antibacterial study

Staphylococcus epidermidis strain ATCC 35984, Staphylococcus aureus strain ATCC
4330 [methicillin-resistant Staphylococcus aureus (MRSA)], were cultured in tryptone
soya broth (TSB, Oxoid, UK) at 37°C and 60% humidity. Safranin-O and acetic acid
glacial were purchased from Chemical Supply (Australia).

3. Cell viability study

Human dermal fibroblasts (HDFs) were harvested and grown as described previous-
ly** from split-thickness skin grafts (STSGs) obtained from scavenged tissue specimens
following routine breast reductions and abdominoplasties. All patients gave informed
consent for their skin to be used for research through a protocol approved by the Eth-
ics Committee at the Queen Elisabeth Hospital and the University of South Australia
Human Ethics Committee. Briefly, fibroblasts were grown in fibroblast culture medium
(FCM) consisting of Dulbecco’s modified Eagle medium (DMEM) high glucose (Glu-
tamax, Gibco, Life Technologies, Australia), 10% v/v fetal calf serum (FCS, Ausgenex,
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Australia), 0.625 pg/mL amphotericin B (Sigma-Aldrich, Australia), 100 IU/mL peni-
cillin and 100 mg/mL streptomycin (Gibco, Life Technologies, Australia) in an incuba-
tor at 37°C, under a 5% CO, humidified atmosphere. The medium was changed every
3—4 days until the cells were 80% confluent. HDFs collected between passages 3 and
9 were used in the study. Cells were stained with the Phalloatoxin “Alexa Fluor 488®
phalloidin” (a filamentous actin probe) and DAPI dilactate purchased from Life Tech-
nologies, Invitrogen.

B. Instrumental

UV-visible spectra were recorded on a Cary 5 UV—vis spectrometer (Varian Australia
Pty, Ltd.) from 250 nm to 700 nm. Milli-Q water was used as the blank, and 1 ml of
sample was diluted in ratio 3:1 with Milli-Q before UV-vis analysis. Dynamic light
scattering (DLS) was used to measure the average size and the size distribution using
a PSS Nicomp Particle Sizer 380 (Nicomp Particle Sizing Systems, USA). To study
the morphology of polymer particles, samples were sputter coated with 5 nm of Cr
using a Quorum Q150T sputter-coating system. Subsequent imaging of AgNP films
was conducted using an FEI Quanta 450 FEG ESEM operated in high vacuum mode at
an electron-beam—accelerating voltage of 30 kV. Samples were imaged using both the
secondary and backscattered electron signals. Particle sizing analysis was performed
with the NIH Image J software. Transmission electron microscope (TEM) images
were acquired using a Philips CM200 TEM. The zeta potential of nanoparticles was
measured in a 107M potassium chloride (KCI) solution (100 pul of sample in 900 ul
KCl) with a Zeta Nanosizer (Malvern Instruments, UK) at 25°C. X-ray photoelectron
spectroscopy (XPS) spectra were recorded on a SPECS SAGE spectrometer. Process-
ing and component fitting of high-resolution spectra were performed with CasaXPS
software.

C. Fabrication of Antibacterial Coating

The preparation of the thin film consisting of silver nanoparticles in an amine-rich film
was carried out in three steps: (1) synthesis of silver nanoparticles coated with tri-so-
dium citrate and 2-mercaptosuccinic acid (AgNPs@TSC-MSA), (2) fabrication of the
allylamine plasma polymer thin film (AApp), and (3) immobilization of nanoparticles
on the surface (AApp+AgNPs@TSC-MSA).

1. Synthesis of silver nanoparticles

The AgNPs@TSC-MSA nanoparticles were prepared using a slightly modified version
of the Lee and Meisel protocol.?® A total of 1 mL of 1 wt% TSC was added to 50 mL
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of boiling 1 mM silver nitrate solution, and heating was continued until the solution
turned light yellow in color, indicating the formation of nanoparticles. The change in
color from colorless to yellow is due to the reduction and agglomeration of the Ag"
ions to metallic silver. Heating was continued for an additional 15 min. The suspension
was then allowed to cool down to room temperature under vigorous stirring; 5 ml of
1% MSA was added during this cooling period. The final color was golden brown. The
same procedure was followed to prepare the AgNPs@TSC nanoparticles; however, after
cooling the suspension to room temperature, there was no additional step. At this step,
the nanoparticles are coated with TSC.

2. Fabrication of allylamine plasma polymer film

Plasma polymerization was carried out in a custom-built reactor described elsewhere*
using a 13.56 MHz plasma generator (Advanced Energy, USA) and a matching network
(Advanced Energy, USA). The 13-mm Thermanox coverslip substrates (Thermo Fisher
Scientific, USA) were cleaned with ethanol and Milli-Q water before being placed in
the reactor chamber. Then they were cleaned by oxygen plasma for 2 min at pressure
of 2.5x10? mbar using a power of 20 W. The deposition of the allylamine (AA) plasma
polymer was carried out at a monomer pressure of 2X10~ mbar. The input radiofre-
quency (RF) power was 10 W; the monomer flow rate was 10 sccm; and the time of
deposition was 5 min. These conditions result in nitrogen-rich films with a thickness
of ~24 nm. Allylamine plasma polymer (AApp) substrates are kept sealed overnight
at ambient temperature before undergoing any further modification, to let the polymer
surface to find its stable structure with minimum interfacial energy. The allylamine was
plasma polymerized on silicon wafers for SEM analysis, and on glass and Thermanox
coverslips for bacterial and cell culture studies.

3. Immobilization of nanoparticles on the surface

AApp-coated substrates were immersed in the solution of AgNPs@TSC-MSA for 24 h
at ambient temperature (25°C). After immersion, the samples were rinsed thoroughly
with Milli-Q water and dried with nitrogen and were kept sealed.

D. Cell Viability and Morphology Study

1. Cell viability

Samples were placed in 24-well tissue culture plates. Human dermal fibroblasts were
seeded at a density of 1x10* cells per well in fibroblast culture media. After 2 days, cell
viability was measured by the resazurin assay. A stock solution of 110 pg/ml resazurin
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sodium salt (Sigma-Aldrich, Australia) was prepared in PBS and filter sterilized using a
0.02-pm filter. This solution was then diluted 1:10 in fibroblast culture medium. A total
of 500 pL of the resazurin solution was added to each sample. After 4 hours, 200 pL of
the reduced solution was removed from each well and placed into a well of a 96-well
plate. Then the florescent intensity was read using a plate reader (Aex =544 nm and Aem
=590 nm).

2. Cell morphology

Finally, the samples were fixed in 4% paraformaldehyde in PBS for immunocytochem-
istry staining of the cytoskeleton to assess cell morphology. Fixed cells were incubated
at room temperature with 0.1% (v/v) Triton X-100 for 5 minutes to permeablize the
membranes. Phallotoxin Alexa — 488 and DAPI to final concentrations of 0.165 uM and
0.1 pg/mL, respectively, in 200 uL. of PBS was added to each sample, and the samples
were incubated further in the dark. Excess dye was washed from the samples, and the
samples were imaged using a Nikon A1-R confocal laser scanning microscope using
NIS elements AR software.

E. Surface-Immobilized Antibacterial Activity

Bacteria were inoculated onto blood agar plates and incubated overnight at 37°C.
Individual bacterial colonies were isolated and incubated overnight at 37°C in 10 mL
Tryptic Soya Broth (TSB). A total of 1 mL of solution was diluted in 9 ml of fresh
TSB and incubated for 2 h at 37°C. Approximately 1 x 10° cfu/ml of bacteria was
prepared using fresh TSB. Immobilized AgNPs@MSA on AApp surfaces were placed
in 24-well plates. Each well was filled with 400 ul of diluted culture of bacteria (1 x
10° cfu/ml) in TSB. Two sets of AApp cover slips covered with 400 ul TSB were used
as positive and negative control. The sample box was incubated in a container with
moist foam for 4 h at 37°C; the broth in each well was replaced with 400 pl fresh TSB
and incubated in similar fashion for 24 h at 37°C. After the second incubation period,
the TSB was removed, and wells were rinsed twice with 400 pl of sterile saline (0.9%
sterile solution of sodium chloride in water) to clean any loose biofilm formed on the
surface. The biofilm formed on the other side of each coverslip was removed with a
swab immersed in ethanol (EtOH, 70%). A total of 400 pl of Safranin—O (0.1%, Ajax
Chemical) solution was added to each well to stain the biofilm adhered to the surface.
After 30 min, the Safranin-O solution was removed, and the wells were rinsed twice
with 400 pL of Milli-Q water to remove excess Safranin-O and allowed to dry at am-
bient temperature. 400 pL of acetic acid (AcOH, 33%) was introduced into each well
to lyse the bacterial cells and release the trapped dye. A total of 100 puL from each well
was transferred into a 96-well plate, and the optical density (OD) was measured by an
ELISA plate reader at 490 nm.
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F. Statistical Analysis Methods

All statistical analyses were performed on GraphPad Prism 5, and a one-way ANOVA
test was performed on data. The Dunnett’s posttest was performed on antibacterial and
fibroblast cell results. In antibacterial and fibroblast cell studies, AApp and glass surfac-
es were chosen, respectively, as controls against which data were compared.

lll. RESULTS AND DISCUSSION

Table 1 summarizes the physical characteristic of the solution prepared using MSA as
the co-capping agent and the solution using TSC only.

Both synthetic procedures resulted in clear, golden-brown solutions that had good
colloidal stability of >6 months. The colloids were negatively charged as a result of
presence of carboxyl groups. The zeta potential of the MSA stabilized AgNPs was ap-
proximately -40 mV versus -22.5 mV for those synthesized in the presence of TSC
only. Notably, even at lower pH, the MSA-modified nanoparticles had higher negative
surface potential, which could be attributed to the well-arranged self-assembled mono-
layer on the surface of the nanoparticles having outward- pointing COOH groups. This
stronger negative surface potential at lower pH is beneficial for immobilization of the
nanoparticles to positively charged amine rich plasma polymer coatings, which have a
higher extent of protonation when the solution pH is reduced.*® Dynamic light scattering
measurements showed dual size distributions for both types of nanoparticles. For the
AgNPs@TSC-MSA, the predominant sizes were 5 and 34 nm, while for the AgNPs@
TSC, the sizes were 5 and 58 nm.

TABLE 1: Characteristic of colloidal solutions of AgNPs capped with MSA and those synthe-
sizes using TSC only.

Characteristics AgNPs@TSC-MSA AgNPs@TSC

Color Golden brown clear solution tCii(())Iiden brown clear solu-
Stability 6+ months 6+ months

pH 4+0.5 6+0.2

Zeta potential (mV) -40 -22.5

NP-sized Malvern DLS (nm) 5(21.8%), 34 (78.2%) 5(17.0%), 58 (83.0%)
Max extinction in the UV-visible 405 420

spectra (nm)
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FIG. 1: (a) UV-Visible spectra of colloidal solution of AgNPs@TSC-MSA (maximum absor-
bance at 405 nm) and AgNPs@TSC (maximum absorbance at 420 nm); (b) TEM micrograph of
AgNPs@TSC-MSA. (Scale bar represents 10 nm)

Figure 1a shows representative UV-visible spectra of the AgNPs@TSC-MSA and
AgNPs@TSC colloidal suspensions. The UV-visible spectrum of the colloidal solu-
tion was measured at 25°C. Recorded spectra were analyzed for peak position, peak
width, and area under the peak of the plasmon resonance. The spectra were fitted to
determine the position of the plasmon peak and excluded the wavelength range of
350-650 nm to avoid fit distortions. The characteristic plasmon resonance bands of
AgNPs is governed by parameters such as the size, shape, morphology, composition
and dielectric environment of the prepared nanoparticles.’” Silver nanoparticles gen-
erated by citrate reduction are reported to give a plasmon resonance peak at ~420-430
nm'”3# (Fig. 1a). This is consistent in our synthesis, i.e., the peak is at 420 nm, FWHM
108.17, and 2.044 a.u. absorbance intensity. The colloidal solution of AgNPs@TSC-
MSA gave the absorption maxima at ~405 nm, 1.744 a.u. absorbance intensity, and
FWHM 128.03 (Fig. 1a). This absorption maxima suggests the existence of particles,
with shapes between spherical and dodecahedral®’ and a moderate dispersity in parti-
cle sizes. This assumption is confirmed by TEM images of nanoparticles, which, in the
case of AgNPs@TSC-MSA, have a semi-spherical AgNPs shape and size of 25+10
nm and 8 £4 nm (Fig. 1b).

For the purpose of applying an antibacterial coating, the nanoparticles need to be
immobilized to solid surfaces. A 20-nm thin plasma polymer film deposited from vapor
of allylamine was placed on silicon wafers and Thermanox coverslips. These films are
known to carry a population of amine groups which protonate when placed in solution
of pH below 8.3¢ As shown in Table 1, both synthetic procedures lead to silver nanopar-
ticles carrying a negative surface charge which makes them suitable for immobilization
to positively charged surfaces via electrostatic coupling. The film was characterized by
SEM and XPS to study surface morphology and chemistry, respectively.

Figure 2 shows SEM images of the AgNPs@TSC (left) and AgNPs@TSC-MSA
(right) after immobilization on AApp modified silicon wafers. Higher magnification
images were also added as inserts. Nanoparticles immobilized on AApp modified Ther-
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manox coverslips (used for the biological studies outlined below) had brownish color in-
dicating the presence of attached silver nanoparticles. Images of Thermanox coverslips
after immobilization of silver nanoparticles are shown as inserts in Figure 2. The SEM
images show that both nanoparticle types readily attach to the plasma polymer modified
surface. Clearly, the AgNPs@TSC are significantly larger, most having diameters of
~50-60 nm. The results of the UV-Vis, DLS, TEM, and SEM analysis clearly demon-
strate that adding MSA results in smaller nanoparticles, which indicates that using a
co-capping agent successfully inhibited bacterial growth. Because smaller nanoparticles
are known to have more potent antibacterial efficacy,' all biological studies were car-
ried out with AgNPs@TSC-MSA.

The XPS survey spectra of the samples obtained after 24 hours of immobilization
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FIG. 2: SEM micrograph of (a) AgNPs@TSC and (b) AgNPs@TSC-MSA immobilized onto
AApp modified silicon wafer. The scale bars are 500 nm and 200 nm on the lower magnification
images (a) and (b), respectively, and 100 nm on the inserts in the top right corner). The insert in
the left bottom corner of (a) and (b) shows coated Thermanox coverslips after immobilization of

silver nanoparticles
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FIG. 3: XPS survey spectrum of immobilized AgNPs@TSC-MSA on AApp film
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shows the presence of five dominant chemical elements: silver, carbon, nitrogen, ox-
ygen, and sulfur (Figures 2 and 3). The presence of sulfur is indicative of the layer of
MSA capping the silver nanoparticles.

The influence of the immersion duration on the concentration of immobilized silver
nanoparticles as determined from XPS analysis is shown in Figure 4.

Two medically significant pathogenic bacterial species, Staphylococcus epidermidis
(S. epidermidis) and Staphylococcus aureus (S. aureus), were chosen to evaluate the
antibacterial efficacy of coatings produced using AgNP@TSC-MSA. These pathogens
were selected because they are significant contributors to the increasing problem of
biomedical-device—associated infections.**! The presence of bacteria on the surface and
biofilm development was assessed by of Safranin-O staining. To evaluate the effect of
nanoparticles surface concentration of bacterial colonization, we examined coatings that
were produced after immobilization for 1, 6, and 24 h.

Figure 5 shows that the coatings prepared by overnight immersion in the colloidal
solution had superior activity, while 6-h samples(containing ~4.5% silver as determined
by XPS) were only partially affect bacterial attachments, growth, and biofilm formation.
The samples produced at 1 h immersion time (containing ~1% silver as determined by
XPS) had no inhibitory activity against S. epidermidis.

These results demonstrate that the antibacterial capability of the surface is highly
dependent on the surface concentration of AgNPs. Silver nanoparticles affected the two
bacteria differently. A higher concentration of surface immobilized silver nanoparticles
was required to stop the growth of S. epidermidis. This is not surprising because this mi-
croorganism is known to have a highly surface adherent and to be a very strong biofilm
former.** Nevertheless, samples obtained after 24 h of immobilization show a reduc-
tion in the biofilm level of 85% relative to the control. A lesser concentration of silver
nanoparticles was required to inhibit the surface growth of S. aureus. A 1 At% quantity
of silver nanoparticles on the surface was sufficient to reduce the number of bacteria by
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FIG. 4: Effect of immersion duration on the final concentration of silver nanoparticles immobi-

lized on AApp thin film determined by XPS
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FIG. 5: Levels of inhibition of surface colonization of (a) S. epidermidis ATCC 35984 and (b)
S. aureus ATCC 4330 on AApp-coated substrate as a control and AgNPs@TSC-MSA immobi-
lized for 1, 6, 24 h. n=3. Data are expressed as mean + SEM. Symbol definition compared with
control: n.s., not significant; *p<0.05, ***p<0.001
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FIG. 6: (a) Relative fibroblast viability determined from Resazurin assay compared to a glass
only control. n=3. Data are expressed as mean + SEM. Symbol definition compared with control:
n.s., statistically not significant; (b) confocal microscopy images of fibroblast cells cultured on
glass (left), AApp (middle), and AgNPs@TSC-MSA + AApp (right) substrates. (Scale = 100 pm)
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80% relative to the control. This is expected because these species typically target tissue
and do not form a strong biofilm.***

Finally, we investigated the potential toxicity of the antibacterial coatings generated
this work to primary human dermal fibroblast cells via Resazurin assay. Surfaces were
coated with the highest density of silver nanoparticles achieved after 24 h immersion
(6 At% of silver as determined by XPS). The effect of plasma polymer film on the cells
was also investigated by culturing the cells on the coverslips coated only with the AApp
thin film. The data was then compared with cells grown on uncoated glass coverslips
(Figure 6a). AApp coatings have previously been shown to be non-cytotoxic and to
enhance fibroblast growth and attachment.** Cells cultured on substrates coated with
AApp thin film are more metabolically active compared to the glass control. The met-
abolic activity of the cell cultured on the silver-nanoparticle—modified surfaces appears
even higher; however, this was not statistically significant (p=0.0953). Laser scanning
confocal microscopy images of the cells grown on the three types of surfaces after 24
h of incubation are shown in Figure 6b. Our collective results suggest that the coatings
prepared by immobilization of surface-modified silver nanoparticles at its bactericidal
concentration are not cytotoxic to eukaryotic cells. These results are in accordance with
our expectations and with previously published studies that have indicated that mam-
malian cells may be able to tolerate higher amounts of silver than bacteria.* It should
be stressed that, unlike the usual research practice, the data in our study were obtained
from a culture of primary cells and did not utilize immortalized cell lines.

Surface modifications of biomedical devices, such as implants, wound dressings,
and catheters, have attracted much attention as a tool to reduce the incidence of de-
vice-related infections. Coatings with the capacity to release antimicrobial agents have
been proposed as a potent solution.*** However, the side effects of such a strategy, in-
cluding toxicity, should be considered.*” The silver-nanoparticle—based approach pre-
sented in this paper leads to an effective antibacterial coating with no induced toxicity
toward primary human fibroblast cells. We are able to control the amount of AgNPs
attached to the surface by controlling the time of immobilization. The nanoparticles are
prepared in a controllable manner by introducing MSA during the growth phase, which
results in the generation of particles with a relatively narrow range of size and shape
distribution. This is important because it allows more predictable assessment of antibac-
terial properties and potential cytotoxicity. The surface-independent procedure for the
immobilization of silver nanoparticles on a functional-plasma—deposited polymer inter-
layer has possible applications for antibacterial coatings that can be applied to wound
dressings and implantable biomedical devices.

IV. CONCLUSION

Herein, we have reported the fabrication of a silver-nanoparticle-based antibacteri-
al coating with no apparent toxicity to primary fibroblasts. The addition of MSA as a
co-capping agent enables control of size, shape, and dispersion of silver nanoparticles.
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The immobilization of silver nanoparticles to solid surfaces was facilitated by a func-
tional-plasma-polymer—deposited interlayer. Control over nanoparticles surface concen-
tration was achieved by modifying the time of surface immobilization. The antibacterial
properties of the coatings were assessed in cultures of two bacterial species of medical
significance, S. epidermidis and S. aureus. The levels of bacterial colonization and bio-
film formation were reduced by >85% in the case of S. epidermidis and by >95 % in the
case of S. aureus. The potential cytotoxicity of the coatings was assessed in cultures of
primary human fibroblasts. Even the highest silver-nanoparticle surface concentration
did not seem to have any cytotoxic effect, as the cells had viability even higher than on
the control surface, adhered in great numbers, and showed healthy morphology. The
high antibacterial efficacy and absence of cytotoxicity make the coatings developed in
this study excellent candidates for application on implantable medical device surfaces
as well as catheters and wound dressings.
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