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ABSTRACT

Bioactive and antibacterial coatings on stainless steel substrates were developed and characterized in this
study. Silver nanocluster-silica composite coatings of 60-150 nm thickness were deposited using radio
frequency (RF) cosputtering on PEEK/bioactive glass (BG) layers (of 80-90 um thickness) which had been
electrophoretically deposited onto stainless steel. Two sputtering conditions were used by varying the
deposition time (15 and 40 min); the resulting microstructure, composition, adhesion strength, in
vitrobioactivity, and antibacterial activity were investigated. Scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and energy dispersive spectroscopy (EDX) confirmed the presence of silver
nanoclusters, which were homogeneously embedded in the silica matrix. The isoelectric point of the coatings
and their charge at physiological pH were determined by zeta potential measurements. The presence of BG
particles in the PEEK/BG layer allows the coatings to form apatite-like crystals upon immersion in simulated
body fluid (SBF). Moreover, silver nanoclusters embedded in the silica matrix as a top layer provided an

antibacterial effect against Escherichia coli and Staphylococcus carnosus.
KEYWORDS: antibacterial coatings, bioactive coatings, RF sputtering, silver, PEEK, bioactive glass,
electrophoretic deposition

INTRODUCTION

In orthopedic implants, most infections occur due to the growth of bacterial biofilms, which may lead to the
failure of the implant. It is imperative to resist the growth of biofilms because of their resistance to the
immune system and antibiotics. [1-5] Systemic drug administration is not always effective due to impaired
blood circulation at the site of injury and a relatively low concentration of drug at the desired site. Local
delivery of drugs, metallic ions, and biomolecules is considered an effective approach to treat infections
because local delivery systems maintain the high concentration of bioactive agent at the desired site.



Moreover, local drug delivery offers controlled release of drugs, which reduces the risk of toxicity.[1,6] A
widely investigated approach to avoid infections at the site of injury involves impregnating the implant with
antibiotics prior to implantation.[2] This approach is certainly useful, yet a key challenge exists to develop
orthopedic implants that can exert a long-term antibacterial effect in order to prevent late infections.[1,7-9]
Furthermore, the widespread use of antibiotics has led to the development of antibacterial resistant bacterial
strains, which have recently been indicated as a “global threat”; therefore, there is a pressing need for
investigating alternative strategies to treat bacterial infections.[1,4,6,10] Silver exhibits antibacterial activity
at low concentrations against a broad spectrum of Gram-positive and Gram-negative bacteria without being
toxic to cells.[1-3,11] Silver ions can bind to thiol groups, which cause the death of bacteria; i.e., Ag+ (silver
ion) can bind to proteins, altering their structure, causing rupture of bacteria walls, and eventually preventing
the function of DNA associated with bacteria division and replication.[1,12-14] Silver can be applied as salts
and in complexes, but silver in nanoparticulate form has gained increasing attention in recent years.[1,15,16]
The antibacterial properties of silver nanoparticles relate to the extremely high surface area to volume ratio,
which can trigger the release of silver ions. Silver in its metallic form is inert, but quite often it is converted
to an ionic form due to its interaction with moisture. Moreover, silver ions are highly reactive and attach to
the surface or enter into the bacteria causing membrane rupture and damage.[3,15,17] The antibacterial
activity of silver nanoparticles depends on both the dimensions and shape.[1,18] Despite a widespread use
of nanosilver based products in numerous applications, limited information about their potential toxicity is
available, and safety concerns should be considered.[19,20] Therefore, controlled release of silver ions must
be addressed prior to its successful use in orthopaedic applications. Radio frequency (RF) co-sputtering is one
of the most versatile coating methods for achieving thin films of nanocomposites at low temperatures, which
is particularly useful for polymeric substrates. [3,21-23] In this process, first, a vacuum is created in the
chamber with the help of argon gas followed by the application of a very high electric field, which ionizes the
argon gas and creates plasma inside the chamber. lons of argon strike the target at relatively high velocity
thus extracting the atoms, which are subsequently deposited on the substrate. Deposition parameters, such
as plasma power, atmosphere, pressure, etc., can be controlled easily to tailor the thin film morphology and
properties.[2,3,12,16,24,25] In previous studies some of the authors developed silver nanocluster-silica
composite coatings by means of a radio frequency (RF) co-sputtering technique.[2,3] The silver nanoclusters
were well-embedded into the silica matrix, which provides good mechanical properties, thermal resistance,
and controlled release of silver ions, without the release of potentially toxic silver nanoparticles.
Furthermore, this technique can be applied to almost all kinds of substrates, and the silver contents in the
coatings can be controlled by process parameters (e.g., deposition time).[6,16,21,25,26] Recently, a three-
layer system of nanocrystalline hydroxyapatite, silver nanoparticles, and calcium phosphate was deposited
on titanium by the combination of electrophoretic deposition (EPD) and RF magnetron sputtering.[27] EPD
is a useful technique to form biocompatible and bioactive composite coatings on complex shaped and porous
substrates under ambient conditions.5,8,9,28-30 In EPD, charged particles in stable suspension (high value
of zeta potential) move toward the oppositely charged electrode under the influence of an applied electric
field.[5,31] Polyetheretherketone (PEEK) and bioactive glass (BG) composite coating were first developed by
Boccaccini et al. utilizing EPD.32 Recently, we have investigated the kinetics of the EPD process and
codeposition mechanism of PEEK and BG particles by applying a novel Taguchi design of experiment (DoE)
approach.[33] The focus of the present research work is to obtain antibacterial coatings on PEEK/BG
composite layers (deposited by EPD on 316L SS) by using an RF co-sputtering technique to develop nanoscale
silver nanoclusters/silica composite coatings on PEEK/BG layers. The bottom layer contains 25 wt % PEEK and
75 wt % BG particles. The top layer contains silver particles embedded in the silica matrix with a Ag/(Ag + Si)



atomic ratio of 0.037 £ 0.015. The Ag/(Ag + Si) atomic ratio was deduced from the literature for the sputtering
conditions applied in this study, because the sputtering process is not affected by the change in substrate
materials.[25] Preliminary in vitro bioactivity and antibacterial studies yielded promising results to be further
considered for clinical applications. To the best of the authors’ knowledge, a combination of EPD and RF
sputtering has never been used before to attain multifunctional bioactive and antibacterial coatings; thus,
the coating technology presented in this study is novel. This novel combination of PEEK/BG coatings with
silver nanocluster-silica composite coatings should (i) reduce the stress shielding effect, (ii) improve the
biostability, and (iii) enhance the in vitro bioactivity of the surface due to the PEEK/BG layer.[33] Moreover,
the top layer (silver nanocluster-silica composite) will provide the controlled release of silver ions due to the
fact that silver particles are embedded in the silica matrix, which will reduce potential cytotoxic effects.6 EPD
was selected for depositing thick (80-90 um) PEEK/BG layers on stainless steel, because it allows the
codeposition of polymer particles along with inorganic particles in a relatively short time period under
ambient conditions. The RF sputtering was utilized to coat nanoscale silver-silica composite coatings because
it allows coating uniform films on almost all kind of substrate materials.

2. EXPERIMENTAL PROCEDURE

2.1.EPD of PEEK/BG. A portion of 2 wt % PEEK powder (mean particle size of 10 um, 704XF Victrex) and 6.67
wt % bioactive glass 45S5 powder (2 um average particle size, Schott, Germany) with nominal composition
of 45 Si02-24.5 Na20-24.5 Ca0O-6 P205 (wt %)[34] were mixed in ethanol. A portion of 13.32 wt % citric
acid powder (monohydrate, VWR International) was added in ethanol to form a stable suspension for EPD.
The addition of citric acid leads to negative charging of PEEK and BG particles. The stability of suspensions
was determined by zeta-potential measurements using a zetasizer (nano ZS equipment, Malvern nstruments,
UK). Stainless steel (SS) foils (316L) were used as substrates and counter electrodes (deposition area 175
mm?2) for constant voltage EPD. An interelectrode spacing of 0.5 cm, deposition voltage of 110 V, and
deposition time of 120 s (following the previous studies) in the EPD experiments [4,33,35,36]) were used.
The coatings were sintered in a furnace (Nabertherm GmbH) at 400 °C for 30 min with a ramp rate of 2
°C/min, in air (the details about the optimization of sintering temperature are not shown here).

2.2. RF Co-Sputtering of Silver Nanoclusters-Silica Compo- site. Radio frequency (RF) co-sputtering (Microcoat
MS450) was the method of choice to deposit silver nanocluster-silica composite on PEEK/BG layer
(PEEK/BG/Ag). Silver (Sigma-Aldrich 99.99%) and silica (Franco Corradi s.r.l. 99.99%) targets were used to
deposit silver nanocluster-silica composite coatings. First, very low pressure was developed (10-5 Pa) in the
deposition chamber, and then pure argon gas was introduced, which maintains a dynamic pressure at
10-2/10-1 Pa. Second, an electric field was applied in the chamber in order to obtain plasma, from which
Ar+ions were produced. These ions were accelerated by an applied electric field and collided with the surface
of the target, which led to an atom or a cluster of atoms being extracted. Finally, the extracted material was
deposited on the substrate and formed a thin composite film. In the case of a nonconductive target (e.g.,
silica), radio frequency (RF) sputtering was used. The applied RF power on silica target was 200 W, but for
depositing silver dc power of 1 W was used at the silver target. To avoid the excess of silver deposition, the
plasma over silver target was switched on for 1 s after every 24 s during the whole deposition time. The low
chemical affinity between silica and silver led to the production of silver nanoclusters embedded in the silica
matriX. The deposition time was varied from 15 min (labeled PEEK/BG/Ag1) to 40 min (labeled PEEK/BG/Ag
2), which may yield a coating thickness of 60-150 nm. [21,25] The two sputtering conditions (PEEK/BG/Agl
and PEEK/BG/Ag2) were selected on the basis of previous results, [22,25] because they were antibacterial



without being cytotoxic. In order to obtain two types of composites, namely, PEEK/BG/Agl and
PEEK/BG/Ag2, the sputtering time was varied, while all other parameters were kept constant. The
PEEK/BG/Ag1 composite coatings were obtained at a sputtering time of 15 min, whereas the PEEK/BG/Ag2
coatings were obtained at a sputtering time of 40 min. The increase in sputtering time will lead to an increase
in the thickness of the coatings and consequently the total silver content in the coatings will increase too.
2.3 Characterization of the Coatings. The surface topography of the coatings was analyzed by field emission
scanning electron microscope (FESEM, LEO 435VP, Carl Zeiss AG) at an energy of 10-15 kV. Samples were
sputter-coated (Q150/S, Quorum Technologies) with chromium and gold prior to scanning electron
microscopy (SEM) to prevent the effect of charging on the samples. Compositional analysis was performed
qualitatively by energy dispersive X-ray spectroscopy (EDX) at 15 kV (LEO 435VP, Carl Zeiss AG) and Fourier
transform infrared spectroscopy (FTIR) (Nicolet 6700, Thermo Scientific) in transmittance mode ranging from
4000 to 400 cm™™. The crystallographic and surface analysis was performed by X-ray diffraction (XRD)
investigations (D8 Advance, Bruker) in the range 20-80°. The chemical and compositional analysis was done
by X-ray photoelectron spectroscopy (XPS, VSW TA10 nonmonochromatic Al Ka (1486.6 eV) X-ray source).
Zeta potential versus pH measurements were performed for PEEK/ BG and PEEK/BG/Agl and PEEK/BG/Ag2
with the streaming potential technique by means of an electrokinetic analyzer for solid samples (SurPASS,
Anton Paar). A 0.001 M KCI solution was employed as the electrolyte, and diluted HCI (0.05 M) and NaOH
(0.05 M) solutions were used for pH titration with the automatic instrument titration unit.
In order to evaluate the adhesion strength of the multilayer coatings scratch tests were performed in
Revetest mode (CSM Revetest machine) on each sample. As far as scratch tests are concerned, a progressive
load (1-50 N) was applied on the coated surface through a Rockwell C diamond indenter with 200 um
diameter. The total scratch length track was 5 mm, and the indenter speed was 5.2 mm/ min. Three different
tracks were performed on each sample (PEEK/ BG/Agl and PEEK/BG/Ag2). Critical loads were determined
through acoustic emission (AE) measurements and optical observations of the scratch. [3] Two critical loads
(Lcz and Lcz) were determined on each specimen: the first critical load (Lc1) corresponded to the load at which
the first crack occurred while the second (Lcz) corresponded to the load at which the coating was completely
removed from the scratch channel. To access the acellular in vitro bioactivity of the coatings in terms of
hydroxyapatite (HAp) formation, the samples were immersed in simulated body fluid (SBF), as proposed by
Kokubo et al.37 Coated samples (15 mm x 15 mm x 0.2 mm) were immersed in 50 mL of SBF and were then
incubated at 37 °C for 1, 3, 7, and 14 days. At each time point samples were removed from SBF, rinsed with
distilled water, and left to dry in air. The formation of an apatite-like layer was examined with SEM/EDX, XRD,
and FTIR techniques after immersion in SBF. Finally, the effect of silver nanoclusters in the coatings was
investigated by conducting the antibacterial test. The agar disk diffusion test was performed on PEEK/BG
(control sample) and on PEEK/BG/Ag1 and PEEK/BG/Ag2 samples. Prior to this study, coatings were sterilized
in PBS for 15 min and then rinsed with distilled water. Agar plates were filled with 20 mL of agar, and then
20 pL of LB-media (Gram-negative bacteria, Escherichia coli; Grampositive, Staphylococcus carnosus) with
optical density of 0.015 (OD600) was spread homogeneously on the agar plate. Samples were placed on the
prepared agar plate, and were kept in the incubator at 37 °C for 24 h. After 24 h of incubation, the zones of
inhibition were measured by using “Imagel” analysis (each test was performed in triplicate).

3 RESULTS AND DISCUSSION
3.1 PEEK/BG Composite Coatings on 316LSS. Figure 1 A,B shows SEM images of PEEK/BG composite coatings
at different magnifications. Figure 1B shows that sintered PEEK/BG coatings are homogeneous with a fairly
homogeneous coating thickness. Moreover, coatings have high particle packing (Figure 1A) and uniform coating
thickness of 80-90 um (Figure 1B). The composition and thickness of the coatingswere optimized by using the



“design of experiment approach”, recently published. [33] The PEEK/BG layers were composed of75 wt % BG
and 25 wt % PEEK (the experimental details fordetermining the PEEK and BG content in the coatings were
described in the previous study [33]).

Figure 1. PEEK/BG composite coatings produced at an applied electric field of 220 V/cm for 120 s and sintered at 400
°C: (A) SEMimage at surface and (B) SEM image at cross section

3.2. Silver Nanocluster-Silica Composite Coatings on PEEK/BG Layer by RF Co-Sputtering. RF co-sputtering was
the method of choice for depositing thin antibacterial coatingson PEEK/BG layers. RF co-sputtering is
considered a useful technique for depositing silver nanocluster-silica composite on different
substrates.[3,6,16,21,25] However, the uncontrolled release of silver ions may cause cell toxicity.[1,4,22] The
silvernanoclusters were embedded in the silica matrix to overcome the possible excessive and uncontrolled release
of silver ions as well as the release of potentially toxic silver nanoparticles and to improve the mechanical and
chemical resistance of the coatings.[3] It should be highlighted, however, that Ag ion release was not detected in
the present study, remaining thus an important task for future investigations, especially in its dependence on
Ag-silica coating thickness.

3.2.1. Microstructural and Compositional Analysis.
3.2.1.1. Sputtering Condition 1 (PEEK/BG/Ag1).

Figure 2A,B shows the morphology of the antibacterial coatings sputtered for 15 min on a PEEK/BG layer
(PEEK/BG/Ag1). Figure 2A shows the morphological features of PEEK/BG layer (bottom layer), which remain
despite the RF sputtering because the coating thickness of the silver nanocluster-silica film (60 nm) isless than the
average roughness of the PEEK/BG layer (2.2 + 0.2). The thickness of the silver nanocluster-silica composite
coatings was measured by means of contact surface profiler on model samples in order to correlate the deposition
parameters with the final coating thickness. This procedure confirmed thatthe coating thickness is homogeneous
and reproducible on different substrates. The cross section of the coatings wasobserved on model samples, [3]
but not on the ones described inthe present paper. Indeed, it was not possible to measure the thickness of the top
layer in the present work, because the toplayer did not show a clear interface with the PEEK/BG layer due to the
high roughness of the electrophoretically deposited PEEK/BG layer. As expected, silver nanoclusters were not visible
in SEM images, unless a higher magnification (inset in Figure 2B) was used. Moreover, XPS analysis (Table 1) as
well as EDX analysis (data not shown here) led to the result that thesilver amount was below their detection limit.
It has been described in the literature that sputtering times of 15 min yielda Ag/(Ag + Si) atomic ratio of 0.37 +
0.015.2° However, in thepresent study it was not possible to measure the actual composition of the top layer due
to the complex multilayer structure and high roughness of the underlying PEEK/BG layer. Furthermore, XPS
analysis is known to provide surface details; however, due to the high roughness of the PEEK/BG layer the silver
nanocluster-silica composite coatings were also deposited in the deeper valleys of the PEEK/BG layers, which could
not be detected by XPS.



PEEK/BG layer for 15 min (PEEK/BG/Ag1), when 200 W RF and 1 W dc were applied to silica and silver targets,
respectively: (A) at low magnification and (B and inset) at higher magnifications.

Table 1. XPS Analysis of the PEEK/BG Layer Coated via RF Co-Sputtering with Silver Nanocluster-Silica Composite for
15 min (PEEK/BG/Ag1) and 40 min (PEEK/BG/Ag2)

element PEEK/BG PEEK/BG/Agl PEEK/BG/Ag2
C 81.0 31.0 27.8
0 169 45.5 47.0
Na 09 6.0 7.5
Si 16.4 16.9
S L1 0.9
Ag <0.1 0.1

3.2.1.2. Sputtering Condition 2 (PEEK/BG/Ag2). RF co- sputtering of silver-silica nanocomposite on a
PEEK/BG layer for 40 min (PEEK/BG/Ag2) showed a change in color of the obtained coatings. The typical
brown color of the coatings was due to the localized surface plasmon resonance (L-SPR) of silver
nanoclusters embedded in an amorphous silica matriX. [2,25] SEM analysis revealed the typical cauliflower-
like silica morphology at high magnification images, as shown in Figure 3B. XPS analysis showed the relative
increase in the amount of silicon and the decrease in carbon content on the surface of coatings (after RF
co-sputtering), which confirms the deposition of silver nanoclusters and silica composite on the PEEK/BG
layer. Furthermore, an increase in sputtering time (15 to 40 min) did not lead to a significant increase in
silver content, as shown by XPS measurements (Table 1, the amount of silver in the two coatings is almost
the same). This observation is in accordance with the fact that the only difference between the two coatings
is in their thickness. [12,21,22] Since XPS is a surface sensitive technique, and the penetration depth is
around 4-5 nm, XPS is not able to detect differences among the investigated samples in terms of Ag content.
However, the available literature reveals that the composition of the top layer under similar sputtering
conditions will have a Ag/ (Ag + Si) atomic ratio of 0.420 + 0.002.25 The RF sputtering process is independent
of the substrate material; therefore, we can estimate the composition of the silver nanocluster-silica
composite films from the literature. EDX spectra show the silver peak at the bright spots (Figure 3C),
whereas the silver peak was not observed when the spectrum was taken in the silica matriX. The typical
nanoporous structure of the coatings was visible at a relatively high magnification, as shown in Figure 3B.



3.2.2. Adhesion Strength. The adhesion strength of the PEEK/BG/Ag layers was analyzed by using the
scratch test, as shown in Figure 4. The measured values of Lcl were very similar for both coatings
(PEEK/BG/Ag1, PEEK/BG/Ag2), varying from 3.85 to 4.09 N. At increasing loads (around 10 N), circular cracks
appeared on the surface of the PEEK/BG/Ag1 coating, but the coating was still present. The measured values
for the second critical load varied from 17.60 to 12.82 N indicating the higher adhesion of the PEEK/BG/Ag1
coating. Yet, it could not be concluded that the silver-silica layer is delaminated from the PEEK/BG layer first
orif it is the PEEK/ BG coating, which starts to delaminate first because the scratch test (diamond indenter
with 1-50 N load) does not allow coating interfaces in the nanometric range to be discerned. Similarly,
FESEM-EDX observations after the scratch test were unable to discern between the two layers of the coating
because of the small amount of silver present, which was difficult to detect by EDX. However, the
combination of the two coatings, which represents the final coating to be applied

Figure 3. RF co-sputtering of silver-silica nanocomposite on PEEK/BG layer for 40 min (PEEK/BG/Ag2) when 200 W RF
and 1 W dc were appliedto the silica and silver targets, respectively: (A) SEM micrograph showing the morphology of
coatings, (B) high magnification SEM micrograph, and (C) EDX spectrum for the coatings. The red line corresponds to
silver particles and the yellow line to the sputtered silica layer
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Figure 4. Results of the scratch test for PEEK/BG/Agl and PEEK/BG/Ag2 coatings.



and which must sustain the implantation procedure, e.g., friction loads, delaminated if the applied load

exceeded 12 N for PEEK/BG/Ag2 and 17 N for PEEK/BG/Ag1, as shown in Figure 4. The adhesion strength
measured on the present composite coatings can be considered adequate for their potential orthopedic
applications. [38,39]

3.2.3 Zeta Potential. The zeta potential of the PEEK/BG layer before and after RF co-sputtering of a silver-
silica nanocomposite was analyzed by the SurPASS electrokinetic analyzer. The isoelectric point (IEP) of
PEEK/BG was about 4, which was hypothesized to be the combination of the high IEP of PEEK (at about 12,
as reported for the same PEEK powder used in the present research [31]) and acidic IEP of BG. [4041] The
IEP of the sputtered coatings was more acidic and close to silica (~3), which confirms a chemical change in
the outermost layer of the samples (Figure 5). The difference in the IEP of PEEK/ BG/Agl and PEEK/BG/Ag2
can be considered negligible, and the two-isoelectric points correlate with the chemical composition of the
two layers. Moreover, the authors found the IEP of metallic silver also close to 2. All coatings showed acidic
isoelectric points, and consequently, the surfaces would be negatively charged at physiological pH. A plateau
in the basic region can be observed in all zeta potential versus pH curves, which can be attributed to the
presence of homogeneous functional groups with acidic behavior (e.g., OH groups).[40,41]
3 4 5 pg 7 8 9
Figure 5. Zeta potential as a function of pH showing IEP, and variations of zeta potential as a function of pH for the
PEEK/BG, PEEK/BG/Ag1, and PEEK/BG/Ag2 coatings.

3.2.4In Vitro Bioactivity Assessment. PEEK/BG/Ag1 and PEEK/BG/Ag2 coatings formed hydroxyapatite after
1 day of immersion in SBF, as shown by SEM, EDX, XRD, and FTIR analyses. Figure 6 shows that platelike
apatite crystals completely covered the surface of coatings after 3 days of immersion in SBF. SEM
micrographs show the change in morphology of the coatings after treatment in SBF, such as formation of pores
and a nanostructured layer on the coatings (Figure 6). The EDX spectrum demonstrated an increase in theintensity
of Ca and P peaks and a decrease in the intensity of Sipeaks (Si-O-Si bonds are related to bioactive glass) compared
with the coatings before immersion in SBF. The concentrationratio of Ca/P determined from EDX analysis was
1.50, which isbelow the stoichiometric Ca/P ratio. This may be due to the substitution of Mg in the calcium
phosphate structure, as shown in the EDX spectra (Figure 6). Calcium and phosphate ions released from bioactive
glass at critical concentration are usually considered to lead to the formation of hydroXyapatite on composite
coatings.[34] Furthermore, FTIR spectra (Figure 7A) show the formation of a new phase after 1 day of immersion in

142 and formation of new

SBF, for example, reduction in the heights of peaks related to Si-O-Si bonding at 459 cm
phosphate (564, 605, 963, 1014 cm™)[42-45] andcarbonate (875 cm™%>*%) bonds within 1 day of SBF
immersion.[46] The vibration at 1646 cm™ is due to the adsorbed water in the structure.>® Moreover, the
Si—0-Si peak completely vanished after 14 days of immersion in SBF and peaks corresponding to phosphate

groups became more intense.



Figure 6. SEM images and EDX analysis of the PEEK/BG/Ag2 coating after immersion in SBF for (A) 1 day, (B) 3 days,
and (C) 14days.

* Apatite

Intensity (a.u.)

Transmittance (a.u.)
o
o
1
1.

2000 1800 1600 1400 1200 1000 800 600 400 20 30 40
Wavenumber (cm™') 2 Theta (°)

Figure 7. (A) FTIR spectra of a PEEK/BG/Ag2 coating before and after immersion in SBF for 1, 3, and 7 days, and (B)
XRD pattern before and after immersion in SBF for 1, 3, and 7 days.
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Figure 8. PEEK/BG coatings sintered at 400 °C: (A) SEM image aftertreatment in SBF for 7 days; (B) EDX analysis after
treatment in SBF for 7 days; (C) XRD patterns before and after treatment in SBF for 3, 7, and 14 days; and (D) FTIR spectrum
before and after treatment in SBF for 3, 7, and 14 days.



XRD patterns show peaks at 28 = 26° and 32°, which is the indication of the formation of an apatite-like structure
after immersion in SBF (indexed using the Joint Committee on Powder Diffraction Standards card 09-
0432),[1,9,47,48] as shownin Figure 7. Further, the XRD analysis showed an increase in the intensity of the peaks
corresponding to apatite with an increase in immersion time in SBF, which indicates a bioactive behavior of
coatings (qualitatively).[1,9,48]. The pH of SBF is 7.40, which is above the IEP of the sputtered and
unsputtered coatings. This means that surface charge on the coatings was negative when immersed in SBF, which
may lead to the greater absorption of Ca?* ions from SBFsolution and may eventually form a crystalline layer of
calciumenriched apatite, as shown in SEM images in Figure 6. On the basis of the above-mentioned results,
we conclude that silver nanocluster-silica composite coatings did not affect the initial bioactivity of PEEK/BG layers
(as shown in Figure8). Retention of bioactivity is based on the presence of porosity in the composite coatings,
which enables bioactive glass particles to come in contact with SBF to form apatite-likecrystals. It should also be
mentioned that the presence of silicain the RF co-sputtered coatings is not expected to contribute to the bioactive
behavior of the coatings, which is dominated by the presence of the highly reactive BG particles.

3.2.5Antibacterial Studies. The antibacterial activity of PEEK/BG/Ag 1 and PEEK/BG/Ag2 was determined by
the formation of an inhibition zone on agar medium by a direct contact method with E. coli and S. carnosus (Figure
9). The sputtered samples were placed on bacteria-inoculated agar plates. PEEK/BG layers were used as control
samples (Figure 9). The control samples of the PEEK/BG layer did not show antibacterial activity. However,
PEEK/BG/Ag1l and PEEK/BG/Ag2 developed zones of inhibition against both E. coli and S. carnosus. The zones
of the inhibition halo were measured using “Imagel” anaysis, as illustrated in Table 2

Reference

TN

P Sputtered Sampls
/

¢

Figure 9. Inhibition halo tests with E. coli for (A) reference sample, (B) PEEK/BG (control sample), (C) PEEK/BG/Ag2,
and (D) with S. carnosus for PEEK/BG/Ag2.

Table 2. Antibacterial Disc Susceptibility Tests Showing Relative Diameters of Inhibition after RF Co-
Sputtering ofSilver-Silica Nanocomposite Coatings on the PEEK/BG Layer®

zone of inhibition halo (mm) against

material E. coli S. carnosus
PEEK/BG 0 mm 0 mm
24—1-15 PEEK/BG/Agl 2.5 + 0.5 mm 5.5 + 0.5 mm
24—1-40 PEEK/BG/AgZ 5.5+ 0.5 mm 10 £ 1 mm

“The PEEK/BG control samples did not develop any inhibition halo

Zones.



The values in Table 2 indicate that with the increase in sputtering time, the zones of inhibition halo have
grown, which is the qualitative indication of the relative increase in antibacterial effect with increasing
coating thickness and consequently total silver content. Similar effects have been reported in the literature
in that the antibacterial property of silver nanocluster-silica composite coatings increased with an increase
in Ag/Si ratio. [3 ] It must be highlighted that very low silver content such as that of PEEK/BG/Ag1 is sufficient
to confer antibacterial activity. It is worth mentioning that the multistructured PEEK/BG/Agl and
PEEK/BG/Ag2 coatings will enable controlled release of silver ions because the silver nanoparticles are
embedded within the silica matrix (the top layer has very fine nanoscale roughness).3,22 Thus, the controlled
release of silver ions through the silica matrix will minimize possible cytotoxic effects.49 Moreover, the deep
pores in the PEEK/BG layer may hold the silver nanocluster-silica composite coatings for longer time periods
(due to the delayed contact of the coating with the physiological environment). Therefore, the high surface
roughness and porosity of the underlying PEEK/BG layer are expected to contribute to the sustained release
of silver ions, which will be beneficial for long-term antibacterial effects, and may prevent the potential
cytotoxic effect of silver due to possible uncontrolled and rapid release. Furthermore, it has been reported
that 0.21 wt % of silver in the coatings may lead to a cytotoxic effect.49 In the present coatings, the
concentration of silver (<0.1%) was well below such a cytotoxicity limit. The formation of an inhibition halo
on sputtered samples qualitatively indicates the antibacterial activity of the coatings. The bactericidal
property of the silver nanoclusters is associated with the conversion of metallic silver to ionic silver (Ag+),
when exposed to physiological environments. The silver ions are highly reactive toward the electron donor
species, such as respiratory enzymes or nucleic acids of bacteria, which can cause the death of
bacteria.[15,19,50] Another mechanism could be the enhanced binding ability of silver ions with the DNA
and proteins of bacteria, leading to the penetration of silver ions inside the bacteria and disruption of its DNA
replication activity.1,4 This metabolic activity of silver nanoclusters causes protein leakage by increasing

membrane permeability in bacteria.[51]
4. CONCLUSIONS

The conclusions of this article are listed as follows:

(1) PEEK/BG composite coatings deposited on stainless steel by EPD provided an effective substrate for the
deposition of silver nanocluster-silica composite coatings by RF co-sputtering.

(2) Coatings sputtered at two deposition times showed good adhesion, and complete delamination of the
coatings occurs only after the application of a 12-18 N load by the scratch test.

(3) Sputtered coatings showed the zeta potential to be in the range —35 to -50 mV at physiological pH,
which indicates the stability of coatings under physiological conditions.

(4) Coatings produced by RF co-sputtering did not affect the initial in vitro bioactivity of the PEEK/BG layer.
(5) Coatings produced by RF co-sputtering of silver nanocluster-silica deposited under both conditions
(PEEK/BG/Ag1, PEEK/BG/Ag2) confer antibacterial activity against E. coli and S. carnosus.

This research provides an impetus to PEEK based bioactive coatings to be considered for in vivo investigations
and eventually in clinical applications in the orthopedic field. Future work will focus on investigating cell
cultures by tracking potential cytotoxic effects due to the release of silver ions. However, the presence of a
silica matrix is expected to provide a controlled release of silver ions, which may avoid cytotoxic effects.
Antibacterial tests for longer exposure times (>1 day) should be also carried out and correlated with the
actual concentration of Ag released.
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