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tial synergistic effects of multiple bactericidal agents to endow polyetheretherketone (PEEK) with the
ability of achieving full eradication of planktonic and adherent bacteria while maintaining acceptable bio-
compatibility. In this work, a mussel inspired, silver nanoparticles (AgNPs) incorporated silk fibroin
(SF)/gentamicin sulfate (GS) coating was constructed upon porous PEEK surface. The obtained coating
greatly enhanced the bactericidal efficiency to Gram-positive bacteria and Gram-negative bacteria. The
Synergistic bactericidal number of bacteria survived in the culture medium after treated with this coating was 10° fold lower
Osteogenic than that survived after treated with PEEK sample, while the number of viable bacteria adhered to this
pH-responsive coating was 10° lower than that adhered to PEEK sample. Furthermore, release of Ag* and GS increased
with decreasing pH, indicating great potential of this coating to be a “smart” bacteria-triggered self-
defensive coating. Meanwhile, this functional coating shows favorable cytocompatibility and osteogenic
ability. The mechanism behind this dual function is also partially revealed. Expectedly, this “smart” dual
function coating can give a promise for PEEK to become a solution to increasingly deteriorated BAI.
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Statement of Significance

In this study, a mussel inspired, silver nanoparticles (AgNPs) incorporated silk fibroin (SF)/gentamicin
sulfate (GS) coating was constructed upon porous polyetheretherketone (PEEK) surface. This design
was aimed to provide a solution to the increasingly deteriorated biomedical associated infections
(BAI). Actually, this design endowed PEEK with dual function: bacteria-triggered synergistic bactericidal
effect and improved osteogenic ability. The combination of silver and GS exhibited synergistic bacteria
killing effect on both Gram-positive and Gram-negative bacteria, which showed 10° times higher in
releasing-killing and 10° times higher in anti-adhesion than that of untreated PEEK. Furthermore, release
of bactericidal agents increased with decreasing pH, indicating great potential of this coating to be a
bacteria-triggered self-defensive coating. More interestingly, this study revealed the mechanism of syn-
ergistic effect between silver and GS.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Biomedical device-associated infections (BAI) has been a crucial
issue accounting for 3% of failures of medical devices [1,2]. It
causes delayed healing, implant failures, and repeated surgeries
[3-5]. Meanwhile, it can lead to increased hospitalization times
and treatment costs, the requirement for implant removal and tis-
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death [6]. Additionally, these issues have become even more preva-
lent with the increasing use of biomaterial implants.

To deal with this situation, antibiotics have been widely used in
surgeries. However, the abuse of antibiotics has led to the emer-
gence of bacterial resistance, which has become a serious problem
in public health. For this reason, silver has been considered as one
of the most promising candidates, as it has been a common disin-
fectant for several millennia because of its strong toxicity to a wide
range of micro-organisms [7]. It also has been showed to possess
the capability to perturb different pathways of cell metabolism
[8,9], for which bacterial can hardly develop resistance. However,
bacteria with silver resistance still appeared [10,11]. Therefore,
it'’s urgent for us to find a new way to kill bacteria efficiently while
without the appearance of bacteria resistance. Currently, Ag* has
been proved to be synergistic with antibiotics to potentiate
antibacterial activity significantly and even to expand the antibac-
terial spectrum [12]. For this reason, constructing a system on
biomedical devices to achieve on-demand simultaneous release
of Ag* and antibiotics would be a better choice, and these biomed-
ical devices would be a promising candidate for orthopedic
implantation.

Gentamicin sulfate (GS), as one antibiotic has been widely used
in orthopedic surgery for its broad-spectrum action against many
strains, was chosen in this work [13]. In another aspect,
polyetheretherketone (PEEK) has been considered as a prospective
material for orthopedic implantation, due to its elastic modulus
close to cortical bone’s and excellent chemical resistance [14]. Fur-
thermore, PEEK has many other advantages, such as good steriliza-
tion resistance, wear resistance, natural radiolucency and magnetic
resonance imaging (MRI) compatibility [15]. However, its antibac-
terial property is inferior to titanium [16], which limits the appli-
cation of PEEK, and can result in bacterial infection [17]. For this
reason, it appears necessary to improve the antibacterial properties
of PEEK. Surface modification can be a good choice to enhance the
surface biological properties while maintaining the superior prop-
erties of the materials.

In this study, a combination coating of silver and GS was applied
to modify the surface of PEEK. Silver was in the form of silver
nanoparticles (AgNPs), because they are a reservoir of Ag" so as
to control the release of Ag" while maintaining a higher concentra-
tion of Ag" in specific area for a long time [18]. AgNPs can be intro-
duced onto the substrate through many different approaches [19],
but a mussel-inspired self-polymerized polydopamine (PDA) was
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employed for the following reasons. First, PDA can reduce Ag" into
AgNPs, and firmly anchored it onto PEEK surface [20], which would
achieve a long-term antibacterial effect and potentially relieve the
concerns about the toxicity of AgNPs for mammalian cells and bod-
ies. Second, PDA has been reported to be biocompatible which
would be a benefit to osteogenesis [21].

In order to incorporate GS, silk fibroin (SF) was utilized. It pos-
sesses positive charges under physiological environment (isoelec-
tric point (pI) is about 4.2), which facilitates the loading of GS
because of the electrostatic interaction between positively charged
SF and negatively charged GS. What’s more, the electric charge and
molecular conformation of SF can vary with pH, which can lead to
pH responsive controlled release of GS [22,23]. In addition, SF
shows good biocompatibility both in vitro and in vivo, which is
crucial to the success of implantation [24,25].

More specifically, a three-dimensional (3D) porous structure
was introduced into PEEK surface via sulfonation treatment
[17,26], for the sake of stronger adhesive force with PDA. The appli-
cation of PDA can not only anchor AgNPs but also can be a bridge
between the underlying PEEK and SF/GS [27,28]. In this study, it’s
the first time to achieve a PDA assisted in situ growth of AgNPs and
immobilization of SF/GS coating upon porous PEEK surface (Fig. 1),
and the details of sample names are summarized in Table S1. The
efficacy of the designed antimicrobial hybrid was assessed
in vitro against Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli), and the osteogenesis performance was evaluated using
mouse osteoblastic cells (MC3T3-E1). In addition, the mechanism
underlying the antimicrobial complex’s enhanced killing effect
was elucidated.

2. Experimental section
2.1. Sample preparation

Medical grade PEEK materials were machined into a disc shape
with dimensions of ®15 x 1.5 mm®. All the samples were mechan-
ically polished to mirror finish followed by ultrasonically washed
in acetone, ethanol, and deionized (DI) water sequentially.

2.2. Preparation of silk fibroin

Silk fibroin stock solution was prepared as previously described
[29]. Briefly, cocoons of Bombyx mori (B. mori) were boiled for
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Fig. 1. Illustrative diagrams for surface functionalization of PEEK by polydopamine assisted silk-based AgNPs/gentamicin coating.
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30 min in an aqueous solution of 0.02 M Na,COs and then rinsed
thoroughly with deionized water to remove the glue-like sericin
proteins. The extracted silk fibroin was then dissolved in 9.3 M LiBr
solution at 60 °C for 4 h, yielding a 20% (w/v) solution. This solution
was dialyzed against DI water using a dialysis bag (MEMBRA-CEL,
12,000-14,000 MWCO) at room temperature for 48 h to remove
the salt. The dialysate was centrifuged twice at 4 °C for 20 min,
in order to eliminate the impurities. The final concentration of silk
fibroin solution was about 7-8% (wt/vol).

2.3. Surface functionalization of PEEK

The strategy to functionalize the surface of PEEK is depicted in
Fig. 1. First, sulfonation treatment was applied to obtain a 3D uni-
form porous network structure. It was conducted in sulfuric acid
(95-98 wt%, Aldrich Chemical Corp) under the condition of ultra-
sound and stir at room temperature for 5 min. After that, the sul-
fonated samples were taken out and ultrasonically rinsed in DI
water to remove the residues on the surface. Then 4h of
hydrothermal treatment at 100 °C was conducted followed by
rinsed with DI water and dried at room temperature (SP). Secondly,
a mussel-inspired strategy to immobilize AgNPs onto the surface of
SP was applied. The SP samples were subjected into 2 mg/mL dopa-
mine hydrochloride (Aladdin) in Tris-HCI buffer (10 mM, pH = 8.5;
Sigma) for 6 h under constant vibration in darkness at 37 °C, then
ultrasonically washed in Tris-HCI buffer to detach excess monomer
and particles (SP-PDA). Further, the SP-PDA samples were
immersed in AgNOs (0.5 mM; Beijing Chemical Reagent Co., Ltd.,
China) solution for another 6 h, and then exposed to ultraviolet
for 1h (UV, A =254 nm, 2.5 W/m?) to further reduce AgNPs (SP-
PDA-Ag). Finally, the silk and gentamicin were introduced onto
SP-PDA-Ag surface together. Three layers of silk were spun onto
the surface of SP-PDA-Ag, then SP-PDA-Ag samples were immersed
into the solution of gentamicin (500 pg/mL in PBS) for 15 min fol-
lowed by the coating of another three silk layers (SP-PDA-Ag/GS-
Silk).

2.4. Surface characterization

Field-emission scanning electron microscopy (FE-SEM, Hitachi
S-4800, Japan) was employed to examine the surface morphology
and microstructure of the prepared specimens, and the pore size
distribution was calculated by the freeware Image]. For composi-
tion analysis, X-ray photoelectron spectroscopy (XPS, Kratos, UK),
and microscopic Fourier transform infrared spectroscopy (Micro-
FTIR, Thermo Fisher) were employed. The surface hydrophilicity
of the samples was determined by water contact angle measure-
ments (Kino, USA) at ambient humidity and temperature.

2.5. Ag” release into phosphate buffer solution (PBS)

To examine the release behavior of Ag*, specimens (SP-PDA-Ag
and SP-PDA-Ag-Silk) (n=3) were immersed in 2 mL of PBS with
different pH (pH =4.5, 5.0, 7.4) at 37 °C in darkness for 28 days.
The entire volume of solution was collected and refilled with fresh
PBS at predetermined time points (1 h,3 h,6h,12h,24h,2d, 54,
7d,10d, 14d, 21 d, 28 d). Then, the inductively coupled plasma-
atomic emission spectrometer (ICP-MS, Agilent 7700, USA) was
used to determine the release profiles and rates of Ag®.

2.6. Release of gentamicin sulfate (GS) in different pH of PBS

To investigate the pH-responsive release behavior of gentam-
icin, specimens (SP-PDA-Ag/GS-Silk) (n=3) were immersed in
2 mL of PBS with different pH (pH = 4.2, 5.0, 7.4) at 37 °C in dark-
ness for 4 weeks. Then the entire volume was collected at predeter-

mined time points (1 h,3h,6h,12h,24h,2d,5d,7d, 10d, 144,
21d, 28 d), and fresh PBS was refilled accordingly. All of these col-
lected solutions were filtered using an Ultra Centrifugal Filter Units
(Millipore, USA) to remove the silk fibroin. Then the concentration
of gentamicin was measured using o-phthaldialdehyde (OPA), as
described elsewhere [30]. The mixture’s fluorescence, which were
used to determine the release profile and release rate of gentam-
icin, were read using a Shimadzu UV-3600 PLUS spectrophotome-
ter at 257 nm.

2.7. Protein adsorption

Bovine serum albumin (BSA, 1 mg/mL) was used for the protein
adsorption investigation. Aliquots of 500 pLL were transferred onto
each sample in 24-well plates (TCPS, Corning, USA), and incubated
at 37 °C for 2 h. Subsequently, samples were washed with fresh
PBS to remove the nonadherent protein, followed by co-culture
with sodium dodecyl sulfate (SDS, 2%) with shaking at 37 °C for
2 h. Quantitatively, optical density (OD) at 570 was determined
on a microplate reader (Bio-RAD, USA) through the employment
of a Micro BCA Protein Assay Reagent Kit (Thermo Scientific).

2.8. Antibacterial assay

The antibacterial ability of the prepared samples against gram-
positive S. aureus (ATCC, 25923) and gram-negative E. coli (ATCC
25922) was determined by the plate-counting method. The bacte-
ria cultured in the Luria Bertani (LB) medium was diluted into
1.0 x 10° colony forming units (CFU)/mL), then 1 mL of this bacte-
rial suspension was added to the sterilized samples followed by
incubatingat 37 °Cfor 1d, 3 d, 5 d, and 7 d. At the end of each incu-
bation period, the viable bacteria in the suspension were quanti-
fied by standard serial dilution and plate-counting. As to the
viable bacteria adhered to the samples, it was determined by
plate-counting method after samples were rinsed in PBS and ultra-
sonically for 10 min.

2.9. SEM observation of bacterial morphology

E. coli and S. aureus cells were incubated with different samples
for 24 h. The samples were then gently washed with PBS to remove
non-adherent bacteria. Afterward, the adherent bacteria on sam-
ples were fixed with 2.5% glutaraldehyde overnight followed by
dehydrating in graded ethanol, SEM was applied to observe the
bacterial morphology.

2.10. Membrane permeability measurements

The sodium dodecyl sulfate (SDS) can be used to monitor mem-
brane permeability, because it is difficult to penetrate an intact
membrane but more likely to penetrate the destabilized cell mem-
brane. The measurement of bacterial membrane permeability by
SDS has been mentioned before [31]. In brief, E. coli and S. aureus
cells were cultured with different samples in the LB medium at
37 °C for 3 h. Then the bacterial suspension was centrifuged to
remove the medium and the same volume of medium was added.
Finally, SDS (0.1% concentration) was added followed by the mon-
itor of OD570.

2.11. Production of reactive oxygen species (ROS) within per bacteria

The production of ROS was quantified by DCFH-DA assay (Reac-
tive Oxygen Species Assay Kit, cat# E004; Nan-jing-jian-cheng,
China). Briefly, E. coli and S. aureus cells at a final concentration
of 10° CFU/mL were incubated with 10 uM of DCFH-DA and sam-
ples at 37 °C for 3 h. The number of viable bacteria in each suspen-
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sion was measured through the spread plate test method. After
that, the bacterial suspension was centrifuged to collect the viable
bacteria, then the same volume of PBS was added. The level of cel-
lular ROS was measured as the relative fluorescence intensity,
which was detected by fluorescence spectrophotometer (FL-3-22,
HORIBA) in fluorescence mode with excitation at 488 nm and
emission at 525 nm. Meanwhile, the standard curve of the concen-
tration of ROS could be acquired by using several concentrations of
ROS standard samples. Under the help of the standard curve and
bacterial number in each suspension, we can quantify the ROS pro-
duction in each bacterium.

2.12. The ROS quenching experiment

ROS can be reduced through the addition of thiourea, an ROS
scavenger. This test has been mentioned before [12]. In brief, each
bacterium (E. coli or S. aureus) at a concentration of 10° CFU/mL
was incubated with each sample at 37 °C for 24 h, simultaneously
with addition of thiourea (150 mM). For the CFU measurement,
100 puL of culture was collected and then serially diluted in PBS
for proper multiples. A 100 pL portion of each dilution was plated
in LB-agar plates and incubated overnight at 37 °C. The colonies
were counted, and CFU/mL was calculated.

2.13. Cell culture

Mouse pre-osteoblast cells (MC3T3-E1) were cultured in Dul-
becco’s modified eagle’s medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/strepto-
mycin (HyClone, USA) in a humidified atmosphere of 5% CO, at
37 °C. When 80-90% confluence was reached, cells were harvested
by mild trypsinization, centrifugation, resuspended and diluted to
the desired density in the complete culture medium. The medium
was refreshed every 2 days.

2.14. Cell proliferation and morphology

To assess the cell proliferation, the Cell Viability Kit (CCK-8,
Dojindo, Japan) was employed. Briefly, The MC3T3-E1 cells were
seeded on each sample at a density of 5 x 10* cells per well in
24-well plates and cultured for 3, 5, and 7 days. At the end of each
time point, the samples were transferred to a new 24-well culture
plate. The incubation medium containing 10% CCK-8 was then
added and incubated at 37 °C for 1.5 h. Afterwards, 100 pL of the
reaction solution was transferred into a new 96-well plate, and
the absorbance was read at the wavelength of 450 nm by a micro-
plate reader.

To investigate cell morphology, MC3T3-E1 pre-osteoblasts were
seeded on each sample in 24-well plates at a density of 5 x 10*
cells per well. After incubating for 6 h and 24 h, the samples were
rinsed twice with PBS. Then the cells on the samples were fixed
with 2.5% (v/v) glutaraldehyde in PBS at 4 °C overnight followed
by dehydrated in graded ethanol for SEM observation.

2.15. Osteogenic differentiation studies

To determine the early differentiation of MC3T3-E1 pre-
osteoblasts on samples, cells were seeded on samples in 24-well
plates at a density of 5 x 10* cells per well. After incubation for 7
and 14 days, ALP staining was performed according to the manu-
facturer’s instructions (Nan-jing-jian-cheng, China). Briefly, the
cells on the specimens were lysed in 1% Triton X-100 for 1 h, and
p-nitrophenyl phosphate (p-NPP) was added into cell lysis. After
incubation at 37 °C for 15 min, the optical density of each sample
was measured at 520 nm, and ALP activities were calculated by
extrapolation from a standard curve. The ALP levels were normal-

ized to the total protein content and described as U per gram of
protein.

The collagen secretion and extracellular matrix (ECM) mineral-
ization assays were carried out after 5 x 10* cells/well were seeded
on the samples in 24-well plates at 37 °C for 28 d. For the degree of
collagen secretion, specimens were fixed in 4% paraformaldehyde
(PFA) for 15 min followed by staining with 0.1% solution of Sirius
Red (Sigma) in saturated picric acid overnight. Afterwards, speci-
mens were thoroughly rinsed with 0.1 M acetic acid, and optic
images for each sample were acquired. Quantitatively, the stain
was eluted in 400 pL of the destain solution (0.2 M NaOH/metha-
nol 1:1) followed by the measurement of optic density at 570 nm
using a microplate reader. To investigate the ECM mineralization,
specimens were stained with Alizarin Red S (ARS, Sigma; 2%,
pH =4.3) for 10 min at 4 °C before rinsed with DI water to elimi-
nate unbound stain. Then optical images were acquired. After-
wards, the bound Ca was dissolved using 10% cetylpyridinium
chloride for 2 h and the absorbance of the resulting solution was
measured at 562 nm.

2.16. Statistical analysis

Three samples were used in each group, and the results were
expressed as mean + standard deviations. One-way analysis of
variance (ANOVA) or Student’s-test was used to measure the statis-
tically significant difference (p) among groups, and a p value <0.05
was considered to be statistically significant.

3. Results
3.1. Surface characterization

The surface morphologies were observed by SEM (Fig. 2a). After
sulfonation treatment, the originally smooth morphology was
changed into a three dimensional (3D) network porous structure.
The obtained micrographs were analyzed with Image] software
which revealed that most of the pores were between 1.0 and
2.0 pm in diameter (Fig. 2b). Subsequently, the resulting surfaces
were immersed into a dopamine solution to form the PDA layer.
Owing to the nanoscale reactive nature of PDA [32], the porous
morphology of SP was kept, forming a thin island-shaped film. Fur-
ther, the resultant samples were impregnated into silver nitrate
solution, which led to in situ growth of AgNPs. One more step of
UV exposure was applied to thoroughly reduce the remained silver
ions. Consequently, uniform and densely packed AgNPs (~60 nm)
were formed on the surface. Ultimately, silk fibroin was spun onto
the surface, which can incorporate gentamicin through the electro-
static interactions.

Fig. 2c shows the FTIR spectra acquired from the PEEK control.
In both the PEEK and SP samples, all the characteristic bands were
present. The peaks at 1651, 1489 and 926 cm ™! were related to the
diphenylketone, which exists in the structure of PEEK [33]. The
C—0—C stretching vibration of the diaryl group was evident at
1187 and 1159 cm™!, whereas the peak at 1595cm™! corre-
sponded to the C=C in the benzene ring [26]. However, closer
examination revealed characteristic polymer bands from SP—the
peaks at 1255 cm™! and 1055 cm™!, which were correlated to the
dissymmetric stretching vibrations of 0O=S=0 and the symmetric
stretch of S=O0, respectively [34]. In the sample of SP-PDA-Ag/GS-
silk, two new strong absorptions peaks appeared at 1648 and
1537 cm™!, which corresponded to the characteristic amide I and
amide I, respective [35]. This data confirm the existence of silk
fibroin on the surface. In order to further verify the element com-
position, XPS was employed. From the XPS survey spectra (Fig. 2d),
characteristic elements of each sample were found, and the atomic
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Fig. 2. (a) Surface morphology of various samples. (b) Diameter distribution of micro/nano pores of SP analyzed by Image] software. Chemical composition of the coatings: (c)
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concentrations were listed in Table 1. The appearance of sulfur sig-
nal in SP sample at 168.89 and 170.06 eV corresponded to S 2ps,
and S 2pq, with a high oxidation state, which indicated the exis-
tence of SOsH group and was in accordance with the result from
FTIR spectra [36]. After PDA deposition, the concentration of nitro-
gen increased from 3.07% to 6.65%, which was due to the higher
content of nitrogen in PDA. What's more, the N/C ratio was
0.088, close to the theoretically N/C ratio—0.125 of PDA. Compared
with Fig. 2e3, the appearance of binding energy at 285.2 eV was
due to the C—N group in PDA (Fig. 2e4), which further confirmed
PDA was formed on the PEEK surface. Furthermore, 368.3 and
374.3 eV binding energies corroborated Ag (0) 3ds;; and Ag (0)
3ds,, respectively (Fig. 2el), which indicated the existence of
AgNPs upon the SP-PDA-Ag sample. Besides, the disappearance of
sulfur and silver signals (Fig. 2d) with the increase of nitrogen con-
centration (Table 1) on the surface of SP-PDA-Ag/GS-Silk could be
ascribed to the silk fibroin coatings. Meanwhile, the high-
resolution C 1 s spectra of SP-PDA-Ag and SP-PDA-Ag/GS-silk were
compared (Fig. 2e5, e6), where the peak at 288.09 eV was due to
the carboxyl group in silk, further revealing the success deposition
of silk.

3.2. Release of gentamicin and Ag*

The release profiles of Ag* and GS were displayed in Fig. 3. The
total Ag content for both samples with and without silk films were
6 + 0.3 ug. Compared with the release behavior of Ag* controlled
by PDA, the additional layers of silk fibroin further slowed down
the release rate (Fig. 3a, Fig. S1). It is noteworthy that the silk
showed a pH-responsive behavior to the release of Ag®. After
28 d, only 10.7% (644 ng) of Ag* was leached into PBS at pH 7.4,
while 38.9% (2332.8 ng) and 32% (1923.3 ng) of Ag was released
at pH 4.5 and 5.0, respectively. For GS, the release rate and release
amount were much higher when exposed to acidic environment
(pH = 4.5, 5.0), compared with physiological pH (Fig. 3b). At differ-
ent pH conditions, GS exhibited sustained release performances in
the first 14 d. Later, the release rate of GS increased dramatically
over time, especially under acidic environment, owing to the
degradation of silk film.

3.3. Hydrophilicity

The static water contact angles (CA) were determined by the
sessile water drop, in order to evaluate the hydrophilicity of the
modified surface (Fig. S2a). The contact angle for PEEK was about
65° whereas that value was increased to 81° after sulfonation
treatment. On the other side, the PDA coating decreased the CA
to 49° while the deposition of silver did not change the CA too
much (46°). However, the CA of SP-PDA-Ag/GS-Silk sample
increased to 56°.

3.4. Protein adsorption

The protein adsorption capacity of biomaterials has important
influences on cell attachment. Fig. S2b displayed the amount of
protein adsorbed on different samples, which were: SP-PDA-Ag/

GS-silk > SP-PDA-Ag > SP-PDA > SP > PEEK. Obviously, PDA and silk
fibroin played a significant role in the improvement of protein
adsorption ability.

3.5. Antibacterial assessment and SEM observation

Bacterial infections played a critical role in the failure of medi-
cal device implantation. Bactericidal and anti-adhesion are the piv-
otal properties for biomaterials to fight against bacterial infections.
In this study, the releasing-killing and anti-adhesion activities of
each coating were evaluated by samples cultured with S. aureus
or E. coli, which represent Gram-positive and Gram-negative bacte-
ria, respectively. During the first 24 h, the incorporation of AgNPs
or GS alone did not improve antibacterial (both release-killing
and anti-adhesion) activity significantly. However, the combina-
tion of AgNPs and GS greatly enhanced the inhibitory effect on
the growth of both S. aureus and E. coli, which showed the number
of survived bacteria after treated with SP-PDA-Ag/GS-Silk samples
were 10° fold lower in release-killing and 10° fold lower in anti-
adhesion than that after treated with P samples (Fig. 4). What's
interesting, the SP samples with porous structure showed better
anti-bacterial adhesion property than pure PEEK samples for
E. coli. As to the long-term antibacterial assay, the SP-PDA-Ag/GS-
Silk group also performed reliable antibacterial ability against S.
aureus and E. coli (Fig. S3). For the other group, the bacteria reached
a maximum number at 3 d and later began to decline. This may
result from the lack of nutrition in the medium.

SEM was employed to further explore the anti-adhesion ability
of the coatings (Fig. 5). It clearly showed that bacteria adhered to,
proliferated and aggregated on P, SP, and SP-PDA with smooth and
intact cell membrane, and most of them undergo the binary or
multiple fission process. It is noteworthy that a large number of
S. aureus bacteria inhabited inside the porous structure of SP,
which could lead to implant failure. On the contrary, the SP-PDA-
Ag or SP-PDA-GS-Silk sample reduced the amount of adhered bac-
teria, and distorted or even destroyed the structure of bacteria as
indicated in Fig. 5 (the red arrows). Furthermore, no bacteria were
witnessed on the coating with the combination of AgNPs and GS.

3.6. Membrane permeability

SDS was used to determine whether the functional coatings
affected the integrity of the outer membrane of bacteria because
the destabilization of membrane leads to an increased susceptibil-
ity to SDS, and would lead to decrease in the bacteria turbidity
(ODs79). Fig. 6a, b displayed that the ODs7 values of pure PEEK,
SP, and SP-PDA were lower than the control group (bacteria cul-
tured alone) at the initial 1.5 h, which meant pure PEEK, SP, and
SP-PDA had adverse effects on the bacteria membrane compared
with the control group. Whereas, at the 3 h point, the ODso values
of bacteria grown on these coatings were higher than the control
group, which indicated the bacteria was in a better condition when
grown on these coatings. On the other hand, both the coatings with
AgNPs or GS decreased the ODs;o values compared with control
group at any determined time points, and the coating employed
AgNPs presented much lower of ODs;o value than the coating

Table 1

Concentration of the elemental composition on the surfaces of the functionalized coating as determined by XPS.
Samples/Elements (At.%) C (0] N S Ag
PEEK 80.87 13.87 5.26 0 0
SP 77.25 17.74 3.07 1.93 0
SP-PDA 75.36 17.77 6.65 0.23 0
SP-PDA-Ag 73.57 17.80 6.65 0 1.98
SP-PDA-Ag/GS-Silk 66.13 17.62 16.20 0 0.05
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employed GS at both time points, suggested that AgNPs had a
stronger ability to rupture bacteria membrane. It is noteworthy
that the combination of AgNPs and GS did not show a significant
synergistic effect in lowering the ODs;o value compared with
AgNPs alone, which indicated the combination of AgNPs and GS
only mildly improved the ability to destroy the bacteria
membrane.

3.7. Production of ROS within per bacteria

Excess production of ROS may be a common mechanism of cell
death [37]. The production of ROS within per bacteria was repre-
sented in Fig. 6¢, d. It illustrated that, when compared with PEEK,
AgNPs potentiated the production of ROS about 15 times and 17

times for S. aureus and E. coli, respectively; while GS only had
slightly influence in the production of ROS. However, the combina-
tion of AgNPs and GS greatly increased ROS production, which was
103 times higher than that of PEEK.

3.8. The quenching of ROS

The addition of thiourea eliminated the adverse effects of ROS,
and the corresponding results were given in Fig. 6e, f. Compared
with PEEK samples, both SP and SP-PDA exhibited several times
of increasement in the number of viable bacteria for both S. aureus
and E. coli, which indicated improved bacterial survival and
growth. As to AgNPs or GS, the number of viable bacteria for both
S. aureus and E. coli was reduced, even without the destructive
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. aureus

Fig. 5. SEM morphology of bacteria adhered to the surfaces after incubated with samples for 24 h, and high magnification images of bacteria adhered to SP sample or bacteria
damaged were inserted on the upper right corner. Red arrows indicate bacteria with impaired structure. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

effect of ROS. Furthermore, under the combination of AgNPs and
GS, the majority of S. aureus and E. coli was killed, only about 1%
of them was still alive.

3.9. Cytocompatibility evaluation

To investigate the effects of different coatings on the cell attach-
ment, SEM was employed to observe cells at the determined time
points. After 6 h cultivation, as detailed in Fig. 7, cells adhered on
the PEEK surface appeared a spherical shape with few microvilli

and thinly spread filopodium-like morphology. On the contrary,
the porous and PDA coatings enable cells to adhere in flatter mor-
phologies with lamellipodia outstretching to sense the substrate.
However, the existence of AgNPs inhibited the adhesion of cells.
Luckily, on the SP-PDA-Ag/GS-silk surface, the adherent cells pre-
sented elongated configuration with cytoplasmic projections
stretching toward the surface. Nonetheless, it was too early for
them to fully spread out. In comparison, after 24 h, the cells dis-
played more extensively spread cytoplasm on all the surfaces than
those at 6 h. Specifically, the SP-PDA-Ag/GS-silk surface showed a
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greater cell number, and some of the cells were already sub-
confluent. This revealed that the SP-PDA-Ag/GS-silk sample had
no deleterious effect on cell adhesion and spreading.

The proliferation of cells was measured according to the CCK-8
method. Compared with the negative group, the PEEK showed infe-
rior cytocompatibility, while the porous structure favored the cell
proliferation at every time point (Fig. 8a). However, the presence
of AgNPs showed deleterious effect on cell proliferation, which
could be ascribed to the release of Ag®. The existence of silk film
favored cells’ proliferation.

3.10. Osteogenic differentiation properties

As an early marker for cell differentiation, ALP activity was
determined. As detailed in Fig. 8b, the ALP activity for all group
increased from 7 d to 14 d. The ALP activity of cells cultured on
SP-PDA-Ag presented to be the lowest at both determined time
points, disclosing the negative effect of AgNPs on the osteo-
differentiation ability of cells. Nevertheless, the ALP activity
expression on SP-PDA-Ag/GS-silk coating was higher than that of

PEEK at 7 d and 14 d. To further investigate the osteogenic capabil-
ity, Sirius red and ARS staining were applied to estimate the colla-
gen secretion and extracellular matrix mineralization abilities,
because they are osteogenic markers at a later stage. The SP-
PDA-Ag/GS-Silk coating exhibited the largest staining area and
deepest red color for both Sirius red and ARS staining, which sug-
gested the highest osteo-differentiation activity (Fig. 8e). In addi-
tion, quantitative analysis was carried out, and the results
corresponded with aforementioned staining results (Fig. 8c, d).
Generally speaking, the presence of AgNPs and GS in the SP-PDA-
Ag/GS-silk coating did not show adverse effect on osteo-
differentiation, and on the contrary, the coating promoted cell
osteogenesis compared with the untreated PEEK.

4. Discussion
Morones-Ramirez et al. [12] have founded that the combination

of Ag" and antibiotics could result in a significant synergistic effect
on killing the drug-resistant bacterial strains, thereby expanding
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Fig. 7. Morphology of MC3T3 cells after cultured on different samples for 6 h and 24 h.

the antibacterial spectrum of the existing antibiotics. Since then,
some studies have explored the possibility of integrating the syn-
ergistic bacterial-killing ability of Ag* and antibiotics into biomed-
ical devices [28,38,39]. Whereas, the imbalanced biocompatibility
and antimicrobial properties limit their applications, while the
uncontrolled release of bactericides exacerbates the emergence
of bacterial resistance. Therefore, PDA and silk fibroin were intro-
duced to the porous PEEK surface to balance biocompatibility
and antibacterial ability of PEEK implant. Meanwhile, silk fibroin
had the ability to control the release of bactericide, which can inhi-
bit the emergence of bacterial resistance. As to antibacterial ability,
the employed of AgNPs and GS fully eradicated both the planktonic
and adherent S. aureus and E. coli bacterial even after a week incu-
bation, while the incorporation of AgNPs or GS alone did not pre-
sent prominent bactericidal ability (Fig. 4 and Fig. S3). At the first
24 h, the SP samples with porous structure showed better anti-
bacteria adhesion property than pure PEEK samples for E. coli,
which mainly attributed to two aspects. First, the incorporation
of sulfur into PEEK after sulfonation showed bactericidal effect
[17]. Second, the smaller surface pore size (~1 pm) as compared
with the size of E. coli (1-3 um) reduced bacteria contact area
[40]. Besides that, the PDA coating exhibited different influence

on the bacterial adhesion ability, owing to the different
hydrophilicity of S. aureus (72°) and E. coli (~20°) [41,42]. It was
also noteworthy that the synergistic effect between AgNPs and
GS on planktonic bacterial was 10 times higher than the effect
on adherent bacteria. That could be explained by the greater diffi-
culty in the eradication of adherent bacteria [38]. However, it
seemed to be abnormal that SP-PDA-Ag did not display enhanced
antibacterial properties as immobilized AgNPs on biomaterials
via PDA had been reported to improve antibacterial properties
[32]. This phenomenon could be explained by the amount of
released Ag" (0.65 + 0.06 pg after 24 h) which was far below the
MIC of Ag® (4 png/ml) [43]. Hence even the local concentration of
Ag" around the surface could not be high enough to engender sig-
nificant anti-adhesion effect. On the other hand, the mechanism
behind the synergistic effect of AgNPs and GS need further
exploration.

The antibacterial effect of AgNPs originates from its released
Ag* [44], and Ag* has been known to kill bacteria through mem-
brane damage, production of ROS, and causing cellular uptake of
Ag" [45]. Therefore, we reasoned that AgNPs could potentiate the
antibacterial ability of GS as they share a common antibacterial
mechanism which involving membrane damage and overproduc-
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tion of ROS [46,47]. In that point, membrane permeability was
determined, and both AgNPs or GS showed improved bacteria
membrane permeability compared with the P group, but the
degree of improvement to S. aureus and E. coli was different. The
E. coli exhibited greater membrane vulnerability than S. aureus
when treatment with AgNPs, whereas GS treatment showed an
reverse result (Fig. 6a, b). That may associate to the facts that the
thicker negatively charged peptidoglycan of S. aureus can trap
more silver than E. coli does, so as to decrease the membrane sus-
ceptibility of S. aureus [48]; whilst Gram-negative bacterial (E. coli)
are intrinsically less permeable to GS compared with Gram-
positive species (S. aureus), as their outer membrane forms a per-

meability barrier [49,50]. As to sample with AgNPs/GS, it displayed
the highest membrane permeability compared with the other sam-
ples. It was mainly because that Ag* formed complexes with GS
which led to an increase of overall surface charge [51], and the neg-
atively charged bacteria would prefer to interact with the
enhanced positively charged silver-GS complexes when compared
with silver ion or GS.

As the silver-GS complex led to enhanced bacterial membrane
permeability, we hypothesized that more Ag* and GS can enter
bacteria, yielding a locally high concentration of Ag" and GS within
bacteria. The localized Ag" and GS can disrupt the intracellular reg-
ulation pathways of ROS or facilitate the catalytic process that



J. Yan et al./Acta Biomaterialia 79 (2018) 216-229 227

could produce ROS [8,52], leading to an increased production of
ROS. Actually, the AgNPs/GS showed 10° times increase in the
ROS production of individual bacteria compared with PEEK
(Fig. 6¢,d), which was in line with our hypothesis. To ascertain
the role of ROS in elevating bactericidal ability, bacterial activity
was measured after the scavenge of ROS by thiourea. The result
displayed that the number of bacteria survived after treated with
SP-PDA-Ag/GS-Silk sample was 1% of that survived after treated
with PEEK sample. This may originate from the DNA damage, pro-
tein inactivation, and interruption of protein synthesis, as caused
by the locally high concentration of Ag* and GS. This result indi-
cated the importance of the DNA and protein damage caused by
locally concentrated Ag* and GS in bacterial killing, while allevi-
ated the importance of ROS in bacterial killing.

Concluded from the abovementioned results, the potential
mechanisms of synergistic effect between AgNPs and GS were con-
sidered to include increasing the bacteria membrane permeability,
boosting the production of cellular ROS, and causing damage to
DNA and protein (Fig. 9b). More specifically, Ag" released from
anchored AgNPs and formed complex with GS, as GS contains
many active amino and hydroxyl groups that can react easily with
Ag" by chelation. These complexes were more positively charged,
led to a heightened tendency of interaction with negatively

charged bacteria. Therefore, more Ag* and GS were allowed to exist
in close proximity to the bacteria membrane, interact and effi-
ciently disturb the membrane. That yielded localized and more
concentrated Ag* and GS within bacteria. These concentrated Ag*
and GS contributed to bacterial-killing in two different ways: (1)
Ag" has a high affinity for amines, phosphates, and especially the
thiol group, so it can bind to DNA, protein or cofactors, disturbing
simultaneously many aspects of cell metabolism and resulting in
bacteria death. Meanwhile, GS can bind to the 30S subunit of the
bacterial ribosome irreversibly, so as to interrupt protein synthesis,
and finally leading to bacterial death [53]. (2) The localized Ag* and
GS together can dramatically increase the cellular production of
ROS through scavenging intracellular reductase enzymes to disrupt
the ROS-regulation and through boosting the catalytic processes
that produce ROS. One widely accepted pathway to boost the cat-
alytic process which produce ROS is that the existence of Ag" and
GS stimulate oxidation of NADH via the electron transport chain
that is dependent upon the TCA cycle, hyperactivation of the elec-
tron transport chain stimulates superoxide formation, and super-
oxide damages iron-sulfur clusters, making ferrous irons
available for oxidation by the Fenton reaction that can lead to
ROS formation [47]. The evolved ROS can damage DNA, protein,
and lipids, triggering bacterial death.
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What’s more noteworthy, Ag" and GS presented a pH-
responsive release behavior, as faster and larger amount release
of Ag* and GS was achieved under lower pH conditions. pH is a rel-
evant stimulus for antibacterial coatings since many bacteria
metabolically acidify their local environment. In particular, S. aur-
eus and E. coli produce lactic and acetic acid, respectively [54,55]. In
this point, it was fair to say a coating with bacteria-triggered self-
defensive ability was constructed on SP-PDA-Ag/GS-Silk sample.
This coating achieved the delivery of therapeutic agents only when
and where needed, so unnecessary premature elution of bacteri-
cide could be controlled. Such unnecessary release puts pressure
on bacteria to develop antibiotic resistance, as suboptimal concen-
tration of bactericide has been considered as a crucial aspect of the
antibiotic resistance crisis [56,57]. Hence, this coating would be
beneficial to orthopedic implants. In fact, the pH-responsive
release behavior could account for the accelerated oxygen depen-
dent dissolution of Ag* from AgNPs due to the decrease of pH
[58], and also could originate from the properties of silk fibroin
(Fig. 9a). Silk fibroin consists of heavy (H) and light (L)-chain,
and the H-chain involves three domains with different isoelectric
point (pI): N-terminus (pI = 4.6), C-terminus (pI = 10.5), and repet-
itive part (pI = 3.8) [23]. Because of the difference in pl, the charge
condition of three domains will be different. When exposed to
physiological pH (pH = 7.4), negatively charge will be dominant
in silk fibroin, and will be favorable for positively charged Ag*
and GS to form an electrostatic interaction with silk. As environ-
ment pH decreases, protonation degree of silk fibroin enhanced,
followed by an accumulation of positive amino groups. It brings
about an imbalance between negative and positive charges and
results in the release of positively charged Ag* and GS to maintain
electroneutrality at lower pH values. On the other hand, pH-
responsive release behavior can also be governed by conformation
change of silk fibroin. Specifically, when exposed to a solution of
pH 7.4, all amino acid side chains except the C-terminus are nega-
tively charged eliciting a rather elongated molecular conformation
due to repulsive charge-charge interaction along the biopolymer
backbone [23]. Thus, all of these negatively charged groups can
be exposed to positively charged Ag* and GS. As pH decreases,
the repulsive interactions along the silk are suppressed, resulting
in a less extended and more compact conformation. Therefore,
fewer negatively charged groups are exposed outside, leading to
release of Ag" and GS. Because of the control of electrostatic inter-
action and conformation, silk would be a promising material that
can be used to control the release of bactericide in a pH-
responsive manner. Also important, the released dose of bacteri-
cide is determined by the degree of pH lowering that is associated
with the metabolic activity of bacteria.

This synergistic bactericidal approach could also be detrimental
to the host cell adhesion and impair implant integration due to the
toxicity of Ag®. Actually, the directly employed of AgNPs did harm
cell adhesion, proliferation, and also osteogenesis (Fig. 8). How-
ever, after being coated with silk fibroin, the specimen displayed
a significant enhancement in cytocompatibility and osteogenic
ability. Silk fibroin had made a great contribution to it. First, silk
fibroin acted as a barrier that prevented the direct contact between
AgNPs and cell membrane and also slowed down the release rate of
Ag*, so as to relieved the toxicity of silver. Second, silk fibroin
increased the contact angle from 42.5° to 56°, which would be bet-
ter for cell adhesion [59,60]; meanwhile, the adsorption amount of
BSA protein was increased due to the increased hydrophobic inter-
action, electrostatic interaction, and also hydrogen bonding
between silk and BSA protein. Noteworthily, the protein adsorbed
on biomaterial surface influences the adhesion of cells, to some
extent governs the cell attachment [61]. On the other hand, the
enhanced osteogenic ability also originated from the similar struc-
ture between silk fibroin and collagen type I [62,63].

This novel coating did endow PEEK implant with bacteria-
triggered synergistic bactericidal ability. Moreover, good cytocom-
patibility and osteogenesis were also achieved. PEEK material with
this dual functions coating would be a promising material for
orthopedic implants to combat against BAI. More importantly, this
coating can be applied to virtually any type and shape of implants/
devices, thanks to the capability of PDA to form robust and strong
adhesion to virtually all types of substrates and the inherent wet-
chemical nature of treatments. However, there has a different per-
spective about cytocompatibility of the treated samples. It said
that the cytocompatibility comparison should be done among trea-
ted group and SP group (not PEEK group) as the bulk material was
completely different after sulfonate treatment. In that case, SP-
PDA-Ag/GS-Silk group showed compromised cytocompatibility
compared with SP group (Fig. 8a, b). Especially for the cell prolifer-
ation, at least 50% cytotoxicity was shown in the first 5 days com-
pared with the SP group, and was alleviated on the seventh day.
Actually, this perspective revealed the disadvantage of this coating,
which was the insufficient of cytocompatibility. Therefore, more
work should focus on improving the cytocompatibility of this
material. In addition, more studies should be conducted to further
investigate the effectiveness of this coating in vivo and clinical.

5. Conclusions

In this study, a mussel inspired, AgNPs incorporated SF/GS coat-
ing was constructed upon porous PEEK surface. The resultant coat-
ing presented a smart bacteria-triggered synergistic bacteria-
killing ability while improving the ability of cell adhesion, prolifer-
ation, and osteogenesis. This dual functions of this coating can
guarantee the victory of the cells in the “race for the surface”, thus
holding great promise for engineering bacteria-resistant biomedi-
cal implants.
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