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Abstract

Implanted devices are prone to bacterial infections, which can result in implant loosening
and device failure. Mitigating these infections is important to both implant stability and
patient health. The development of antibacterial implant coatings can decrease the
presence of bacterial colonies, reducing the risk for bacterial-dependent implant failure.
Here, we show that electrospun polycaprolactone (PCL) fibers doped with silver
nanoparticles (NPs) from a silver nitrate precursor have the potential to decrease the
prevalence of Streptococcus pneumoniae (S. pneumoniae) while supporting osteoblast
attachment and proliferation. An air plasma reduction method of PCL electrospun fibers
was used to prepare fibers doped with silver NPs. Fibers were characterized using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for
qualitative evaluation of NP distribution and quantitative analysis of fiber diameters.
Antibacterial testing against S. pneumonia was performed with successful inhibition
observed after 24 hours of exposure. In vitro testing was completed using Saos-2 cells
and suggests that the negative surface charge has the potential to increase mammalian
cell viability even in the presence of fibers containing NPs. In conclusion, this study
describes a novel method to produce a bioresorbable implant coating with the ability to
reduce bacterial infections surrounding the implant surface while remaining
biocompatible to the host.
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Introduction

Over 4.4 million Americans have at least one internal fixation device (i.e. dental or
orthopedic implant)[1]. The short-term success of these implants relies on bone-implant
osseointegration: the structural and functional connection of bone to the implant
surface[2].

However, long-term implant success also relies on the host’s immune system – if a patient
develops a bacterial infection surrounding the implant site, they can face hospitalization,
or implant loosening [1]. Colonization of Staphylococci and other bacteria can result in
both a harmful infection and a decrease in implant longevity[3]. Traditional techniques
used to combat post-operational infections at implant surfaces, such as antibiotic
prophylaxis have demonstrated limited success[1]. The notion of eliminating bacterial
infections at the source, using nanotechnology instead of large doses of antibiotics could
be more beneficial to both the patient’s health and implant longevity [1,4].

Silver nanoparticles (NPs) are well characterized antimicrobial agents, which have been
shown to successfully inhibit gram-positive and gram-negative bacterial colonies[5]. The
complete mechanism for silver NP antimicrobial activity is still debated; however, it is
understood that the small particles can penetrate the bacterial membrane[6,7]. Once silver
NPs have entered the cell, they can interact with various organelles and intracellular fluid
can leak from the holes created by the NPs in the cell membrane. Additionally, the silver
oxidizes upon entry to Ag+ ions that can to bind to bacterial DNA. The resulting
conformational changes lead to the corruption of protein structure and ultimately cell
death[7,8]. The success of silver NPs as antimicrobial agents has the potential to decrease
the rate of bacterial infection at the bone-implant interface.

A commonly proposed method to deliver silver NPs to an individual is to utilize an
antimicrobial scaffold [9–14]. Polycaprolactone (PCL) has been demonstrated to be both
biologically compatible and acceptable for human implantation which gives it numerous
potential biomedical applications [15–17]. Electrospinning is a popular method used to
create three-dimensional porous scaffolds that can mimic extracellular matrices (ECMs)
due to their similar topology and morphology [18]. In addition, electrospun nanofibers can
be functionalized such that they can deliver site-specific drugs, or biocompatible agents
[19]. For instance, hydroxyapatite has been electrospun with biocompatible polymers such
as PCL and polyvinyl alcohol to improve osteoblast cell adhesion [20]. Drugs, including
coagulants can also be electrospun with polymers such that site specific delivery can
occur [21]. Electrospinning of PCL has become a popular method to create scaffolds that
can assist in tissue regeneration, wound healing, and drug delivery [17]. This method has
also been seamlessly adapted for the coating of titanium implants, with different alloyed



compositions, to improve osseointegration [22–24].Cellular recognition and viability on
titanium implant surfaces has increased with PCL coatings [22–24]. Meanwhile, blended
PCL coatings have also demonstrated an increase of bioactive properties of titanium
implants through cell viability assays [20].

Silver NPs have been successfully incorporated onto PCL nanofibers either by surface
functionalization or pre-loading (the addition of silver NPs prior to electrospinning) and
have demonstrated antimicrobial success [10,11]. However, these methods require an
additional step to produce silver NPs for incorporation or attachment. Direct incorporation
of a silver nitrate solution during electrospinning, and one-step conversion to silver NPs is
a simpler approach that could be achieved using plasma treatment of as-spun fibers.
Argon plasma treatment has demonstrated NP formation on chitosan fibers [25], yet
simpler air plasma treatment has yet to be utilized to form silver NPs on PCL fibers. An
advantage to this method of NP formation is the decrease in fiber diameter observed,
allowing production of fibers that more closely mimic the native ECM while displaying
antibacterial properties. This study discusses the fabrication and characterization of PCL
electrospun nanofibers with air plasma treated silver NPs. The fiber fabrication method
has been optimized by varying the quantity of the NP precursor (AgNO3) and varying
plasma treatment times. The morphology, antimicrobial activity, and cytocompatibility of
these  fibers were subsequently evaluated.

Materials and Methods

PCL Solution Preparation
8 wt%, 9 wt%, and 12 wt% PCL (MW 80 000, Sigma Aldrich, St. Louis, MO) solutions
were prepared using acetone (Sigma Aldrich, HPLC 99.9%, St. Louis, MO) as the
solvent.  The solutions were heated to 40°C and mixed until fully dissolved.

Electrospinning Optimization
A syringe pump (Harvard Apparatus, QC, Canada), voltage supply (Spellman, Valhalla,
NY), and collector were used to create a closed grounded circuit. The PCL solution was
ejected from a 1 mL plastic syringe (BD Syringes, USA) equipped with a 22G needle tip
at various flow rates, tip to collector distances (TCDs), voltages, and solution
concentrations until conditions were optimized (Figure S1). The tested conditions
included TCDs that from 7 to 17.5 cm, voltages from 10 to 20 kV, and solution
concentrations from 8 to 12 wt% PCL. The optimized conditions were flow rate of 0.1
mL/min at a TDC of 9
cm, a voltage of 19 kV, and a solution concentration of 12 wt% PCL. These conditions
were used in all reported experiments.

Fabrication of PCL/Silver NP Scaffolds
PCL was dissolved in acetone at 12 wt%, as described above, and silver nitrate (Sigma



Aldrich, St. Louis, MO) was added in varying amounts (1, 2.5, 5, and 10 wt% relative to
PCL mass) to the solutions. Scaffolds were electrospun using the optimized conditions
onto the appropriate material for subsequent testing described below. The scaffolds were
air plasma treated using a PDC001 Expanded Plasma Cleaner (Harrick Plasma, Ithaca,
NY) at an air flow rate of 600 sccm for 1, 5, 10, and 30 minutes to reduce the AgNO3 and
create surface immobilized silver NPs [25]. Fibers were then rinsed with water for 15
minutes and air-dried. Plasma treatment times of 1 to 30 min are abbreviated in the text as
PT 1, PT  5, PT 10, PT 30.

Fiber Surface Treatment
Prior to antimicrobial and in vitro testing, fibers were immersed with 0.1 M NaOH
solution for 24 hours to increase the surface wettability and induce a negative surface
charge[26]to enhance cell growth. After NaOH submersion, fibers were rinsed with
Milli-Q water twice.

Characterization
Fibers were imaged using scanning electron microscopy (SEM) on a JEOL 7000F (JEOL
Canada, Ltd., Montreal, QC) with an acceleration voltage of 2.5 kV. Prior to imaging,
samples were sputter coated with carbon for 30 seconds to improve conductivity. A 12
wt% PCL solution containing 2.5wt% AgNO3 was electrospun directly onto 500 mesh
spacing uncoated TEM grids for five seconds. Fibers were subsequently air plasma treated
for 10 minutes. Fibers were imaged using the JEOL 1200 TEMSCAN (JEOL Canada,
Ltd., Montreal, QC) with an acceleration voltage of 80kV. Energy dispersive X-ray
spectroscopy  (EDS) was completed in the TEM to further confirm the presence of Ag.

Fiber Analysis
SEM images were analyzed using ImageJ software (National Institutes of Health)[27] to
calculate average fiber diameter. All statistical analysis was performed using R (R Core
Team, New Zealand). Statistical analysis was performed using a two-way ANOVA at a
significance of α = 0.05 which was followed by a Tukey’s honestly significant difference
(HSD) test. SEM images of approximately 100 µm2 area of the 5 wt% AgNO3 fiber using
ImageJ software (National Institutes of Health) [27] to determine the percent surface area
coverage of Ag and PCL, to provide an estimate of electrospun fiber composition, as this
fiber composition is used for biocompatibility testing.

Antimicrobial Testing
12 wt% PCL solutions containing 5wt% silver nitrate were electrospun directly onto the
collector plate. The fibrous meshes were removed, and samples were air plasma treated
for 0 or 5 minutes. A subset of the fibers were also rinsed with NaOH for 24 hours and
subsequently rinsed twice with water. A control PCL solution was electrospun directly
onto the collector plate and not air plasma treated. The meshes were imaged in
cross-section in the SEM and the thickness was determined to be 660± 30.0 µm (images
not shown). The meshes were cut into 1 x 2 cm rectangles and subsequently UV



sterilized (wavelength 254 nm) for 15 minutes on each side as previously
described[28].The area of inhibition was measured using ImageJ software (National
Institutes of Health) [27].All statistical analysis was performed using R (R Core Team,
New Zealand). Statistical analysis was performed using a one-way ANOVA at a
significance of α = 0.05 which was followed by a Tukey’s HSD test. An in vitro
antimicrobial activity analysis was completed on the scaffolds using wild type
Streptococcus pneumoniae (S. pneumoniae) (ATCC®, USA). The bacteria were cultured in
LB broth that was prepared by mixing 25 g of LB powder (EMD Millipore, USA) and
purified water to a final volume of 1L. This solution was subsequently autoclaved on a
liquid cycle at 121°C. To culture the S. pneumoniae, a 1 mL cryovial of bacteria was
thawed at room temperature and added to 4 mL of LB broth. The 5 mL bacterial
suspension was then incubated at 37°C until the S. pneumoniae reached an optical density
(OD600) of 0.5 as measured at a wavelength of 600 nm. Bacterial stock and a 4-fold
dilution solution were plated and fibrous meshes were placed on top and incubated at
37°C for 24 hours. Bacterial plates were imaged using a Nikon camera and radiuses of
inhibition were  assessed.

Live/Dead Staining
Saos-2, osteosarcoma, cells (ATCC®, USA) were grown as described in previous work
[29]. Cells were seeded at 10,000 cells/cm2 and grown for 24hrs on the following coatings
on 15 mm diameter Ti disks: PCL only, 5 wt% AgNO3 PT 5, and 5 wt% AgNO3 PT 5 plus
1 day NaOH rinse. Prior to cell testing, the exposed fibers were UV sterilized (wavelength
254 nm) for 20 minutes. The cell viability of Saos-2 cells on the samples was assessed
after 24 hours of growth using a Live/Dead kit (Molecular Probes, Oregon, USA), where
the final concentration of the live and dead dye solution was, 2 µM calcein and 4 µM
ethidium homodimer-1, respectively. The cell media was removed from the wells and 250
µL dye solution was added and incubated for 30 minutes. Samples were imaged using a
fluorescence microscope (Nikon-Eclipse LV100N POL, equipped with a 10⋅ objective and
a Retiga 2000R CCD monochromatic camera (QImaging, Surrey, BC, Canada), and NIS
Elements software (Nikon, Ottawa, Canada).

Fluorescence live/dead images were overlaid after the imaging process. The percent of
live versus dead cells over approximately 0.4 cm2 area was completed using the particle
analyzer after applying a colour threshold in ImageJ software (National Institutes of
Health)[27].All statistical analysis was performed using R (R Core Team, New Zealand).
Statistical analysis was performed using a two-way ANOVA at a significance of α = 0.05
which was followed by a Tukey’s HSD test.

Results

Fiber Fabrication and Characterization
In order to create a functional implant coating, the fabrication process was optimized to
generate continuous PCL fibers. Continuous fibers were not observed with 8 – 10 wt%



PCL solutions, as significant spraying was visible (Figure S1). PCL solutions of 12 wt%
had a visible Taylor cone and were further optimized. Optimal electrospinning conditions
were determined to be a 12 wt% PCL solution in acetone, electrospun at 19 kV, at a TCD
of 9 cm and a flow rate of 0.1 mL/min.

To successfully incorporate silver NPs into the scaffolds a NP precursor, silver nitrate,
was added to the PCL/acetone solution prior to electrospinning. The addition of the
precursor at various wt% compositions changed the properties of the PCL/acetone
solution prior to electrospinning; however, no differences in fiber morphology were
observed. To reduce the NP precursor to elemental silver, fibers were subjected to air
plasma treatment for 1, 5, 10, or 30 minutes. SEM images confirm that continuous fibers
were observed with air plasma treatment times of 1, 5 and 10 minutes (Figure 1). Images
show that the fibers maintained structural integrity during the air plasma treatment at short
time periods.  However, after 30 minutes of treatment fibers were completely etched.

Fiber diameters were measured to determine if both precursor addition and subsequent air
plasma treatment caused changes in the diameter (Figure 1E). As expected, there was a
statistically significant reduction in fiber diameter with all increasing air plasma treatment
times against the control PCL 0 wt% AgNO3 fibers (p < 0.05). Interestingly, for the 1
wt%, 2.5 wt% and 5 wt% fibers, there was a significant reduction of fiber diameter when
comparing those air plasma treated for 1 minute compared to both 5 and 10 minutes (p <
0.05). There was no significant difference found between the 5 and 10 minute air plasma
treatment of these groups (p < 0.05). No significant reduction in fiber diameter was
observed with increasing air plasma treatment of the 10 wt% preloaded group, indicating
that increasing the amount of AgNO3 added to the solution limits the diameter reduction.
Moreover, the diameter reduction of the 0 wt % and 1 wt% groups appear to decrease in
diameter linearly. In the other groups, this trend is not observed, further suggesting a
reinforcement effect from the preloaded AgNO3 and subsequent AgNPs.



Figure 1.SEM images of continuous PCL fibers with various plasma treatment times. (A)
PCL only control with no AgNO3or plasma treatment. PCL nanofibers loaded with 5wt%
AgNO3 and plasma treatments of (B) 1, (C) 5 and (D) 10 minutes. Fibers were
electrospun in a thin layer for more accurate diameter measurements. Thicker mats were
obtained with longer electrospinning times. All images were taken at the same
magnification. (E) Measured fiber diameters for scaffolds composed of PCL fibers loaded
with various amounts of silver nitrate (0, 1, 2.5, 5, and 10 wt% AgNO3) and with
different plasma treatment times (1, 5, and 10 minutes). A clear trend of decreasing fiber
diameter with increasing plasma treatment time is present in all but the 10 wt% AgNO3

fibers. PT = plasma treatment time, error bars represent standard deviations, n = 50.

The addition of the silver nanoparticle precursor and subsequent air plasma treatment
produced nanoparticles visible on the surface of the scaffolds (Figure 2). A high and



uniform density of Ag NP aggregates were observed along the fiber surfaces. EDS spectra
confirmed the presence of Ag in the sample (Figure S2). TEM images suggest that the
nucleated NPs are on average 7 ± 4 nm in diameter after 10 minutes of air plasma
treatment. Fiber edges appear to be damaged at higher magnification; however, it is
unclear if this is a result of air plasma treatment or TEM beam damage. Surface analysis
of the 5 wt% AgNO3 fibers demonstrated that the final electrospun fiber is comprised of
approximately 7.7 ± 0.06 % Ag. Quantification of the composition was completed using
SEM images, and therefore the NPs revealed in the TEM images were not accounted for.
Therefore, the estimate of the final fiber composition is slightly lower than the actual
composition.



Figure 2. Silver nanoparticle characterization. SEM images of PCL fibers containing
5wt% AgNO3and air plasma treated for (A) 5 minutes, where in lower magnifications Ag
aggregates are not visible, but the higher magnification inset shows uniform Ag
aggregates distributed across the isolated fibers, representative of most fibers. Higher
magnification images of PCL fibers containing 5wt% AgNO3and air plasma treated
for(B) 1 and (C) 5 mins show silver NP aggregates on the fiber surfaces. Aggregates
and smaller NPs are present on the fiber surface when observed by (C) TEM of PCL
fibers  containing 2.5 wt% AgNO3and air plasma treated for 10 mins.

Fibers rinsed with 0.1 M NaOH for 24 hours exhibited randomly distributed, irregular



features across the surface which were identified using SEM (Figure 3). Fibers seem to
merge together, making the surface appear to be rougher in some areas, which can be
attributed to alkaline degradation of PCL [30,31]. This change in morphology appears to
make the fibers inhomogeneous overall, which can also increase cellular attachment to the
scaffold surface.

Figure 3. Impact of NaOH wash on fiber morphology. SEM images of mats of thick PCL
(A) control fibers and (B) 5 wt% AgNO3 PT 5 treated with 0.1 M NaOH for 1 day to (C,
D) 5 wt% AgNO3 PT 5 fibers treated for 1 day with 0.1 M NaOH at a lower
magnification to demonstrate the many areas with changes in morphology, with evident
features denoted by the white arrow.

Antibacterial Testing
The fibers were further investigated for their antimicrobial properties against S.
pneumoniae. Fiber mats were placed directly onto S. pneumoniae colonies and incubated
for 24 hours to determine if colonies could establish while in contact with the fibers
(Figure 4). The area of inhibition was calculated to determine the antimicrobial capacity
of the
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fibers. S. pneumoniae grew effectively while in contact with the control PCL fibers as no
inhibition was observed. However, S. pneumoniae growth was inhibited upon contact with
the 5wt% AgNO3 PT 5 fibers, suggesting the nucleated NPs within the electrospun mats
inhibited the S. pneumoniae, confirming the antimicrobial properties of the meshes
(average effective area 2.1 ± 0.2 cm2). To determine if the NaOH rinse decreased the
efficacy of the antibacterial coating, 5 wt% AgNO3 PT 5 fibers immersed in NaOH for 24
hours were also tested. These fibers had an average effective inhibition area of 1.8 ±
0.1cm2, which is comparable to the areas of inhibition for the 5wt% AgNO3 PT 5 fibers (p
< 0.05) without NaOH wash This shows that degradation of the PCL surface induced by
the NaOH immersion did not increase the likelihood of bacterial colony formation or
attachment. Therefore, the fibers are effective at inhibiting the growth of S. pneumoniae
on  contact irrespective of NaOH wash.

Figure 4. Culture plates showing the growth and inhibition of S. pneumoniae after 24
hours of interaction with the various fibers. (A) Control PCL fibers showed no inhibition;
(B) 5 wt% AgNO3 fibers with no PT (C) 5 wt% AgNO3 PT 5 fibers and (D) 5 wt%
AgNO3 PT 5 fibers rinsed with NaOH for 24 hours. (E) Average areas of inhibition, error
bars represent one standard deviation. 5 wt% AgNO3 fibers with no PT had a
significantly larger area of inhibition than all other tested fibers (p < 0.05). The 5 wt%



AgNO3 PT 5 fibers and 5 wt% AgNO3 PT 5 fibers rinsed with NaOH fibers had similar
areas of inhibition (p < 0.05).

Live/Dead Staining
The Saos-2 cells were characterized using a Live/Dead stain and fluorescence microscopy,
where live and dead cells appear green and red, respectively (Figure 5). The PCL fibers
had mostly live cells on the surface, indicated by the stretched morphology of the green
cells. In contrast, the 5 wt% AgNO3 PT 5 fibers showed no live cells, and red cells
appeared to have a spherical morphology, further indicating death. The NaOH rinsed 5
wt% AgNO3 PT 5 surfaces had regions where very healthy live cells were present (Figure
6C) and regions where dead cells appeared (Figure 5D). The percent of live and dead cells
were calculated over an approximately 0.4 cm2 area (Figure 6) for each fiber treatment
condition as well. It is clear that the Saos-2 cells best adhered to the control PCL fibres,
as the average percent live cells was 80.6% ± 6.2%, and significantly less cells adhered to
the 5 wt% AgNO3 fibers as they only had 40.7% ± 12% live cells. The NaOH rinsed
fibers had an average percent live cells in-between the range of both the PCL and 5 wt%
AgNO3 fibers, being 61.1% ± 20.4%. Interestingly, the NaOH rinsed fibers had
significantly less percent live cells than the PCL (p < 0.05), however, had significantly
more live cells (p < 0.05) than the 5 wt% Ag NO3 fibers. The large standard deviation
observed in the NaOH percent live cells is expected, as in fluorescence microscopy
images, the fibers appeared to have some areas with many live cells and others that were
more barren.



Figure 5. Live/Dead images of Saos-2 cells cultured on control and treated fibers for 24
hours, where green and red represents live and dead cells, respectively. (a) control PCL
fibers (b) 5 wt% AgNO3 PT 5 fibers and (c, d) 5 wt% AgNO3 PT 5 fibers previously
rinsed with NaOH for 1 day. Areas of the NaOH rinsed fibers appear to have growth
similar to the control, while other areas have low growth.

Figure 6. Percent live and dead Saos-2 cells based on live/dead images of cells cultured
on PCL control 5 wt% AgNO3, and NaOH rinsed 5 wt% AgNO3 fibers. The amount of
live cells is significantly different for each fiber treatment (p < 0.05).

Discussion

Fiber and Ag NP Fabrication
Electrospun scaffolds for tissue regeneration applications attempt to mimic the native
tissue ECM. As the native bone ECM (the collagen matrix) is on the nano-length scale
[32], efforts were placed on reducing the fiber diameter of the PCL scaffold materials
produced in this work. Smaller electrospun fibers have been speculated to be related to
solvent selection, whereby the use of more harmful solvents tends to result in the
decrease in fiber diameter [17,33]. However, we achieved the complete dissolution of
PCL in acetone, a less harmful alternative to other organic solvents. While larger
diameter fibers are associated with such a solvent, trace amounts of the solution solvent
may be found in subsequently fabricated fibrous meshes, thus the use of a more harmful
solvent could cause adverse effects. Although the electrospun fibers initially produced in
our work showed fiber diameters of approximately 1.5 µm, potentially because acetone
was the solvent, we applied two methods to further decrease the fiber diameter of our
final PCL electrospun  meshes.

First, we preloaded the solutions with varying wt% (1, 2.5, 5, and 10) of AgNO3 prior to
electrospinning, which was thought to contribute to fiber diameter reduction, as the
addition of biosynthesized silver NPs to PCL solutions previously achieved nano-sized



PCL fibers [10]. However, such pre-loading effects were not seen with our PCL/AgNO3

fibers, as fiber diameters remained statistically similar (Figure 1E).

Secondly, we employed air plasma treatment to decrease fiber diameter while
simultaneously reducing the preloaded AgNO3 to Ag NPs. Fiber diameters were impacted
by air plasma treatment as increasing plasma treatment time from 1 to 10 minutes for all
of the PCL/AgNO3 fibers resulted in a statistically significant decrease in fiber diameter
(p < 0.05). Fiber diameters were significantly reduced by plasma treatment because
highly energetic ions in air plasma can break carbon-carbon bonds in the polymer and
produce small volatile organic fragments, resulting in etching of the fiber [34]. The
reduction seems to be limited though, as there was no significant difference between
those that were air plasma treated for 5 and 10 minutes for the PCL/AgNO3 fibers.
Additionally, the diameter of the PCL fibers lacking any AgNO3 significantly decreased
with all increasing air plasma treatment times (1, 5 and 10 minutes; p < 0.05). These
observations suggest that the addition of the AgNO3 slows the etching effect of the air
plasma treatment, and perhaps AgNO3 even reinforces polymer integrity, as no significant
diameter decrease was observed among any of the plasma treatment times for the 10 wt%
groups. However, with 10 wt% AgNO3, 30 minutes of air plasma treatment completely
etched the fibers.

In previous works, various plasma gases including ArO2 have been utilized to reduce
silver on thin films and electrospun nanofibers [25,35] and etch polymeric fibers [25].
This study demonstrates the effectiveness of air plasma, which is arguably a more
efficient method for silver reduction than a pure gas system. Air plasma is effective at
this reduction because the ions present lead to the reduction of silver. Reduction of
AgNO3 was observed by Annur et al. after ArO2 plasma treatment of AgNO3 containing
electrospun chitosan fibers through the use of X-ray photoelectron spectroscopy (XPS)
analysis[25]. In our work, the formation of Ag NPs using air plasma treatment was
confirmed via TEM imaging (Figure 2), where NPs were on average 7 ± 4 nm in
diameter. Similarly to our study, Annur et al. also observed a decrease in fiber diameter as
a function of plasma treatment time; however, significant fiber diameter losses were also
noted with increasing preloading of AgNO3[25]. Meanwhile, the loss of PCL mass in this
work was most likely due to the formation of small volatile organic molecules due to the
breaking of C-C bonds in the polymer by the  oxygen or nitrogen reactive ions.

Surface Treatments
The aforementioned antimicrobial properties of Ag NPs are ultimately favourable for the
elimination of bacterial colonies, however Ag NPs have also been demonstrated to be
toxic to mammalian cultures[36].In this work, we employed two surface modification
techniques to increase the wettability, alter the surface chemistry, and modify the fibre
morphology to increase the biocompatibility of the fibres, despite the presence of Ag
NPs. The surface was first modified with air plasma treatment, which both reduced the
AgNO3 precursor to NPs and etched the fibre surface. Plasma treatment from a variety of
sources, including ArO2, N2+H2, and NH3+O2 is known to both etch PCL surfaces



resulting in a decrease of C and an increase of O and N containing surface groups such as
amines, alcohols and carboxylic acids [37]. This ultimately leads to the increased
wettability of surfaces, which  in turns has the potential to increase cellular attachment.

Fibers were subsequently subjected to a 0.1 M NaOH rinse for 24 hours. NaOH has
shown to also increase the wettability of PCL as it can hydrolyze the ester bonds in PCL,
creating carboxyl groups on the surface [26]. Interestingly, unlike other works that have
experimented with shorter NaOH submersion times at higher NaOH concentrations
[26,30], our SEM images show a morphology change of the fibres. It appears that the
NaOH rinse changed the fibre morphology to a more agglomerated structure in random
locations on the surface. The topographic changes due to this alkaline degradation is
suspected to also influence cellular attachment and proliferation on these surfaces. Fibers
subjected to NaOH rinses were tested against S. pneumoniae to determine if the rinse
decreased the efficacy of the Ag NPs, and their biocompatibility was assessed against
Saos 2 cells.

Antibacterial Properties
Smaller Ag NPs (i.e. < 10 nm), such as those generated through air plasma treatment, are
able to act as potent antimicrobial agents as they release silver ions, Ag+ with the
additional benefit that their small size can penetrate the cell membrane, contributing to
bacterial colony elimination [38]. The success of the surface immobilized Ag NPs against
S. pneumoniae was demonstrated as colonies were only established in a perimeter around
the silver doped nanofibres after 24 hours of incubation. Notably, areas of inhibition were
not statistically different when S. pneumoniae came into contact with nanofibers
regardless of whether or not the samples were NaOH rinsed (p < 0.05), demonstrating that
the NaOH rinse did not dissolve the AgNPs. Overall, these results suggest that the AgNP
containing electrospun meshes may be effective at inhibiting bacterial growth directly on
an implant surface. The non-plasma treated fibres containing only AgNO3 presented a
clear radius of inhibition, with a statistically significant larger area of inhibition when
compared to all other tested fibres (p < 0.05). This can be attributed to the fact that the
AgNO3 is not surface immobilized, allowing it to leach from the fibres and therefore have
a larger effective area. This ultimately suggests that the AgNO3 containing fibres have
exhibited a burst Ag+ release effect, meanwhile the Ag NP containing meshes have a slow
Ag+ release, which is  more optimal for long term implant materials.

Biocompatibility
A major concern when introducing Ag NPs or any Ag functionalized coating into
biomedical devices is the potential cytotoxicity it can introduce to host or mammalian
cells. The uptake of Ag NPs ranging from 10 nm – 100 nm in diameter by mammalian
cells such as red blood cells and lung cells can induce changes in cell morphology,
function, or even apoptosis with large doses[36]. Similar effects are seen with AgNO3

accumulation as well, but AgNO3 can also impact gene development in in vivo
models[39]. To mitigate these cytotoxic effects, the fibres were surface treated with air



plasma treatment, followed by an NaOH rinse, as described above. Fluorescence
microscopy and subsequent image analysis revealed that although the NaOH rinsed fibers
had significantly fewer (p < 0.05) live cells than the control, it still maintained
significantly (p < 0.05) more Saos-2 cellular attachment than the fibres containing the
NPs (the 5 wt% AgNO3 fibres). This suggests that although some cytotoxicity is
introduced via the addition of Ag NPs to the fibres, the NaOH recovers some of the
overall biocompatibility. One limitation to this assessment is that dead cells can be
washed away during sample preparation for fluorescence microscopy, making the number
of dead cells ultimately uncertain. Additionally, cellular function cannot be assessed
through live/dead assays, and therefore further in vitro or in vivo testing is needed to
fully evaluate the biocompatibility of the fibres. The bioresorbable nature of PCL,
enhanced by the air plasma treatment, presents challenges for assessing viability of
adherent cells over longer periods of time (up to one week) in cell media. Our attempts at
this testing showed rapid fibre degradation or detachment from the sample surface.
Evaluating the fibres in vivo in a confined zone between implant and bone would be the
most representative of the behaviour of the PCL as both an antibacterial, and
bioresorbable  osteconductive material.

Conclusion

In this work, electrospinning was employed to create continuous PCL fibers loaded with
AgNO3. The AgNO3 was then reduced using a simple one-step air plasma treatment to
create surface-immobilized AgNPs. Air plasma treatment was shown to significantly
reduce the fiber diameter of control PCL fibers, as well as that of the fibers preloaded with
1, 2.5 and 5 wt%AgNO3 when comparing times of 1 minute to 5 and 10 minutes. Ag NP
containing fibers demonstrated statistically similar antibacterial inhibition against S.
pneumoniae growth upon contact in comparison to NaOH rinsed Ag NP containing fibres,
suggesting the surface morphology and chemistry changes induced by the NaOH rinse did
not affect the antimicrobial properties of the fibres. Saos-2 cellular activity was more
prominent on Ag NP containing fibres rinsed with NaOH, however less than the control
PCL fibres, suggesting the NaOH rinse maintained the antibacterial properties of the
fibres, while recovering some biocompatibility properties. This study demonstrated the
effectiveness of air plasma treatment as a straightforward method to generate surface
immobilized Ag NPs through a one-step reduction reaction of AgNO3 for use in bone
engineering applications. Future work to determine the adhesion properties of the material
to standard implant substrates including titanium alloys would be of interest. Finally,
longer term in vitro or in vivo studies are needed to assess the sustained effects the
material  on biological tissues.
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