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Abstract: Patients with facial prostheses suffer from yeast,
Candida albicans, infections. This study aimed to determine
the biocompatibility and antifungal properties of silicone
facial prostheses coated with silver nanoparticles (Ag NPs) in
vitro. Medical grade silicone discs were coated with 5 and
50 mg L™ dispersions of either Ag NPs or AgNO;. Coatings
were fully characterized using scanning electron microscopy
and energy dispersive X-ray spectroscopy. The biocompatibil-
ity was examined using human dermal fibroblasts (Hs68),
whereas antifungal efficacy was tested against C. albicans
(NCPF-3179). The fibroblast viability was assessed by mea-
suring lactate dehydrogenase (LDH) activity, protein content
and tissue electrolytes. There were no effects on the LDH
activity of fibroblast cell homogenates, and leak of LDH activ-
ity into external media remained low (0.1-0.2 IlU mL™"). Sub-
lethal effects of Ag NP coatings on membrane permeability/
ion balance was not observed, as measured by stable

homogenate Na* and K* concentrations. Some Ag (13 mg
L~") was detected from the AgNO; coatings in the media, but
total Ag remained below detection limit (<1.2 pg L™") for the
Ag NP coatings; indicating the latter were stable. When fibro-
blasts grown on silver coatings were challenged with C. albi-
cans, the Ag NP coating was effective at preventing fungal
growth as measured by ethanol production by the yeast, and
without damaging the fibroblasts. Ethanol production
decreased from 43.2 = 25.02 in controls to 3.6 umol mL™" in
all the silver treatments. Data shows that silicone prosthetic
materials coated with Ag NPs are biocompatible with fibro-
blast cells in vitro and show antifungal properties. © 2017
Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater,
106B: 1038-1051, 2018.
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INTRODUCTION
Maxillofacial prostheses made of medical grade silicone elas-
tomers are routinely used to replace facial parts lost
through disease or trauma. The prosthesis needs to be bio-
compatible to enable wound healing and the restoration of
healthy tissue; but the material also needs to be aestheti-
cally acceptable to the patient."” Maxillofacial prostheses
are exposed to saliva and nasal secretions® and thus they
are inevitably susceptible to bacterial colonization, which
usually leads to the subsequent degradation of the material
and infection of the surrounding tissues.* There is a wide
range of microbial species that are known to colonize the
biomaterials used for prostheses.”

Yeast infections are of particular concern,6 with Candida
albicans being responsible for the most prevalent fungal
infections in the human oral cavity and skin.” The growth of

C. albicans is observed on facial prosthetic materials and den-
tures; causing denture stomatitis in the latter? Moisture,
body warmth and the nutrient-rich residue from skin secre-
tions promote fungal growth on the silicone elastomer sur-
face.’ Facial skin has a pH that ranges between 4.0 and 4.9,'°
and the acidic conditions also favor the growth of C. albi-
cans.** However, the acidic pH may also cause degradation of
the prosthetic material, leading to increased surface rough-
ness and thus render it more susceptible to the microbial
adherence'?; exacerbating the infection risk for the patient.
Traditionally, patients are instructed to maintain their
prostheses by regularly washing them using soap and water.
However, Kurtulmus et al. have demonstrated that even
after washing high numbers of microorganisms remain on
the surface.'® Facial prostheses also have the tendency to
retain water after washing, which alters their physical
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properties and the perception of color matching of the pros-
thesis to the surrounding facial tissues.! Disinfectants have
been suggested for infection control; such as benzene,
xylene, and chlorhexidine gluconate. However, all of these
chemicals generally deteriorate the color stability of maxillo-
facial prostheses.'®'* An additional difficulty for cleaning is
that yeasts are able to infiltrate prosthetic materials such as
silicone elastomers; either by enzymatic degradation of the
silicone or by directly utilizing silicone as a nutrient
source.**®> The most popular medical grade silicone material
is the A-2186, which despite its long clinical use, also suf-
fers from durability and infection control issues.'® Estimates
suggest over a thousand maxillofacial silicone prostheses
are made in the UK alone each year with the implant
remaining serviceable from 7 to 24 months before repair or
replacement.'” Failure rates for prostheses are on average
about 5%, but can be much higher in certain groups of
patients, such as those following radiotherapy.'® Thus
extending the serviceable life of the prosthesis before need-
ing a replacement and reducing failure rates is clinically
desirable, as well as alleviating the financial burden on the
patients. The use of nanomaterials with antimicrobial prop-
erties in conjunction with silicone elastomer prostheses may
offer an improvement.

Nanomaterials have found applications in many areas of
medicine including drug delivery, vaccine development,
medical imaging, diagnostics, and medical implants.’®7%2
Nanotechnology can be defined as the branch of technology
using materials and structures with nano scale dimensions,
usually in the range of 1-100 nm.** The small size, colloidal
behavior and propensity to adhere to surfaces** suggests
that some nanomaterials can be used in coating applica-
tions. For instance, nanoforms of silver have been used as
antimicrobial coatings in catheters®® and wound dressings.”®
However, research effort has mainly focused on the antibac-
terial properties of silver nanoparticles (Ag NPs)?”?® and
limited information is available about their antifungal prop-
erties. Nevertheless, recent studies suggest that Ag NPs may
be a good antifungal agent. Ag NPs have fungicidal activity
against C. albicans at low milligram concentrations (e.g.,
0.4-3.3 mg L™ 1)?% perhaps better than their antimicrobial
properties for some bacteria. For example, the minimum
inhibitory concentration to prevent bacterial growth of
Streptococcus mutans, one of the common oral bacteria, is
considerably higher (50 mg L™ 1).2°

Our hypothesis is that applying an Ag NP coating on the
surface of silicone elastomers may inhibit fungal infections
caused by C. albicans and also prevent the ingrowth of the
yeast into the prosthetic material without compromising its
biocompatibility. So far, Ag NPs have not been used as an
antifungal coating on silicone elastomer facial prostheses in
patients. Nonetheless, medical devices, similar to medicines
containing nanomaterials, need to be tested for their safety
and biocompatibility.?*®> The aim of this study was to
determine the biocompatibility of the Ag NP coating on the
silicone elastomer prosthetic materials. The study used
human dermal fibroblast cells as a model system, since
these cells are functionally important to skin and essential
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to wound healing. Then the cells grown on the silicone elas-
tomer were challenged to a fungal infection of C. albicans in
the presence and absence of an Ag NP coating on the sili-
cone prosthetic material. Finally, the biocompatibility and
antifungal properties of Ag NPs were compared to silver
nitrate because of the historic use of dissolved silver as an
antiseptic, and to bench mark against the potentially toxic
effects of Ag ions.*

METHODS AND MATERIALS

In this study, three experiment series were performed. The
first series determined the biocompatible concentration of
Ag NPs compared to AgNO3 by direct additions to the cell
culture media over confluent monolayers of fibroblast cells.
The second series demonstrated the effect of Ag NPs on
fibroblast cells, when applied as a coating to the silicone
elastomer surface. The third series investigated the antifun-
gal properties of silver-coated silicone elastomer against C.
albicans in the presence of fibroblast cells.

Experimental design

The first experiment investigated the effect of Ag NPs and
AgNOg3 in culture media on human fibroblast cells. The unit
of replication in the experimental design was the cell cul-
ture plate. The cells were seeded in 6-well plates (n=6)
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) for 48 h until confluent. The culture media was
then aspirated from the wells and replaced with fresh
DMEM containing 5 and 50 mg L' of either Ag NPs or
AgNOs. The initial 1 g L~ stock solutions and dispersions
were prepared in deionized ultrapure sterile Milli-Q water
(see below). The controls on each plate included a seeded
well containing DMEM only (i.e, untreated cells with no
other additions) and a second well with DMEM that con-
tained a volume of sterile ultrapure water (Milli-Q water, no
added silver) equivalent to the water introduced to DMEM
due to the dilution of the stock solutions, to check for
osmotic stress (hereafter called “control-MQ”).

After 24 h of exposure to the Ag NPs and AgNO;3 solu-
tions, the overlying media were carefully collected to mea-
sure lactate dehydrogenase (LDH) activity, total Ag, Na™,
and K' concentrations, and pH (see below). The cells
remaining adhered to the bottom of the wells were washed
twice with 2 mL of a sucrose washing buffer (300 mmol
L~! sucrose, 0.1 mmol L' ethylenediaminetetraacetic acid
(EDTA), 20 mmol L' 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) buffered to pH 7.4 with a few
drops of trizma base). Then the cell morphology was exam-
ined in situ on the plates by light microscopy (Olympus
Microscope SZ-1145 CHI equipped with a Scope Tek MDC
560 camera). After acquiring images, the bottom of the
wells was scraped to collect the cells (Fisher Scientific cell
scraper, 250 mm handle, 18 mm blade) and then 1 mL of a
sucrose lysis buffer was added to each well (similar to the
washing buffer above, but hypotonic, made with 30 mmol
L~ sucrose). The lysed cells were transferred to Eppendorf
tubes. The harvested cells were sonicated for 30 s (100 W,
speed setting 8, 22.5 kHz, Misonix incorporated, XL2000-
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010, New York, USA) to ensure that lysed samples were
homogenized. The total Ag, K", and Na” concentrations
were determined in the cell homogenates to access any ion-
oregulatory effects associated with silver toxicity to the
cells, as well as LDH activity for cell viability/membrane
leak and total protein concentration (see below).

The second experiment aimed to examine the effect of
Ag NPs and AgNOs on the fibroblast cells when applied as
coatings to the silicone discs. Silver-coated silicone discs
were prepared as described below. The experimental design
was similar to that of the first experiment; except that fibro-
blasts were grown on silver-coated, or uncoated silicone
discs for 72 h (until confluence was reached on the con-
trols). The controls included cells grown on normal
untreated silicone (control), and cells grown on silicone
discs that had been spiked with Milli-Q water instead of sil-
ver solution/dispersion to simulate the water additions dur-
ing the preparation of the coatings (control-MQ). The
culture media were carefully removed from the wells and
replaced with fresh media every 24 h. The removed media
was subjected to metal analysis and measurements of the
LDH activity. Additional 6-well plates were prepared to
investigate the morphology of the fibroblasts adhered to the
silicone discs at the end of the 72 h exposure using light
microscopy. For the latter, cells were fixed in situ with
100% methanol and stained with 1% Giemsa solution for 3
min.

The third experiment investigated the antifungal activity
of the silver-coated silicone discs against C. albicans (NCPF-
3179) in the presence of fibroblasts. Fibroblast cells were
cultured on the surface of silver-coated and control discs
for 72 h (as above). Then the culture media was removed
from the wells containing the discs and replaced with 2 mL
of fresh media inoculated with C. albicans (see below). The
plates were incubated for another 24 h at 37°C. The cell
and bacterial morphology was examined by light microscopy
(0.1% methylene blue stain for 1 min was used for the C.
albicans) and scanning electron microscopy (SEM). Measure-
ments of the metal concentrations, LDH activity and protein
concentration in the media were also taken as before. Etha-
nol production was also measured to determine the meta-
bolic activity specific to C. albicans (n =4 discs/treatment,
see below).

Preparation of silicone discs and application

of antibacterial coatings

Silicone discs (37 mm in diameter, n = 6/treatment) were
prepared using a platinum-catalysed, vinyl-terminated poly(-
dimethyl siloxane) elastomer (A-2186, Factor II, Lakeside,
AZ, USA). A-2186 is a medical grade maxillofacial silicone
elastomer. The preparation method followed the manufac-
turer’s instructions. Briefly, the elastomer was combined
with a poly(methyl hydrogen siloxane) cross-linking agent
at a 10:1 ratio by weight. The elastomer and the cross-
linker were thoroughly mixed using a spatula; then a func-
tional intrinsic cosmetic pigment (Naturelle FI-SK01) was
added. The homogenized mixture was poured into 6-well
plates, which were placed in a vacuum chamber for 15 min
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to remove any air pockets trapped within the material. The
silicone discs were then left to cure for 24 h at room tem-
perature. Once the elastomer was set in the plates, each sili-
cone disc was treated with 5 mL of 05% (v/v)
chlorhexidine digluconate (R4, Septodont, Ltd., UK) for 5
min to ensure sterility. Chlorhexidine digluconate was then
aspirated from the surface of the discs and the discs were
washed twice with 5 mL of phosphate buffered saline
(PBS). The disc surfaces were then coated with Ag NPs and
AgNO3 aqueous solutions (5 and 50 mg L™') prepared in
ultrapure Milli-Q water (see below). The coating process
involved adding 2 mL of the appropriate silver solution to
each disc for 24 h to allow particle precipitation on the sur-
face of the specimens. Control discs were treated with ster-
ile ultrapure water without added silver. At the end of the
coating process, the excess solution was gently aspirated
leaving a thin silver coating (as appropriate) on the surface
of the silicone discs (Figure 1).

Additional silicone discs (n= 3/treatment) were pre-
pared for examination by SEM to verify whether the applica-
tion of the coatings was successful. Routine SEM
preparation techniques involving serial dehydration through
alcohols, or similar solutions, risk potentially dislodging or
dissolving the nanoparticles from the nanocoatings on the
disc surface.** Thus, specimens were left to air-dry thor-
oughly at room temperature for 72 h instead. The resulting
discs were then chromium sputtered prior to SEM examina-
tion. One half of each specimen was assessed by SEM
(JEOL7001F SEM, with an Oxford Instruments Aztec X-Ray
analysis system) and the other half with energy dispersive
X-ray spectroscopy (EDS) to verify the metal composition of
the Ag NPs and AgNOj3 coatings. Identical operating condi-
tions and scanning parameter settings were used for all EDS
scans (spot size: 10; accelerating voltage: 15 kV; working
distance: 10 mm). Data and spectra analysis was achieved
using Aztec 2.0 software (Oxford Instruments, Abingdon, UK).

Preparation of the stock dispersions and nanomaterial
characterization

The materials used for the experiments were exactly the
same batches as previously described and characterized in
detail by Besinis et al.>° Briefly, the materials were silver
nanopowder (Sigma-Aldrich, Wisconsin, 99.5% purity, lot
number 7721KH) and with a measured primary particle
diameter of 56 nm, and BET surface area of 4.8 m? g_l;
AgNO3 (99.9% purity, Fisher, Loughborough, UK). The Ag
NPs and AgNOj3 stock dispersions and solutions were pre-
pared according to Besinis et al.2° In brief, 1 g L™ ' stock
dispersions of Ag NPs and AgNO3 were initially prepared in
ultrapure Milli-Q water. Stocks were sonicated for 4 h to
disperse the nanomaterials (35 kHz frequency, Fisherbrand
FB 11010, Germany), before preparing secondary stocks of
5 and 50 mg L~ *. Both primary and secondary Ag NPs and
AgNO3; stock dispersions and solutions were autoclaved
(121°C for 15 min at 15 psi pressure) to ensure sterility.
Additionally, 5 and 50 mg L' secondary stocks were pre-
pared in DMEM culture media (the 1 g L™' stock disper-
sions diluted 1:20 and 1:200 with culture media) to



ORIGINAL RESEARCH REPORT

FIGURE 1. Scanning electron micrographs showing surface morphology of newly prepared silicone discs coated with (A) 5 mg L' Ag NPs, (B)
50 mg L~ Ag NPs, (C) detail of a Ag NPs agglomerate adhered to the silicone disc surface, (D) discs coated with 5 mg L™' AgNOg, (E) discs
coated with 50 mg L™" AgNOj3, and (F) detail of AgNO; crystals adhered to the silicone disc surface. All images were acquired at X 1000 magnifi-
cation, except panels (C) and (F) taken at X 15,000 magnification. The EDS spectra show the elemental composition of the nano-silver coated sili-

cone disc surfaces.

estimate the behavior of the Ag NPs in this more complex
media compared to ultrapure water. The Ag NPs and AgNOs
dispersions were analyzed by nanoparticle tracking analysis
(NTA) to measure the particle size distribution and mean
aggregate size (hydrodynamic diameters) using a Nanosight
LM 10 (Nanosight, Salisbury, UK, laser output set at 30 mW
at 640 nm). Example particle size distributions in the differ-
ent media are shown (Figure 2). The resulting dispersion of
Ag NPs in Milli-Q water gave average aggregate sizes of
114*+43 and 177*52 nm (mean hydrodynamic
diameter = SEM, n = 3) at concentrations of 5 and 50 mg
L' total silver, respectively. When Ag NPs were dispersed
in DMEM culture media the hydrodynamic diameters were
189 =19 nm in control culture media (no added silver);
and 159 =17, 82 = 2 nm at concentrations of 5 and 50 mg
L~' Ag NPs, respectively. The average aggregate size of
AgNO3; were 176 £19 and 149 = 12 nm at concentrations
of 5 and 50 mg L™}, respectively. Total metal concentrations
were also measured (see below).

Cell and yeast cultures

Human dermal fibroblasts (HS-68 cell line; Health Protec-
tion Agency, Salisbury, UK) were cultured at a density of
1.5 X 10° in 75 cm? flasks containing 15 mL of DMEM
supplemented with L-glutamine, 10% fetal bovine serum
and 1% penicillin-streptomycin (all obtained from Lonza,
Nottingham, UK). The cells were sub-cultured every 6 days
(when 80% confluent) and the medium was changed every
3 days as routine maintenance. For experiments, antibiotics
were withdrawn two passages before seeding the cells into
the 6-well plates. The cells were washed twice with
phosphate-buffered saline (PBS; containing 9.5 mmol L™ !
of phosphates without added calcium or magnesium),

detached from the stock culture flasks using trypsin
(0.25% with EDTA) and re-suspended in fresh DMEM. The
cells were then introduced to the 6-well plates at a density
of 10° cells mL ™. Cell viability was examined by tryphan
blue staining and 96% of the cells were found to be viable
prior to seeding the cells in the 6-well plates. The plates
were left in the incubator for 48 h at 37°C until the cells
were confluent.

C. albicans were cultured for 24 h at 37°C in Sabour-
aud’s dextrose agar (SDA). Then, 30 mL of Sabouraud’s dex-
trose broth (SDB) were inoculated with a loop-full of the
organisms and incubated for 72 h. The turbidity of yeast
suspension was adjusted to a McFarland standard of 1.5.
Then, the yeast suspension was diluted in culture media
(DMEM with L-glutamine, 10% fetal bovine serum, without
antibiotics) to a density of 10° cells mL ™.

Metal analysis

Metal analysis of the cell culture media and cell homoge-
nates was performed to confirm any potential Ag exposure
of the cells and metal toxicity on ionic regulation of the
cells. Measurements were conducted according to Besinis
et al.3® The total Ag, Na®, and K" concentrations were
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, Varian 725-ES, Melbourne, Australia
fitted with v-groove nebulizer and Sturman-Masters spray
chamber) using acidified matrix matched standards. All
samples were sonicated for 1 h immediately prior to ICP-
OES analysis to ensure homogenous distribution of the par-
ticles in the solutions. The culture media and cell homoge-
nates were acid digested. For Ag analysis, 3 mL of 70%
concentrated nitric acid was added to 400 pL of the cell
homogenate, and then 3 mL of 10 mmol L~ ! sodium citrate
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FIGURE 2. Particle size distributions determined by nanoparticle tracking analysis (Nanosight, LM10) in culture media (DMEM, supplemented
with glutamine and 10% FBS). The plots are individual examples from triplicate measurements. (A) 5 mg L~ Ag NPs, (B) 50 mg L™' Ag NPs, (C)
5 mg L~ " AgNOs, (D) 50 mg L™" AgNOQs, and (E) culture media control (no added silver).

(as a stabilizer) was added to the mixture. For total Na™
and K* concentrations, a separate 400 pL of the cell homog-
enate was similarly treated with concentrated nitric acid;
but without the stabilizer. In the absence of certified refer-
ence materials for total silver from Ag NPs in tissues or
media, procedural spike recovery test was performed. Sam-
ples of culture media were spiked with 50 mg L™' of Ag
NPs or AgNO3 in culture media without the cells; then sub-
jected to the preparation protocol above. The samples
showed a good recovery for AgNO; recovery (measured
value: 49+ 1.6 mg L' or 97% recovery). However, the
detection of silver as Ag NPs was problematic in the culture
media at the high mg concentrations of the stocks with only
12% recovery (measured mean + SEM: 6.12+0.7 mg L™,
n=15). However, complete acid digestion gave good
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recovery, regardless of the form of silver, and consequently
measurements of total silver concentrations in/on the cells
(that is, cell homogenates) rather than the external media
were used to verify the exposure. Instrument detection lim-
its for total Ag were calculated for the metal analysis in
each experiment and were 1.26, 1.03, 1.15 pg L™ %, respec-
tively. Values for silver in the media are reported as mg L™!
of total metal, and metals in the cell homogenates as pumol
mg ™! protein to allow comparison with the literature.

Lactate dehydrogenase activity

Lactate dehydrogenase activity was determined in the
media, and in cell homogenates at the end of each experi-
ment. The assay was performed according to Plummer>?
The cell culture media from each well was gently



centrifuged for 1 min to remove any cell debris. The assay
was performed by adding 2.8 mL of a reaction mixture (0.6
mmol L™ pyruvate in 50 mmol L™ phosphate buffer at pH
7.5) to 0.1 mL of 0.6 mmol L~ ! NADH solution and 0.1 mL
of the sample (cell culture media or cell homogenate), in
3 mL cuvettes. Absorbances were read at 340 nm (Helios
Beta spectrophotometer, Thermo Scientific, UK) for 2 min.
The LDH activity was calculated using an extinction coeffi-
cient of 6.3 mM for a path length of 1 cm. LDH activity was
expressed as pmol min~! mL™! for media and pmol min~!
mg ! cell protein for homogenates. Protein in the homoge-
nates was determined using the bicinchoninic acid method
with a commercial kit (MC155208, Pierce, Rockford), using
25 pL of homogenate in triplicate and measured against
bovine serum albumin standards (0-2 mg mL™"). Samples
were read at 562 nm on a plate reader (VERSA max, Molec-
ular Devices, Berkshire, UK).

Ethanol assay

Ethanol production was determined only for the third
experiment to measure the metabolic activity associated
with C. albicans. The rationale was that fibroblasts do not
normally produce ethanol and thus any ethanol present in
the media would have been produced by yeast fermentation.
The enzymatic method for ethanol determination (K-ETOH
12/12, Megazyme International Ireland, Ltd.) was used to
measure the ethanol production according to the manufac-
turer’s protocol. Following incubation of the fibroblast cell
cultures for 24 h in the presence of C. albicans, the culture
media was collected for immediate ethanol determination.
Ten microliter from each sample (in triplicate) were mixed
with 20 pL of B-nicotinamide-adeninedinucleotide (NAD™),
5 pL alcohol dehydrogenase enzyme (ADH) and 20 pL ml of
the buffer supplied with the kit (pH 9.0, plus sodium azide
as a preservative). Background absorbance was measured
for each sample at 340 nm for 2 min (VERSA max, Molecu-
lar Devices, Berkshire, UK); then the reaction was initiated
by adding 2 pL of NADH and the absorbance at 340 nm was
monitored for 10 min. Ethanol concentration was calculated
using a 0-5 pg mL ™! standard curve. The ethanol assay was
checked for interference caused by the presence of Ag NPs
or AgNOs in the media, but no interference was found for
silver concentration up to 50 mg L' (data not shown).

Statistical analysis

All data are presented as mean = SEM and were analyzed
using Stat Graphics Plus Version 5.1. Following descriptive
statistics and a variance check (Bartlett’s test), differences
between treatments within each experiment were evaluated
using one-way ANOVA for parametric data. Where appropri-
ate, time effects within treatment were also analyzed by
one-way ANOVA. Differences were located using Fisher’s
Least Significant Difference (LSD) multiple range test. Bon-
ferroni correction was not needed in the one-way ANOVA as
the differences were large in individual comparisons with
Fisher’s LSD, far exceeding the theoretical 5% risk of a false
difference within individual comparisons in the post hoc
test. However, for treatment x time effects two-way ANOVA
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was used with the alternative post hoc tests. The Kruskal-
Wallis test was used for non-parametric data that could not
be transformed and differences were located using notched
box and whisker plots. The student’s t test was also used to
investigate the differences between the reference controls
and the controls with added Milli-Q water, and sometimes
as additional confirmation of the Fisher’s LSD. All statistical
analysis used a 95% confidence limit, so that p values
>0.05 were not considered statistically significant.

RESULTS

Effects of direct additions of Ag NPs or AgNO;3 to the
culture media on fibroblasts

The first experiment explored the effects of adding Ag NPs
or AgNO3 directly to the culture media on confluent layers
of fibroblasts, using a 24 h exposure period. The exposure
was confirmed by measuring the total silver concentrations
in the media and in the cell homogenates at the end of the
experiment. For AgNO3, the measured total Ag concentra-
tions in the liquid phase of the culture media were lower
than the nominal concentrations with measured values of
23.2+3.7 and 2.9+ 0.0 mg L™* for the 50 and 5 mg L~ *
exposures, respectively, and was partly due to observed
spontaneous precipitation of insoluble silver chloride from
the media onto the cells in the culture dishes. For the total
Ag in the media from the Ag NPs exposures, the values
were hampered by the inability to measure Ag from Ag NPs
directly in the media (poor spike recovery) and were there-
fore not reflective of the nominal concentrations added to
the culture dishes; with measured values of 13.6 £ 2.1 and
1.0+02 mg L' for the 50 and 5 mg L' exposures,
respectively. Nonetheless, all the values were above the con-
trols (not detectable), indicating that exposure had
occurred. However, the exposure was mainly confirmed by
measuring the total Ag concentrations in the cell homoge-
nates at the end of the experiment (Table 1); which had
been subject to a complete acid digestion prior to Ag deter-
mination. The cell homogenates showed the expected
concentration-dependent increase in total Ag, and the mea-
sured total Ag was statistically different between all groups
(Kruskal-Wallis, p < 0.05; Table 1), with the exposure to
AgNO;3 causing greater Ag accumulation than the equivalent
Ag NPs exposure. There were also some changes in the Na™
and K" concentrations in the cell homogenates, which were
not due to changes in salt concentrations in the external
media (culture media Na™ and K" did not alter, data not
shown). Exposure to Ag NPs caused statistically significant
decreases in both Na* and K™ concentrations in the cell
homogenates compared to the controls, and for the Na* at
least, there was a material-type effect with lower concentra-
tions in the cells exposed to Ag NPs compared to AgNO3
(Table 1).

The morphology of the fibroblast cultures exposed by
direct addition of either AgNO3 or Ag NPs to the culture
media for 24 h compared to controls is shown in Figure
3(A-D). The control cells showed normal elongated mor-
phology, with defined cell membranes and nuclei. The mor-
phology of Ag NP-treated cells, regardless of the exposure
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FIGURE 3. Fibroblast cell morphology in situ on cell culture dishes (no silicone elastomer) following 24 h exposure to direct additions of Ag NPs
or AgNO3 to the culture media. (A) control (no added silver), (B) 5 mg L' Ag NPs, (C) 5 mg L™ " AgNO3, (D) 50 mg L™ " Ag NPs, and (E) measure-
ment of the LDH activity in the external media. Optical light microscope images were obtained using an Olympus SZ-1145 microscope (magnifi-
cation 40X%), which was equipped with a ScopeTek MDC 560 CCD camera (magnification 0.6x). Data are mean = SEM (n = 6). Different letters

indicate statistical difference (one-way ANOVA, p<0.05).

concentration, were not discernibly different form the con-
trols. In contrast, cells exposed to AgNO3 showed a loss of
morphology, and the cells were detached from the dishes at
both exposure concentrations. The loss of LDH to the exter-
nal media was also used as a viability measure (Figure 3E)
and reflected the morphology; with a background LDH leak
of 1 pmol mL ™" or much less in the controls and Ag NPs-
treated cells, while the LDH concentrations in the media
were higher in both AgNO3 treatments compared to the
controls or the equivalent Ag NP treatment. The LDH activ-
ity in the cell homogenates was also measured (Table 1).
There were no statistically significant differences between
the control, nor either Ag NP treatments; only the AgNOs3
showed a statistically significant decrease in LDH activity

compared to all other treatments. The total protein concen-
trations in cell homogenates (Table 1) from controls and
cells treated with Ag NPs were not statistically different and
remained around 0.1-0.2 mg mL™'. However, a statistically
significant loss of protein was observed in the AgNO;3 treat-
ments (one-way ANOVA, p > 0.05).

The effect of silver as a coating over the silicone
elastomer surface on fibroblast cells

In this experiment, the intention was to attach the silver to
the silicone elastomer rather than exposing the fibroblasts
to Ag additions via the cell culture media. The newly pre-
pared coatings were confirmed, prior to introducing the
cells, using SEM and EDS (Figure 1). Notably, the AgNO3
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coating formed nanoscale crystals on the surface of the elas-
tomer, with a composition of Ag and some Cl, suggesting
the presence of insoluble AgCl. At the low Ag concentra-
tions, for both Ag NPs and AgNOgs, there was a sparse but
consistent coverage of the surface with the relevant test
material. However, when using a 50 mg L' coating solu-
tion/dispersion, the coverage was much denser, over the
entire surface of the elastomer (Figure 1). In the case of Ag
NPs, an increase in the concentration resulted in a higher
degree of particle agglomeration on the elastomer surface
(Figure 1B). The Ag NP coating also remained intact during
the experiment, as determined by apparent release of silver
into the culture media. Measurement of total silver concen-
trations in the media did not detect any Ag from either the
control or Ag NP treatments (below detection limit). How-
ever, some Ag was detected in the media from the AgNO;
coating. For example, in the latter, at the 50 mg L™ ! concen-
tration of AgNO;3 used for coating, the measured total Ag
concentrations in the media were: 13.3+3.0, 13.3 2.3,
and 12.8+4.9 mg L' on days 1, 2, and 3, respectively (no
time effect, ANOVA, p > 0.05); suggesting some steady leach-
ing of either dissolved Ag or AgCl particles from the surface
of the elastomer.

Table 1 shows the Ag concentrations in the cell homoge-
nates after 72 h growing on the Ag-coated silicone elasto-
mers. Overall, the fibroblasts showed small, but statistically
significant elevations in the total Ag concentration in the
cells when grown on both the Ag NP-coated surfaces, but
the highest values were for cells grown on the 50 mg L™*
AgNO3-coated surface. Compared to the first experiment
with exposure via the media, all the values were much
lower when Ag was added as a coating, even though the
exposure was several days longer; suggesting the coating is
less bioavailable to the cells. The application of Ag as a coat-
ing also had fewer effects on the cell electrolyte composi-
tion. There were no statistically significant effects on cell K*
concentrations in any treatment, but the cell Na* concentra-
tion showed an apparent rise in both AgNOj3; treatments
compared to controls when expressed per mg of cell protein
(Table 1).

Figure 4 shows the morphology of fibroblast cells grown
over Ag-coated silicone for 72 h. Fibroblasts exposed to
either concentration of the Ag NP coatings showed normal
morphology, with the cells remaining confluent and firmly
attached to the well plates. In contrast, both coating concen-
trations of AgNO3z caused mortality and the cells to detach
from the well plates. Figure 5A shows the daily cumulative
LDH activity in the external media, which remained low in
the control treatments, and throughout in the 5 mg L™* Ag
NP coating treatment. There was a transient rise in the LDH
activity on day 1 in the 50 mg L~ Ag NP coating treatment,
but this did not persist (Figure 5A). In the AgNO3 coating
treatments, the LDH activity was lost, simply because the
cells detached on day 1 and were lost from the culture
media during the necessary media changes. LDH activity in
the cell homogenates derived from the adherent cells at the
end of the experiment (72 h) is shown in Table 1. Values
were below detection limit for both AgNOs treatments as
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FIGURE 4. Optical light microscopy of fibroblasts grown for 72 h on
silicone elastomer coated with Ag NPs or AgNO3 (n=6 plates/treat-
ment). Panels on the left are fibroblasts alone (stained with Giemsa),
panel on the right are the cells following an infection challenge with
an inoculum of C. albicans (108 cells mL~") for a further 24 h (96 h on
the elastomer in total, additional staining with methyl blue). Images
were obtained using an Olympus SZ-1145 microscope (magnification
40X%), which was equipped with a ScopeTek MDC 560 CCD camera
(magnification 0.6X).

insufficient cells survived. There were no statistical differen-
ces between the controls or the Ag NP treatments (ANOVA,
p>0.05) for cell homogenate protein concentration (Table
1), but protein concentrations of the homogenates from
both AgNOs3; coating treatments were significantly lower
(ANOVA, p < 0.05) due to poor survival.

The antifungal properties of silver-coated silicone
elastomer against C. albicans

This experiment was identical to the experiment above with
fibroblasts grown on Ag-coated silicone elastomer for 72 h,
except that the fibroblasts were then challenged with an
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FIGURE 5. LDH activity in the culture media from fibroblasts grown on silver-coated silicone elastomer surfaces. (A) Daily measurements over
72 h for fibroblasts grown on the elastomer without a yeast infection challenge, and (B) with a C. albicans challenge for a further 24 h. The
media was inoculated with C. albicans immediately after the 72 h endpoint. Data are mean = SEM (n = 6 plates per treatment). Values on the x-
axis (1, 2, 3, 4) are the number of days on the silicone elastomer. * Shows a statistical difference between the control-MQ and treated groups
for the same endpoints (one-way ANOVA, p<0.05). # Indicates statistical difference (one-way ANOVA, p < 0.05) between the two concentrations
of the same coating material (concentration-effect within time point). Within the same treatment group, different letters indicate significant dif-
ferences (one-way ANOVA, p < 0.05) between days (time-effect within treatment).

inoculum of C albicans for a further 24 h (96 h of fibroblast
growth on the Ag-coated surfaces in total). The measured total
Ag concentrations in the culture media were similar to the
previous experiment with no detectable Ag in the controls or
from the plates with the Ag NP coatings. Similar to the previ-
ous experiment, some Ag was detectable in the culture media
for the AgNOs; coating treatments. For example, with the
50 mg L~ AgNO; coating treatment the total Ag concentra-
tions in the culture media were: 135+ 1.1, 11.9=* 14,
108 0.8, 11.6 = 0.9 mg L™ ! on days 1, 2, 3, and 4, respec-
tively. The Ag accumulation, as measured by cell homogenate
total Ag concentrations (Table 1) was also broadly similar to
the previous experiment with the biggest increases in the cells
from the AgNO;3 coating treatment. However, although the Ag
NP coating caused a trend of increasing Ag compared to the
controls, this was not statistically significant (Table 1); suggest-
ing the addition of the yeast challenge may have limited Ag
availability to the fibroblasts. The electrolyte concentrations in
the homogenates also showed changes following the infection
challenge; with statistically significant increases in the homog-
enate K™ concentration in only the Ag NP coating treatment
compared to the control, and conversely, an elevation of cell
homogenate Na™ concentration; but only in the AgNO5 treat-
ment (Table 1).

The morphology of fibroblast cells grown on the silicone
elastomer for 96 h and inoculated with C. albicans in the
last 24 h of the experiment are shown in Figure 4. In the
controls (no added Ag) C. albicans was attached to the
uncoated silicone elastomer and the fibroblast cells were
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absent (i.e, dead). Similarly, when the silicone elastomer
was coated with either concentration of AgNO3 no fibroblast
cells were observed growing on the surface by the end of
the experiment, as the cells had been already detached or
had died. The AgNO; also prevented the growth of the
yeast, as only a few yeast cells were observed when the sili-
cone elastomer was coated using treatments of 5 or 50 mg
17! AgNO3. In contrast, the fibroblast cells were viable and
protected when the silicone elastomer was coated with Ag
NPs compared to controls or AgNOs. An apparent dose
effect was also observed as more cells were attached when
the silicone elastomer was coated with 50 mg L' than
5 mg L' Ag NPs (Figure 4).

Measurements of LDH activity in culture media each day
(Figure 5B) reflected the morphological observations. The
controls showed low LDH leak until they were infected with
yeast cells on day 4. Similar, to the previous trials, few
fibroblasts from the AgNOs; coating treatments survived,
reflecting the largest LDH activity in the media in the first
24 h of exposure to the coatings. In contrast, the Ag NP
coating treatments showed reasonably steady LDH activity
in the media, even during the yeast challenge (Figure 5B).
LDH activity in the cell homogenates at the end of the
experiment (after attempts to wash off the yeast) are shown
(Table 1). All the silver treatments were lower than the con-
trol, but with no material-type effects for the form of silver
(ANOVA, p <0.05). Similar to the previous experiment, the
protein concentrations in the homogenates of cells from the
controls and Ag NP coating treatments remained normal
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FIGURE 6. Ethanol production by C. albicans measured in the external
media of fibroblast cultures inoculated with the yeast in the final 24 h
following fibroblast growth on silicone elastomer (control), sham
coated with Milli-Q water (control-MQ), and coated with Ag NPs or
AgNO;. Data are mean = SEM (n=4) measurements of ethanol from
separate dishes. On the x-axis, 5 and 50 refer to the mg L™" concen-
trations of silver metal used to coat the elastomer surface. Different
letters indicate statistical difference between treatments (one-way
ANOVA, p<0.05).

around 0.08-0.15 mg mL ™%, but the AgNO; coatings caused
some statistically significant protein depletion compared to
the other treatments (Table 1).

Extracellular ethanol produced by C. albicans was also
measured to investigate whether the yeast cells were capa-
ble of aerobic metabolism (i.e., no ethanol production) or if
they used fermentation to make ATP and therefore pro-
duced ethanol (Figure 6). The main findings were that etha-
nol production before incubating the plates (mean * SEM,
n=6) was about 0.07 +0.02 pmol mL™?%, and after 24 h
incubations with the yeast (n =4 plates) the ethanol pro-
duction was 43.2 = 25.02 pmol mL ™! in controls (uncoated
silicone elastomer). Both forms of Ag coatings resulted in a
statistically significant decrease in apparent ethanol produc-
tion to around 3.6 pmol mL™ ' or much less (ANOVA,
p<0.05), although there was no material-type effect
between Ag NPs and AgNOs3 as a coating (Figure 6).

DISCUSSION

This study demonstrates that medical grade silicone elasto-
mer coated with Ag NPs allows the growth to confluence of
normal, healthy, fibroblasts. The Ag NP coating is also anti-
fungal, delaying or preventing the proliferation of C. albi-
cans; and inhibiting ethanol production by the yeast. In
contrast, coatings made from AgNO3; were toxic to both
fibroblasts and yeast. Fibroblasts grown on uncoated sili-
cone elastomer as controls were not protected from fungal
infection. Overall, the results suggest that coating the sili-
cone elastomer material used for facial prostheses with Ag
NPs derived from a 50 mg L~ ! dispersion is biocompatible
and able to prevent clinically relevant fungal infection.

Composition and stability of Ag NP and AgNO3 coatings
on silicone elastomer

This study successfully coated silicone elastomer with either
Ag NPs or AgNO3 (Figure 1). The method of allowing gravi-
metrically settling of the silver, followed by oven drying, gave
a coating of each material on the silicone elastomer, although
the coverage was much more complete using 50 mg L'
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dispersions and solutions. The coatings were not washed off
by the various preparation steps prior to SEM analysis, sug-
gesting they were reasonably attached to the surface. The
absence of detectable total Ag in the cell culture media from
the Ag NP coatings at least, also supports good adherence of
the particles to the silicone. Interestingly, when the surface
was coated with AgNO3, the sterilization procedure using PBS
may have played a vital role in attaching the Ag to the surface
of silicone elastomer. The PBS contained around 140 mmol
L~ of chloride ions. In high ionic strength solutions that con-
tain millimolar amounts of chloride, Ag ions will rapidly form
insoluble AgCL3* In the presence of PBS, particles of insoluble
AgCl appear to have formed on the surface of silicone elasto-
mer (Figure 1). The EDS analysis showed that the material
was rich in both Ag and Cl (Figure 1). It may also be possible
that during the formation of AgCl, the crystals became
annealed to the surface of the silicone elastomer. However,
some total Ag was detected in the culture media during the
experiments to grow fibroblasts. This observation suggests
that either intact particles of the amorphous AgCl detached
from the coating surface during the cell culture, or that silver
(form unknown) was accumulated (see below) and then
excreted by the cells into the culture media. It is also possible
that the culture media contained some debris from dead fibro-
blast cells that had some associated Ag from the coating in/on
their membrane fragments, or that the necessary daily changes
of the culture media itself caused damage to the coating. The
latter seems unlikely. Further research is needed to explore
the possibility that fibroblasts might mobilize Ag from AgCl
precipitates on the silicone elastomer, and the forms (soluble
or particulate) of the Ag involved.

Accumulation and toxicity of silver to fibroblasts by
direct addition to the culture media

The first experiment provided a bench mark and demon-
strated, as expected, that additions of mg L' concentrations
of AgNOs to the culture media are toxic to fibroblasts as mea-
sured by loss of morphology and leak of LDH activity to the
external media (Figure 3). In the high ionic strength culture
media, the silver speciation will be mainly insoluble AgCl (dis-
cussed above). However, AgCl is also toxic to fibroblasts. Con-
treras et al. demonstrated 100% mortality of human gingival
fibroblasts cells exposed to nominal concentrations of 0.5
mmol L™ AgCl over 24 h®® (similar to the 50 mg L™! here,
equivalent 0.34 mmol L™* over 24 h in this study).

In contrast, additions of Ag in the form of Ag NPs were
less toxic than the equivalent nominal concentration of
AgNOg3; with the cells exposed to Ag NPs showing normal
morphology and limited leak of LDH activity. Arora et al.
report a concentration for 50% viability (ICso) for primary
fibroblasts grown in DMEM for 24 h of 61 mg L' for Ag
NPs.2® The cultured cell lines used in this study are slightly
hardier. Panacek et al. also found limited effects of using
30 mg L~ Ag NPs against human fibroblast cells.>” None-
theless, the difference in toxicity between AgNO3; and Ag NP
additions to culture media has been reported previously for
mammalian cells®?; with the nanoform being generally less
hazardous.



Accumulation and toxicity of silver-coated silicone
elastomer to fibroblasts

In comparison with the first experiment where Ag was
added to the culture media for 24 h, exposure of fibroblasts
to Ag as a coating for 72 h produced generally less apparent
Ag accumulation by the cells, as measured by the total Ag
in the cell homogenates at the end of the experiments. This
suggests that the Ag, regardless of whether it was originally
as AgNO;3 or Ag NPs, is less bioavailable as a coating. None-
theless, similar to direct additions to the media, the AgNO3
coating resulted in mortality of the fibroblasts; with up to
around 2 mg L™ of total silver in/on the remaining washed
cells (Table 1). In contrast, cells exposed to the Ag NP coat-
ings survived, and at the highest Ag concentration had less
Ag in the cell homogenates compared to the equivalent
AgNO3 coating treatment (Table 1).

It is unclear how Ag as a coating may become bioavail-
able to fibroblast cells, and was not the purpose of the cur-
rent experiments. The possibilities include the uptake of
dissolved Ag species from the coating at the elastomer-cell
interface, or the uptake of intact particles from the coating
directly. Understanding the former would require some
detailed investigations of the chemistry in the microenviron-
ment between the elastomer and cell membrane. However,
Besinis et al. found that AgNO3 rapidly forms AgCl crystals in
saline, and dialysis experiments estimated a maximum
release rate of dissolved Ag of 0.17 pug min~ *3° Over 72 h
there may therefore be sufficient dissolution of dissolved Ag
species directly at the cell membrane. In contrast, the disso-
lution of the same Ag NPs as used in this study was much
lower (0.058 pg min 1).3% It is also theoretically possible
that fibroblasts may erode or detach Ag particles directly
from the coating, although how this might occur from appar-
ently robust coatings is unclear. Arora et al. suggest that cul-
tures of primary fibroblasts can internalize particles from Ag
NPs exposures when the particles are added directly to the
culture media,*® although the composition of the apparently
internalized particles were not confirmed by EDS.

Effect of silver exposures on electrolyte concentrations
in cell homogenates
Ionic silver is well known for its ability to inhibit Na*, K-
ATPase activity®® and compete with Na* ions for uptake
through sodium channels.>® Ag additions directly to the cul-
ture media caused the loss of either Na* and/or K* from
the cells (Table 1). This is most easily explained by electro-
lyte leak through increased permeability of the cell mem-
brane and may involve the free Ag ion toxicity to the cells.>!
However, when the cells were exposed to Ag NP- or AgNOs-
coated silicone elastomer they showed no K* depletion
(Table 1); implying insufficient bioavailable Ag was released
from the coating to block the Na™ pump. However, the
AgNO;3 coating, unlike the Ag NP coating also showed an
increase of homogenate Na™® concentration, implying some
additional diffusional influx of Na™ down the electrochemi-
cal gradient (inward membrane leak).

Following inoculation with C. albicans, the electrolyte
composition of the fibroblast showed a slightly different
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response; with increased K™ but not Na' for the Ag NP
coating treatment compared to controls, and vice versa for
the AgNO; coating treatment (elevated Na®, but not K,
Table 1). This data following the yeast inoculations is diffi-
cult to interpret as electrolytes from fragments of the yeast
cells cannot be excluded (although the plates were carefully
washed); and because C. albicans has some unusual features
to its salt regulation. For example, the Na*/H™ exchanger in
C. albicans is not as specific as in higher organisms, and
may also transport K*.***! Nonetheless, Ag NPs are sug-
gested to increase the cell permeability in C. albicans****
and therefore could alter the apparent electrolyte content of
cellular material remaining in the culture dishes.

Antifungal properties of silver nanoparticles and
ethanol production by C. albicans

Fibroblasts grown on the Ag-NP-coated silicone elastomer
survived the yeast challenge, because the proliferation of C.
albicans was prevented (Figure 4). In contrast, the AgNO3
coating was toxic to both fibroblasts and yeast cells. The
toxicity of AgNOs to the yeast cells could be explained by
some free ion toxicity from Ag that leached in the media
from the coating. The minimum inhibitory concentration
(MIC value) to prevent biofilm growth of C. albicans within
5 h is around 1.2 mmol L™! (129 mg L™ ) for dissolved sil-
ver.** The measured total silver concentrations in the media
for the AgNO; coatings was around 10 mg L™ %; and over
several days would give a dose exceeding the MIC estimate
for C. albicans above. Therefore, the silver concentration in
the media derived from the AgNO;3 coatings would be suffi-
cient to Kill the yeast in the current experiment. However,
the antifungal effect of Ag NPs has received much less atten-
tion. Monteiro et al. showed that Ag NPs added to the media
exhibit fungicidal activity against C. albicans growth at 0.4-
3.3 mg L~ ! Ag NPs after 48 h.?° This indicates that C. albi-
cans is at least sensitive to Ag NP additions to the external
media. In this study, Ag NP coatings were used instead, but
also showed fungicidal activity. The hyphae of C. albicans
may have penetrated through the fibroblast layer to have
direct contact toxicity with the Ag NP coating, or the coating
may simply prevent the attachment of the yeast to the fibro-
blast culture.

Furthermore, both types of silver coatings decreased
ethanol production by C. albicans (Figure 6). Yeast use aero-
bic metabolism and can switch to anaerobic fermentation in
less favorable conditions; but would normally produce mea-
surable quantities of ethanol during a growth phase.*” The
loss of ethanol production due to exposure to either Ag NP
or AgNO3 coatings could have several explanations: (1) the
yeast are not growing and therefore there are less cells to
produce ethanol, (2) the yeast cells are growing normally
but favor aerobic metabolism and therefore decrease etha-
nol production, or (3) the yeasts are quiescent and are not
able to ferment to alcohol. Ag NP interference with the etha-
nol assay (false negatives) is excluded at the concentrations
used in this experiment (data not shown). The former
seems a likely explanation as fewer yeast cells were present
in both Ag treatments, but some inhibition of fermentation
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by Ag is also possible. Low ethanol production is associated
with mitochondrial dysfunction during Ag exposure.*® How-
ever, even with normal mitochondria, ethanol production
can be inhibited when C. albicans are growing at low pH.*
After 24 h incubation with silicone elastomer coated with
Ag NPs, the media had a pH of about 6; suggesting some
metabolic acidic production by the yeast (i.e., lactic acid),
but not fermentation all the way to alcohol. Moreover, in
yeasts, acetaldehyde is fermented to ethanol using alcohol
dehydrogenase,”” and interference of Ag NPs or Ag ions
with this enzyme cannot be excluded. Clearly, further work
is needed to investigate the inhibition of ethanol production
by Ag NPs.

CONCLUSION

This study demonstrates that Ag NP-coated silicone elasto-
mer has antifungal activity without appreciable adverse
effects on human dermal fibroblast cells in vitro. The cur-
rent experiments used high doses of the yeast to challenge
the fibroblast cultures (10° yeast cells mL~ "), and yet the
nanocoatings were very effective in preventing growth of
the infection. In clinical situations Candida infection occur at
lower doses, suggesting that the current coating would be
very effective indeed. In this study, the coatings were pre-
pared gravimetrically, and the Ag NP coatings did not leach
appreciable silver over a maximum of 96 h. From the per-
spective of the chemical safety aspects of regulatory appro-
vals for medical devices, achieving a new prosthetic
material coated with Ag NPs without the need for additional
chemicals (adhesive, solvents, etc.) is highly desirable. The
Ag NP coatings were not eroded with the short duration
and experimental conditions here, but longer in vitro studies
are needed to confirm durability of the nanocoatings; and
whether or not the antifungal properties remain. There
were no color changes that would cause an aesthetic con-
cern to the patient with the nanocoatings here. However,
one limitation is that surface nanocoatings can be scratched,
and a next step would be to properly incorporate the Ag
NPs within the matrix of the elastomer during the prepara-
tion of the silicone material. This would also require studies
of the mechanical properties of the prosthesis to ensure the
silicone elastomer is not hardened or altered in a way that
would be uncomfortable to the patient.
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