Acta Biomaterialia 116 (2020) 223-245

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier.com/locate/actbio

Full length article

In vitro and in vivo evaluation of structurally-controlled silk fibroin )
coatings for orthopedic infection and in-situ osteogenesis et

Zhou Wenhao®", Teng Zhang¢, Jianglong Yan®, QiYao Li¢, Panpan Xiong®, Yangyang Li°,
Yan Cheng®* Yufeng Zheng "<+

3 Northwest Institute for Nonferrous Metal Research, Xi‘an 710016, China

b Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, China

¢Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China

d Department of Orthopedics, Peking University Third Hospital, Beijing 100191, China

¢ Department of Biomedical Engineering, Materials Research Institute, Huck Institutes of The Life Sciences, The Pennsylvania State University, University Park,
PA 16802, United States

ARTICLE INFO ABSTRACT
Arfic{e history: Biomedical device-associated infections (BAI) and osteosynthesis are two main complications following
Received 7 May 2020 the orthopedic implant surgery, especially while infecting bacteria form a mature biofilm, which can

Revised 20 August 2020
Accepted 26 August 2020
Available online 2 September 2020

protect the organisms from the host immune system and antibiotic therapy. Comparing with the single
antibiotics therapeutic method, the combination of silver nanoparticles (AgNPs) and conventional antibi-
otics exert a high level of antibacterial activity. Nevertheless, one major issue that extremely restricts

Keywords: the potential application of AgNP/antiviotics is the uncontrolled release. Moreover, the lack of osteogenic
Silk fibroin ability may cause the osteosynthesis. Thus, herein we fabricated a structure-controlled drug-loaded silk
AgNPs, B-sheets structure fibroin (SF) coating that can achieve the size and release control of AgNPs and high efficient osteoge-
Antibacterial nesis. Three comparative SF-based coatings were fabricated: «-structured coating («-helices 32.7%,), m-

Osteogenesis structured coating (3-sheets 28.3%) and B-structured coating (-sheets 41%). Owning to the high content

of a-helices structure and small AgNPs (20 nm), a-structured coating displayed better protein adsorption
and hydrophilicity, as well as pH-dependent and long-lasting antibacterial performance. In vitro studies
demonstrated that o coating showed biocompatibility (cellular attachment, spreading and proliferation),
high ALP expression, collagen secretion and calcium mineralization. Moreover, after one month subcu-
taneous implantation in vivo, a-structured coating elicited minimal, comparable inflammatory response.
Additionally, in a rabbit femoral defect model, «-structured coating displayed a significant improvement
on the generation of new-born bone and bonding between the new bone and the tissue, implying a rapid
and durable osteointegration. Expectedly, this optimized structure-controlled SF-based coating can be an
alternative and prospective solution for the current challenges in orthopedics.

Statement of Significance

In this study, an AgNPs/Gentamycin-loaded structured-controlled silk fibroin coatings were constructed
on Ti implant’s surface to guarantee the success of implantation even in the face of bacterial infection. In
comparison, the a-structured coating had the lowest content of B-sheets structure (19.0%) and the small-
est particle size of AgNPs (~ 20 nm), and owned pH-responsive characteristic due to reversible «-helices
structural. Thanks to pH-responsive release of Ag*, the «-structure coating could effectively inhibit adhe-
sive bacteria and kill planktonic bacteria by releasing a large amount of reactive oxygen radicals. Through
in vitro biological results (cell proliferation, differentiation and osteogenic gene expression) and in vivo
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rabbit femur implantation results, the «-structure coating had good biocompatible and osteogenic prop-

erties.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

For most orthopedic surgeries, biomedical device-associated in-
fections (BAI) remain a massive and potential issue as it easily trig-
ger further delayed healing, implant failure and repeated surgeries
[1]. However, the frequent emergence of multi-resistance bacte-
ria make it even worse, result in relentless spread of restriction
to traditional antibiotics [2,3]. Recently, a popular option to over-
come bacterial resistance is the combination of traditional antibi-
otics with AgNPs, a broad spectrum fungicide with potential ap-
plications in orthopedic area [4-6]. Different from antibiotics, the
antibacterial mechanisms of AgNPs are not specific at a single level
but to influence many bacterial structures and metabolic processes
at the same time, including inactivate bacterial enzymes, disrupt
bacterial metabolic processes and the bacterial cell wall, increase
membrane permeability, interact with DNA, and generate reactive
oxygen species [7,8]. Therefore, AgNPs could be considered as a
suitable candidate for combinations with antibiotics, posing no risk
of bacterial resistance. As an aminoglycoside antibiotic, Gentamycin
(Gen) can efficiently inhibit infections and biofilm development,
and has been proved to work with AgNPs at a relatively low con-
centration, disclosing the strong synergetic antibacterial effects [9].

Regenerated silk fibroin (SF), a kind of natural proteins har-
vested from domestic Bombxy mori silkworm silks, has attracted a
lot of recent interest in drug-loaded coatings for surface modifica-
tion of orthopedic implants due to its impressive biological perfor-
mances, such as tunable degradation rate, easy load of multifarious
drugs and long term drug stabilizing [10,11]. In fact, a wide variety
of bactericides (e.g. antibiotics, metal nanoparticles and antimicro-
bial peptides) can be easily embedded in SF coatings by electro-
static force, hydrogen bond or covalent grafting [12-14]. Benefit-
ing from the reductive Tyr-residues of SF chains, SF could in-situ
reduce Ag™ to AgNPs under eco-friendly condition with high effi-
ciency [5,15]. Moreover, profiting from unique structure and flex-
ible assembled properties, lots of surface-modified methods, such
as electro-spray [16], laser evaporation [17], and layer-by-layer de-
position, [18] have been applied to build adaptable SF-based coat-
ings for enhancing the osteogenic differentiation of stem cells and
bone formation in bone defect models [19]. As verified, the po-
tentially osteogenic property of SF-based coating derived from its
structure striking resemblance to the collagen, an important or-
ganic components of natural bone. Also, the amorphous links in
the B-sheet structures of SF acted as nucleation sites for the de-
position of HA-nanocrystals [20,21]. Also, it has been reported to
intervene several gene pathways, which are responsible for regu-
lating the general bone development and remolding [22,23].

When it comes to the intrinsic structure of SF, although sev-
eral different silk secondary structures are possible, from S-sheets
over «-helices to coiled-coil to collagen/polyglycine families, usu-
ally SF-based coatings have either a high content of S-sheets or «-
helices, depending on their equilibrium state. In detail, highly or-
dered B-sheet crystalline regions (Silk II) in SF-based coatings are
known to modulate degradation kinetics, matrix stiffness, and bio-
compatible properties [24,25]. From the perspective of osteogenic
applications, the secondary structure influence the cell-matrix in-
teraction, the following cellular processes and further osteogenic
differentiations. Min et al. proved that SF matrix with higher 8-
sheet contents showed increased cell adhesion and spreading [26].
Also, mesenchymal progenitor cells embedded in 3D printed con-

structs obtaining higher S-sheet contents of sonicated silk fibroin
(25.4%) demonstrated higher propensity toward osteogenic differ-
entiation, compared to tyrosinase-induced cross-linked constructs
(having only 14% B-sheet content) [27]. Reversely, the high con-
tent of B-sheets structure within the SF matrix may induce the
adsorption of some peptides, resulting in potential toxicities and
inflammation in vivo [28].

Likewise, antiseptic drug-loading and release behaviors highly
depend on secondary structure of SF, which further guide the
antibacterial and osteoinductive performances [29]. Speculatively,
varying secondary structures of SF would induce alterations of
AgNPs in diameters and morphologies during the in-situ reduc-
tion process. As proved, the concentration and morphology of Ag-
NPs played a vital role in promoting osteogenic differentiation of
urine-derived stem cells at a suitable concentration [30,31], and
the size-dependent antimicrobial and cytotoxic properties of silver
nanoparticles were also stated [14,32]. Hence, it can be concluded
a strong significance of tuning secondary structures to regulate the
biological performances of drug-loaded SF coatings. However, to
the best of our knowledge, none of the studies clearly elucidates
the influence of varying secondary structures on the properties of
such coatings. The secondary structures and conformations of SF
could be flexibly modulated by some external conditions, such as
pH [33]. In detail, strong inter-chain aggregations can be evoked by
an increase of hydrophilic groups at low pH, while the conforma-
tion tend to be stretched due to the repulsion of charged carboxyl
groups at high pH [14,34].

In the present study, we investigate SF-based coatings with
varying secondary structures and components to address five main
goals: (1) to prepare and characterize AgNPs/Gen-loaded SF coat-
ings with varying secondary structures and components; (2) to
compare the antibacterial and biocompatible performances of dif-
ferent SF-based coatings in vitro; (3) to evaluate the immune re-
sponses of these SF-based coatings after the subcutaneous implan-
tation for 1 month; (4) to verify the feasibility and flexibility of this
functional coating applied to complicated geometries; (5) to assess
the in vivo osteoinductive ability of these bioactive interfaces in a
rabbit femoral defect model. This work intended to help guiding
a better understand and design of the antibacterial and osseointe-
grated coatings for bone implants.

2. Experimental section

2.1. Preparation of AgNPs/gen-loaded SF coatings with varying
secondary structure

The B. mori silk was dissolved in established process and puri-
fied by removing the sericin to gain SF fraction, described in our
previous study [12]. The final SF was ready to use in 5 wt% water
solution.

Before reducing Agt, the pH of SF solution was adjusted to
3.5, 6 and 9.5 by 1 M HCI or NaOH. Then, AgNO3; powders (40.0-
80.0 mg) and Gen powders (0.4 — 2.4 g) were mixed with 6 mL
of 5 wt% SF solution, forming a translucent AgNO3/Gen/SF mixture
solution. The final AgNO3; and Gen concentration in the mixture
were 2 mM and 1 mg/mL, respectively. Then, the mixture solu-
tion was exposed to UV irradiation (Sankyo Denki, GL4; 254 nm;
T = 25 °C) for 2 h, and the final AgNPs/Gen/SF solution was stored
at 4 °C for further use.
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Commercially pure wrought titanium (cp-Ti) plates (99.9 mass%
Ti, 10 x 10 x 0.5 mm, Suzhou electronic material co.LTD) were
polished by 2000 grit and rinsed with ultrasonication in acetone,
ethanol, and deionized water (DI) to get spotless and dehydrated
surfaces, following by constructed with polydopamine (PD) layer
and SF-based coating. In brief, cTi discs were placed into 2 mg/mL
dopamine hydrochloride (Alfa Aesar) with Tris-HCI buffer (10 mM,
pH = 8.5; Sigma) for 24 h while constantly vibrating in the dark at
37 °C, and then the excess monomer and particles were removed
by thorough ultrasonication in Tris-HCIl buffer [35]. Then, these Ti-
PD discs were immersed with 10 uL AgNOs3/Gen/SF solution, fol-
lowing by evaporation at 30 °C and 60 °C to form functional coat-
ings with varying structures and compositions.

2.2. Morphological and chemical characterization

Ag nanoparticles was investigated by transmission electron
microscopy (TEM, H-9000, Hitachi) under an operating voltage
of 100 kV. Briefly, AgNPs/Gen/SF mixture solution was diluted
by DI water and dispersed by ultrasonic waves, then dropped
onto carbon-coated copper grids, air-dried before observation. UV-
visible spectra were recorded as a function of the reaction time
on a UV-1601PC spectrophotometer (Shimadzu, Japan) operated
at a resolution of 1 nm. The particle size distribution of Ag-
NPs was evaluated using dynamic light scattering (DLS) measure-
ments, three samples per group and three times testes per sample.
Intensity-time autocorrelation functions were measured with ac-
quisition times of 15 s for 10-20 min at a scattering angle of 90°.

The characteristic functional groups of SF-based coatings were
identified by Fourier Transform Infrared (FTIR) microspectroscopy
(Nicolet 750, USA), with a wave number ranging from 400 to
-4000 cm~!. With the help of Peak Fit 8.0 software, Fourier self-
deconvolution (FSD) method was used to analyze the amide I
(1600-1700 cm~!) peak of each coating. At the same time, Origin
9.0 software was used to curve-fit the FSD spectrum, and Gaussian
curve was curve-fitted. The peak assignment of the amide I region
was as described in the literature [33]. At least three samples of
each coating prepared independently, was analyzed.

In addition, the composition and element states of the samples
were characterized by X-ray photoelectron spectroscopy (XPS; AXIS
Ultra, Kratos Analytical Ltd.), and the binding energy was calibrated
by the C 1s hydrocarbon peak at 284.8 eV. Quantitative analysis
was performed with the help of Casa XPS software.

The surface morphology of SF-based coating was observed us-
ing field-emission scanning electron microscopy (FESEM, S-4800,
Hitachi). To improve electrical conductivity, the coatings were first
sputtered with gold, and then observed at an accelerating voltage
of 5 KkV. Further, five area from SEM images were randomly se-
lected to measure the average diameter of AgNPs forming at dif-
ferent conditions by Image] software.

The crystalline phase of AgNPs and the S-sheet structure of SF
were characterized by X-ray diffraction (XRD), the copper target
was used as the radiation source (A = 1.540598A), and the work-
ing voltage was 40 kV. Set the different angles (20) in increments
of 10 to 90° with a step size of 4 min!.

2.3. Wettability and protein adsorption

The hydrophilicity of the SF coating was measured by a con-
tact angle goniometer (SL200B, Kono, USA). Place the sample on
the cover glass, and randomly drop five DW droplets on different
positions for measurement.

FITC-labeled bovine serum albumin (FITC-BSA, 100
pug/mL, Sigma) was co-cultured with SF-based coating for
1 hour at 37 °C for protein adsorption experiments [36].

In order to quantitatively calculate the amount of protein ad-
sorbed on the SF coating, the supernatant was collected after
the co-incubation and measured with a multi-label reader (2300,
Perkin Eimer) at an excitation wavelength of 488 nm and an
emission wavelength of 525 nm. According to a series of FITC-BSA
solutions of known concentration, the absorption of BSA was cal-
culated according to the standard curve. Then, the sample surface
was cleaned with PBS, and the attached protein was observed
under a laser scanning confocal microscope (LSCM, Carl Zeiss,
Germany).

2.4. Ion release

Samples (n = 3) were submersed in phosphate buffer solution
(PBS, pH = 7.4) at 37 °C under static conditions. At predetermined
times, the leaching medium was collected and freshly added. Anal-
ysis was performed by using inductively coupled plasma mass
spectrometry (ICP-MS; Agilent 7700 x, U.S.). Besides, the total Ag
content per sample was determined similarly after dissolving the
particles in HNO3 (n = 3).

2.5. In vitro antibacterial experiments

A model S. aureus mutans (ATCC 25923), which was closely re-
lated to most orthopedic infections, was utilized to co-culture with
samples in the Luria Bertani (LB) medium at 37 °C to assess the
antibacterial activity of the SF coatings (n = 3). Before bacterici-
dal experiment, all sample surfaces were sterilized by UV irradia-
tion for 2 h, then immersed in 500 mL bacterial suspension with a
presupposed concentration (ODggg ~0.5, corresponding to ~2 x 108
colony forming units (CFU)/mL) in aerobic conditions for 6 h and
24 h for anti-attachment assay, and 7 d for anti-biofilm assay.

Subsequently, in order to evaluate the coating’s ability to inhibit
bacterial adhesion, the WST-8 kit (Dojindo, Kumamoto, Japan) was
used to test the bacterial viability according to the manufacturer’s
instructions. In detail, after 6 h coculture with 2 mL S. aureus
(2 x 108), the bacteria on the surface and in the suspension were
collected and mixed with WST-8 (containing electron mediator) as
a ration 10:1. After half hour reaction, the color of solution turned
into deep yellow, and in the presence of WST-8 and electron medi-
ators, colorimetric measurement of formazan dye produced during
microbial metabolism could indirectly reflect the number of bac-
teria. The naked sample was used as a reference to eliminate the
influence of the background.

Then, the surface of the sample was washed with sterile PBS to
remove non-adherent bacteria, and then fixed with 4% glutaralde-
hyde. For each sample, at least 5 random low-magnification and
high-magnification SEM images were taken to count the number
of attached bacteria and observe their morphological changes. In
addition, the Live/Dead®BacLight™ bacterial viability kit (Molecu-
lar Probes™, Invitrogen) was used to perform fluorescent staining
to distinguish dead/live bacteria and visually observe the formation
of biofilms. The kit contained two dyes, SYTO™9 And propidium
iodide (PI). Because of their different ability to penetrate bacte-
rial membranes, PI only targeted ruptured cell membranes, while
SYTO could penetrate complete membranes [37]. After washing
with 0.85% saline, 500 mL of SYTO (6 mM) and PI (30 mM) staining
reagent mixture were added to the surface of each sample. After
staining for 15 minutes in a dark environment, five locations were
randomly selected for observation under a confocal laser scanning
microscope (CLSM), and finally quantitative data analysis was per-
formed with Image ] software.

After 7 d of co-cultivation between the sample and the bacte-
ria, the surface was washed with PBS to remove the bacteria that
did not adhere firmly, and the back of the sample was carefully
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cleaned with a swab soaked in 70% (v/v) EtOH. To observe the for-
mation of biofilm, the sample was fixed with 4% PFA, stained with
0.1% (w/v) crystal violet for 15 minutes, and then washed with PBS
3 times to remove unbound dye. After the photo was taken, the
dye was eluted with 95% (v/v) EtOH, and its absorbance was mea-
sured at a wavelength of 570 nm.

According to the operating procedure, the formation of reac-
tive oxygen species (ROS) was measured by the sensitive 2',7'-
dichloro-fluororesin diacetate (DCFH-DA) fluorescent agent. Incu-
bate the dilute DCFH-DA dilution (non-fluorescent) with bacteria
(on the sample’s surface) for 2 h at 37 °C. In the ROS environ-
ment, it was converted to 2',7-dichlorofluororescin (DCF, fluores-
cence). CLSM fluorescence images were observed at 488 (Ex) and
535 (Em) nm, and five random areas were selected for each sam-
ple for observation. Image ] software was used for quantitative data
analysis.

2.6. In vitro biocompatible and osteogenic assessment

2.6.1. Cell culture and seeding

The mouse preosteoblast MC3T3-E1 cells were fostered in o-
MEM medium containing10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin in a humidified incubator with 5% CO, at
37 °C.

2.6.2. Cell adhesion

SEM observations and polychrome immunofluorescence stain-
ing were utilized to visualize the initial attachment and spreading.
After 6 h of cultivation, samples were rinsed twice with PBS and
fixed in glutaraldehyde (2.5%) for 2 h. Subsequently, the fixed cells
were rinsed again and dehydrated with graded concentrations of
ethanol (30—100%). After complete dry at room temperature (RT),
the samples were coated by gold-sputtering and observed under
SEM. For immunofluorescence staining, the washed cells were sub-
merged in 5 pg/mL fluorescein diacetate (FDA) solution for 5 min.
Later, cells were rinsed with PBS and visualized under confocal mi-
croscopy. The quantitative results were analyzed by Image J.

2.6.3. Cell proliferation and morphology

Depending on the mitochondrial measurement, Cell Counting
Kits (CCK-8, Dojindo) was employed to assess cell activity and pro-
liferation, as previous reported [12]. Besides, the cell attachment
and spreading were stained by fluorescent dye and visualized un-
der CLSM. In brief, through rinsing three times with PBS and fixing
in 4% PFA, the settled cells were permeabilized and counterstained
with FITC-phalloidin (1:200, 40 min; Sigma) and DAPI (1:1000,
5 min).

2.6.4. Cellular live/dead staining

The survival capacities of MC3T3-E1 cells on different coatings
was assessed by staining living cells with 2 pyM Calcein AM and the
dead cells with 4 pM PI (Live/Dead Cell Stains, Dojindo, Kumamoto,
Japan), following as the operation manual. After that, the living and
dead cells were observed by confocal microscopy according with
green and red, respectively.

2.6.5. Cell apoptosis and intracellular ROS levels

To assess the cytotoxicity of samples, an LDH kit (Abcam, Cam-
bridge, MA) was used to measure the extracellular release of lac-
tate dehydrogenase (LDH), closely related to cell apoptosis. Follow-
ing the manufacturer’s protocol, LDH value at the single-cell level
(i.e., cellular LDH activity) was revealed by standardizing the to-
tal LDH activity to the number of cells. As depicted in antibacte-
rial experiment, a DCFH-DA-labeled fluorescence probe was used
to assay the levels of intracellular ROS in MC3T3-E1 cells caused
by SF-based coatings.

2.6.6. Extracellular matrix (ECM) collagen and calcium assays

After culture for 28 d, ECM collagen and calcium salts ex-
pressed by MC3T3-E1 cells was specifically stained by histochem-
ical dyes Sirius Red (SR, 0.1%; Sigma) and Alizarin Red S (ARS,
2%; Sigma), respectively. In short, cells cultured on surfaces were
fixed in 4% PFA and rinsed with PBS, then incubated with 500 pL
of SR or ARS dye solution for 18 h or 15 min, respectively. Next,
the resultant surfaces was thoroughly washed by acetic acid solu-
tion (0.1 M) and DI water, after that, they were completely dried
and photographed. Quantitatively, dyes were extracted using 50%
0.2 M NaOH/methanol (for SR) and 10% cetylpyridinium chloride
(for ARS), and the samples were then read on a microplate at 570
or 562 nm.

2.6.7. Alkaline phosphatase (ALP) activity

Osteogenic differentiation of MC3T3-E1 cells were assessed by
cultivating in osteogenic differentiation media. Mature cells (>70%)
were collected and cultured with sterilized samples at a density of
1 x 105 cells/mL in 24-well tissue culture plates. The media were
changed every other day. After incubation for 7 and 14 days, an
ALP assay kit (Nanjing Jiancheng, China) was utilized to analyze
intracellular release of alkaline phosphatase (ALP). In brief, cells
cultured on surfaces were cleaned with PBS and lysed with 1% Tri-
ton X-100 for 1 h. Next, the cell lysis was transferred to 96-well
plate with 20 pL/well and mixed with the working solution fol-
lowing the manufacturer’s instruction. After complete colorimetric
reaction, the absorbance of mixed solution was tested by a plate
reader at 520 nm. The final data were normalized by the total pro-
tein amount, determined by BCA assay kit. To visualize the ALP ex-
pression on the surfaces, BCIP/NBT ALP color development kit (Be-
yotime, China) was used to stain the cells with deep blue color.

2.6.8. Real-time polymerase chain reaction (RT-PCR)

According to the instructions in the operating manual, after 7
and 14 days of co-cultivation with the sample, the total RNA of the
cells was separated using Trizol reagent (Sigma) and reversed us-
ing the RevertAid First Stand cDNA synthesis kit (Fementas, Vilnius,
Lithuania) record. After that, SYBR Green PCR Master Mix was used
to perform RT-PCR using the ABI PRISM 7500 Sequence Detec-
tion System (Applied Biosystems, California, USA). The housekeep-
ing gene was glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The primers used in this study were: shorty-related transcrip-
tion factor 2 (Runx2), (forward) 5-AG-GAATGCGCCCTAAATCACT-
3’ and (reverse) 5-ACCCAGAAGG-CACAGACAGAAG-3'; type I colla-
gen alpha 1 (Col1al), (forward) 5'-AAGAAGCACGTCTGGTTTGGAG-
3’ and (reverse) 5-GGTCCATGTAGGCTACGCTGTT-3’; osteocalcin
(°CN), (forward) 5'-TTTCTGCTCACTCTGCTGACC-3’ and (reverse) 5’-
CAGCACAACTCCTTCCTACCA-3'; ALP, (forward) 5'-TCGGGACTGGTA
CTCGGATAAC-3’ and (reverse) 5'-GTTCAGTGCGGTTCCAGACATAG -
3’. The cycle threshold (Ct value) was selected, and the multiple
difference was determined by the AACt method. The untreated
cells in the normal growth medium were used as the control

group.
2.7. In vivo experiments

2.7.1. In vivo implantation and fluorescent labeling

Rabbit femoral defect model was used to assess the in vivo
osseointegration ability of SF coating. In brief, 16 groups of the
porous Ti64 scaffolds, including untreated and SF coating-treated
implants, were inserted in the bilateral femur defects of 16 mature
male New Zealand rabbits. Ketamine (50 mg/kg) was utilized to
anesthetize the rabbits by intramuscular injection. After sterilizing
skin with 0.5% povidone iodine, the bone defects were surgically
opened. A 5 mm diameter drill was used to perforate femur along
with saline wash, and then the scaffold was implanted in the bone
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defect by push mounting. The opening was sutured by absorbable
thread (PDS II, Ethicon, USA) in layers. 0.1 g/kg penicillin was in-
tramuscularly injected in rabbits for 3 days postoperatively. To ob-
serve the new bone regeneration process in the implants after the
embedding, new-generated bone was labeled by in vivo sequen-
tial fluorescent labeling at different time points. Commonly, sub-
cutaneous injection of calcein green (10 mg/kg, Sigma, U.S.A.) and
tetracycline (30 mg/kg, Sigma, U.S.A.) was carried out at 3 and 7
weeks post-embedding, respectively. After 8 weeks feeding, all the
rabbits were euthanized and the intact tissues containing scaffolds
were taken out. All the experimental protocols were approved by
the Institutional Animal Ethics Committee of Peking University, and
all rabbits were raised following the national guidelines for care
and use of laboratory animals.

2.7.2. Histological evaluation

After soaking in 10% formalin, specimens were dehydrated with
gradient ethanol solution (40-100%), and then the internal implant
was carefully removed and immersed in paraffin wax. Prepare five
histological cross-sections (6 mm thick) of each sample, stain them
with hematoxylin-Illinoin (H-E), and take pictures under a fluores-
cence microscope (DP71, Olympus) to observe the inflammation of
the subcutaneous tissue. Image] software was used to analyze the
images, and the thickness of the fibrotic capsule around the im-
plant and the number of fibroblasts were quantitatively calculated.

2.7.3. Micro-CT analysis

Rabbit femurs were retrieved and scanned by using a self-built
micro-CT device (InveonTM, Siemens Medical Solutions U.S.A., Inc.)
at a spatial resolution of 9 nym and a scanning rate of 6°/min. The
X-ray source voltage was 80 kV and beam current was 80 mA us-
ing filtered Bremsstrahlung radiation. Three-dimensional (3D) re-
construction was performed using Inveon Acquisition Workplace.
The new-generated bone was separated from soft tissue and im-
plant by partition of different Hounsfield units (HU), in the range
from 1000 to 2250 HU. The% bone volume (BV/TV) was de-
fined as the ratio of bone volume to the total volume of the
region.

2.7.4. Histological examination

After 8 weeks of implantation, the intact tissue containing scaf-
folds were excised for fluorescence and histological analysis. All
samples were fixed in 10% formalin for 14 days, and dehydrated
in serial concentrations of ethanol (70%, 85%, 95%, and 100%) for
3 days each, following with embedding in methyl methacrylate
and cutting by an EXAKT system (EXAKT Apparatebau, Norderst-
edt, Germany). Fluorescent microscope was employed to analyze
the stained samples. Generally, the new-born bone at the third
and seventh week were labeled by a green calcein and an or-
ange tetracycline, respectively. In addition, the sections from an-
other samples were stained with methyl blue and basic fuchsin,
showing red color. An Image-Pro-Plus software was utilized to
quantitatively analyze the bone in-growth (BI) and bone-implant
contact ratio (BICR) according to 2 middle longitudinal sections
of each areas. The BI was defined as the percentage of new
bone within the scaffold. The BICR was measured as the fac-
tion of the surface area of the implant in contact with the
bone.

2.8. Statistical analysis

For all experiments, values for statistical analysis were re-
ported as Mean + SD. An independent-sample t-test was per-
formed to test the significant differences regarding the in vitro
results, whereas the significant differences of the in vivo results

were determined by a nonparametric test (Mann—Whitney) us-
ing SPSS (17.0 version). P < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. A one-step assembly of SF-AgNPs-Gen colloidal solution

As shown in Fig. 1a, the morphology and size changes of
AgNPs reduced under different pH conditions could be clearly ob-
served through TEM images. Most AgNPs showed irregular granu-
lar or globose morphology. By analyzing 50 nanoparticles, the av-
erage diameter of AgNPs reduced under different pH conditions
were calculated, 53.4 4+ 2.7 nm (pH 3.5), 36.7 & 3.2 nm (pH 6) and
18.6 £ 2.7 nm (pH 9.5). Notably, with the increase of pH value, the
particle size of AgNPs decreased significantly. During the reduc-
tion process of Ag*, some SF molecular chains would wrap AgNPs
through protein-metal interactions to achieve the purpose of sta-
bilizing AgNPs and preventing agglomeration, so AgNPs could uni-
formly distributed in the SF solution for a long time. There were
also some SF molecular chains that self-assemble to form larger
SF nanomicelles (about 50 nm). Fig. 1c showed the UV-vis of the
SF-AgNPs-Gen colloidal solution. Initially, the SF-AgNPs-Gen solu-
tion was colorless. After UV irradiation for 2 h, the solution color
changed to pale yellow and eventually dark brown as shown in
Figure S1. The color change was caused by the surface plasmon
resonance (SPR) of AgNPs. The SPR peak at 420 nm belonged to
AgNPs, and a significant red shift occurred with the increase of
pH value. In comparison, the characteristic peak intensity of Ag-
NPs obtained under acidic conditions (pH = 3.5) was significantly
higher than that of neutral and alkaline, which was attributed to
the larger particle size of AgNPs under acidic conditions. The ab-
sorption peak at A = 275 nm was the characteristic peak of SF,
mainly due to the presence of amino acid end groups such as Tyr,
Phe, and Try in the SF chain [38]. Under acidic conditions, the shift
of the characteristic peaks of SF to high wavelengths is due to the
protonation of amino acid end groups in the SF molecular chain.
DLS analysis confirmed that at pH 3.5, the particle size distribution
of AgNPs was mainly concentrated at 55 + 6 nm (Polydispersity
Index 0.18), and the existence of a small peak with a small parti-
cle size was due to insufficient reduction (Fig. 1d). At pH = 9.5,
only one characteristic peak was observed in the particle size dis-
tribution of AgNPs, with an average value of 20 4+ 2 nm (Polydis-
persity Index 0.12). In contrast, the main peak at pH 6 was located
at 40 + 3 nm (Polydispersity Index 0.25) and the distribution was
wider, which means that the particle size of AgNPs obtained under
neutral conditions was more dispersed. However, it is worth noting
that the diameter detected by DLS is the hydrated diameter, which
is usually larger than the true diameter of the nanoparticles.

Fig. 1b illustrated the formation mechanism of AgNPs at differ-
ent pH conditions. When the pH was 3.5, the hydrophobic and un-
charged carboxyl groups in the SF molecular chain would increase,
leading to obvious interchain aggregation, hindering the electro-
static attraction of the tyrosine (Tyr) and Ag', and the contact
probability between Tyr-and Ag™ would be significantly reduced.
Moreover, due to the protonation of amino acids, the positively
charged Gen (isoelectric point, 5.7 &+ 0.2) competed with Ag* for
electrostatic binding with Tyr, resulting in insufficient reduction
sites and reduced reduction efficiency. Therefore, AgNPs displayed
the largest diameter (55 nm) under acidic conditions. Under al-
kaline conditions (pH = 9.5), due to the increase of hydrophilic
groups and negatively charged groups, the SF molecular chains re-
pelled each other, the conformation stretched, and the contact sites
of Tyr-and Ag* were more numerous and reduction efficient were
more intense. As confirmed, Gen can acted as a bridge between SF
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and AgNPs, and improved the reduction efficiency of SF at pH> 5.7
[12]. Also, temperature rise could lead to aggregation of AgNPs.

3.2. Characterization of SF-based coating

As shown in Fig. 2, AgNPs were evenly distributed in the SF-
based coating, the coating was flat and dense, and the surface
roughness was relatively low. In contrast, as the pH value in-
creases, the particle size of AgNPs became smaller and the distri-
bution became more uniform. This agreed with the TEM images of

AgNPs at different pH conditions (Fig. 1a). In addition, the increase
in temperature caused agglomeration of AgNPs, and the diameter
of the particles increased significantly.

Characteristic functional groups and microstructures of different
SF-based coating surfaces were characterized by FTIR. Obviously,
both the decrease in pH and the increase in temperature could
promote the SF I-type structure (o-helices) to the II-type struc-
ture (B-sheets). As shown in Fig. 3b, the characteristic peaks of
SF-based coatings under different conditions basically overlapped,
meaning that they contained the same secondary structure, but the
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Fig. 2. SEM images of AgNPs/Gen/SF composited coating which were dried at 30 °C and 60 °C.

red shift and intensity changes of the peaks represented different
contents of «-helices and B-sheets structure. In contrast, when the
pH value was 3.5, the characteristic peak (1634 cm~!) of the a-
helices structure turned into a characteristic peak (1617 cm~!) of
the B-sheet structure [39], which was attributed to acidic condi-
tions inducing deprotonation of the carboxyl group and protona-
tion of the amino group, leading to a conformational change in
the SF molecular chain. The characteristic peak of the «-helices
structure at 1531 cm~! disappeared, and only the characteristic
peak of 1513 cm~! belonging to the B-sheet structure was ob-
served in the amide II region [39]. In addition, the characteristic
peak at 1233 cm~! in the amide IIl region (random coil structure)
also shifted to 1230 cm~! (B-sheet structure) [40], which meant
that the SF disordered structure reassembled into a layered crys-
tal structure. On the other hand, temperature could also cause the
transformation of SF secondary structure. As confirmed, both tem-
perature increase and pH decrease could lead to the transformation
of a-helices structure and random coil structure to S-sheet struc-
ture in SF-based coatings. In other words, the content of S-sheet
structure in SF-based coatings could be controlled by adjusting pH
and temperature. It was worth noting that the characteristic peak
at 1623 cm~! was related to the carbonyl (C=0) tensile vibration

[41], indicating that the phenolic hydroxyl group (-OH) of the Tyr-
was oxidized and converted into a C=0 group, which was intu-
itive evidence that SF reduced Ag* to AgNPs. In detail, the peak
structure Fourier self-deconvolution (FSD) was used to determine
the secondary structure content (random coil, a-helices, S-sheet)
of SF-based coatings prepared under different conditions. The FSD
spectrum of three characteristic coatings were shown in Fig. 3c: m
(B-sheet structure 28.3%, pH 6, 30 °C), o (B-sheet structure 19.0%,
pH 9.5, 30 °C) and B (B-sheet structure 41.0%, pH 3.5, 60 °C).
Table 1 summarized the secondary structure content of different
SF-based coatings. According to FTIR and FSD spectra, B-structured
coating had the highest S-sheet structure content (41%), while a-
structured coating had the highest «-helices content (32.7%).

XRD further studied the changes in the crystal structure of the
SF-based coating. Two different characteristic peaks corresponded
to the silk fibroin I structure (12.2°, amorphous) and silk fibroin
Il structure (20.7°, crystalline). Obviously, all coatings contained
both two structures. As the pH decreases, the characteristic peak at
20.7° increased, indicating that the silk fibroin II structure became
dominant (Fig. 3d), confirming the effect of pH and temperature
adjustment on the crystal structure of the SF-based coating, which
is basically consistent with the FTIR data.

g)lrjlltz;t of secondary structure of SF at different condition (gray was at 30 °C, white was at 60 °C).

pH B-sheets randomcoils o-helices turns
(+2.4%) (#2.1%) (£1.8%) (+2.4%)

3.5 31.9 23.8 29.1 153

6 28.3 24.5 234 23.8

9.5 19.0 17.3 23.7 31.0

3.5 41.0 21.4 19.4 18.2

6 31.0 24.1 27.2 17.8

9.5 24.7 29.1 31.7 14.5
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The chemical properties and chemical bonds of the SF-based
coatings were determined by X-ray photoelectron spectroscopy
(XPS). All SF-based coatings’ XPS spectra displayed three super-
strong peaks, located at 284, 398, and 532 eV, which belong to C1,
N1, and O1, respectively. Also, the C1s spectrum could be decon-
voluted into four secondary peaks, namely C-C/C=C, C-O (H)/C-N,
C=0/N-C=0 and O=C-0 (Fig. S2). However, due to differences in
forming pH and temperature, the ratio of the secondary peaks was
different. In the XPS spectrum of Ag3d (Fig. S2), the characteristic
peaks of Ag (3d3;) and Ag (3ds),) of the SF-based coating prepared
at pH 6 and 9.5 were 374.1 eV and 368.1 eV, respectively, indi-
cating that AgNPs were metallic and uniformly distributed, which
matched well with JCPDS card No. 04-0783 (Fig. S3). In addition,
no Ag (3d) characteristic peak was observed in the SF-based coat-

ing prepared at pH 3.5, which was attributed to the large parti-
cle size of the agglomerated particles with changed crystal struc-
ture. The chemical stability of AgNPs/Gen-loaded SF-based coatings
stemmed from the stabilizing effect of SF on AgNPs and the protec-
tion of bactericides’ activity. Also, by controlling the forming steps
and conditions (pH and tempreture) consistent, the coatings (one
kind) from different batches had the same characteristics e.g. the
size of particles and the structure.

3.3. Wettability and protein adsorption

When it comes to the surface modification of biomaterials,
the surface wettability should be studied in depth, because it ex-
erts a crucial effect on the initial protein adsorption and further
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Fig. 4. Surface properties of different samples: (a) hydrophilicity and (b, c) protein adsorption.

cell adhesion. Therefore, the hydrophilicity of the SF-based coat-
ings’ surface was measured by the contact angle (CA) method
(Fig. 4a). As a commonly used hard tissue implant material, Ti
was relatively hydrophobic (53.2 + 3.8°). In comparison, the SF-
based coating (30+3.1°) formed at pH 3.5 was the most hydropho-
bic (78.2 + 5.2°), while the CA values of the m-structured coat-
ing (pH 6) and the wo-structured coating (pH 9.5) had decreased
by 24.2° and 35.1°, respectively. It means that o-structured coat-
ing was potentially biologically active. When discussing the ef-
fect of temperature, it could be observed that the increase in
temperature at the same pH results in an increase of the CA
of the SF-based coating by about 10°. One possible cause was
the increase of B-sheet structure with hydrophobic segments at

high temperature, and the other was the agglomeration of AgNPs
(Fig. 2).

When implants are implanted in the body, the first thing
that occurs at the implant/tissue interface is protein adsorp-
tion, which rapidly forms a thin layer of protein, which has a
critical impact on subsequent cellular behaviors such as adhe-
sion, spreading, proliferation and differentiation [36]. The bioaffin-
ity of SF-based coatings was evaluated by using non-specific
FITC-labeled BSA. Specifically, the sample was incubated in a
1 mg/mL FITC-labeled BSA solution for 2 h, and the coating
surface on which the BSA was adsorbed emitted green fluorescence
at an excitation wavelength of 488 nm. As shown in Fig. 4c, due
to the high content of the B-sheet structure, the fluorescence of
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Table 2

The release rate of Ag* from different coatings at pH 4 and 7 conditions (pg/h).

pH pH 4
Time o m
(£0.01) (+0.01)
0-5h 49.720 31.412
5-24h 19.121 19.952
24-72 h 0.218 1.811
72-144 h 0.519 1.093
144-216 h 0.155 0.518
216-408 h 0.168 0.211

the B-structured coating was relatively dispersed, and some high-
intensity fluorescent aggregates were observed on the surface. In
contrast, the «-structured coating surface exhibited uniform pro-
tein adsorption and showed stronger fluorescence levels. Accord-
ing to the quantitative data (Fig. 4b), the naked Ti showed poor
protein adsorption, compared with that, the «-structured coating
had the highest protein content (P <0.05), which means that the
a-structured coating could significantly improve the bioaffinity of
Ti implants, which tended to adsorb various ECM proteins, such as
fibronectin, glycoproteins, and growth factors, supporting further
cell attachment, spreading, and proliferation behavior on the im-
plant surface. The hydrophilic a-helices structure of SF has repeat-
ing amino acid sequences, so it contains many active sites, which
can be linked to proteins through electrostatic and hydrogen bonds
[42]. In addition, studies have confirmed that small-sized AgNPs
can adsorb various cellular proteins including BSA [43]. These two
factors could explain the superior bioaffinity of the «-structured
coating.

3.4. pH-responsive release of Ag™

The in vitro release behavior of Ag* from SF-based coatings
showed that «-structured coatings could achieve long-term sus-
tained release in PBS solution at pH 7. As shown in Table 2, at ini-
tial immersion stage (5-24 h), the Ag™ release rate of B-structure
coating was over twice that of «-structured coating, meaning that
a-helices structure could effectively suppress the initial burst re-
lease. Within the first 3 h, the cumulative release of «-structured
coating was only 35.2%, the m-structure coating was 55.4%, and
the B-structure coating was 70.2%, the difference was very large.
As shown in the Inset of Fig. 5b, with the extension of immersion
time (5-24 h), B-structured coatings showed relative high release
amount (almost 700 pg) compared with m- and «-structure coat-
ings, which was not conducive to long-term antibacterial perfor-
mance and easy caused drug resistance in bacteria (Fig. 5b). As
verified [33], SF-based coatings with higher type II structure (8-
sheet structure) were not conducive to long-term sustained release
of drugs, and most antibacterial agents would be released in the
early stage. In contrast, all coatings showed similar release behav-
ior under acidic conditions (pH 4), with initial burst release and
long-term sustained release, indicating that acidity was a neces-
sary condition to trigger the release of antimicrobial agents from
SF-based coatings. As shown in Table 2, the release rate of -
structured coating at pH 4 condition was almost five folds that of
pH 7 condition, presenting obvious pH-responsive release perfor-
mance. In summary, compared to 8- and m-structured coatings,
a-structured coatings exhibited the best pH response release of
Ag*' due to their higher «-helical structure content, which could
achieve the targeted release of antibacterial agents (bacteria trig-
ger). The relevant mechanism was explained as follows: (1) As

pH 7
B a M B

(#0.01) (#0.01) (#0.01)  (+0.01)
60.661 10.921 11.381 13.852
19.357 16.831 17.505 35.852
0.033 0.042 0.298 0.101
0.079 0.014 0.087 0.333
0.019 0.024 0.031 0.008
0.009 0.011 0.011 0.002

shown in the TEM image, AgNPs in the «-structure coating have
the smallest particle size (20 nm), the uniform distribution and the
tightest binding to the SF molecular chain; (2) The content of -
helix structure in the «-structured coating was the highest. The
coating had more negative charge due to the deprotonation of the
carboxyl group, which could strengthen the complexation with Ag-
NPs through hydrogen bonding and electrostatic interaction, which
was beneficial to the long-term sustained release and pH response
release of AgNPs.

3.5. Bacteria-triggered antibacterial performance

Individual bacteria adhered to the surface of the implant can
develop into a complete biofilm, which can cause serious infec-
tions (such as osteomyelitis). Worse still, biofilm can encapsulate
and protect bacteria from the attack of host’s immune system or
antibiotics, and it is difficult to remove it from the surface of the
implant. Therefore, preventing the initial microbial attachment has
become a key step in preventing surgical infection [44].

First, the mitochondrial activity of bacteria was measured by
the WST test, thereby studying initial anti-adhesion and bacterici-
dal capabilities of SF-based coatings with three characteristic struc-
tures. Because S.aureus (typical Gram-positive bacteria) is closely
related to most orthopedic infections, S.aureus was used as a model
bacteria to study the antibacterial ability of SF-based coatings. It is
well known that the surface of bare Ti is biologically inert, with
no ability to inhibit the adhesion of bacteria, and the incidence
of infection is high. As shown in Fig. 6a, compared with the bare
Ti, the three SF-based coatings significantly inhibited the adhe-
sion of S.aureus, and the bacteriostatic rate exceeded 60%. Also,
the SF-based coatings exhibited strong ability to kill planktonic
bacteria, and the released fungicide could kill more than 90% of
the planktonic bacteria. It was worth noting that the «-structured
coating displayed the best anti-adhesion and bactericidal ability,
followed by the B-structured coating, and the m-structured coat-
ing showed the worst antibacterial performances. To further study
the long-term antibacterial (low concentration Agt release) per-
formance of the SF-based coating, the S.aureus concentration on
the surface and suspension was tested after soaking in PBS solu-
tion for 24 h. As shown in Fig. S4, after 24 h of immersion, only
the a-structured coating still showed anti-adhesion and planktonic
bacteria-killing capabilities, benefiting from the «-structured coat-
ing suppressing the initial burst release of Ag* and the high syner-
getic antibacterial efficiency of smaller size AgNPs (about 20 nm).
As shown in Fig. 5d, after immersed in PBS for 24 h, the m and
B-structured coating released 56.2% and 72.5% of Ag', compared
with only 35.4% of the «-structured coating (~370 ng), showing an
ability to suppress the initial burst release. This result proved that
a-structured coating could achieve anti-adhesion and antibacterial
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Fig. 5. Release behavior of silver in PBS. (a, b) noncumulative and (c, d) cumulative release curves of Ag* after immersion at 37 °C for 30 days.

abilities under low Ag™ release, and owned a long-term antibacte-
rial ability.

In addition, the integrity of the bacterial cell membrane on the
surfaces was observed by SEM, reflecting the damage effect on the
bacterial membrane (Fig. 6¢). Obviously, bacteria were easy to at-
tach, reproduce, and gather on the surface of bare Ti, and my-
coderm was spherical, intact, and vigorous. In contrast, «- and
B-structured coatings caused bacterial membranes to wrinkle and
damage, and the surface was heavily charged, which meant that
the permeability of the bacterial membranes had changed. The
m-structured coating showed the worst ability to destroy the
bacterial membrane, and only a few broken bacterial fragments

were observed. In order to visualize the survival status of bac-
teria on the surface, Dead/Live staining fluorescence imaging was
performed, as shown in Fig. 6d. Numerous live bacteria (green)
could be clearly observed on the bare Ti surface, and they were
vigorous and had the potential to form mature biofilms. In con-
trast, only a few, less active bacteria adhered to the surface
of the m-structured coating, and even less S.aureus adhered to
the surface of the B-structured coating, and most of them were
death statue (red). In addition, the surface of the «-structured
coating was clear and compact, which means that it had the
strongest ability to inhibit bacterial adhesion and a self-cleaning
ability.
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For SF-based coatings, a possible antibacterial mechanism was
the generation of excessive ROS, which could destroy the integrity
of the bacterial membrane by affecting the respiratory chain reac-
tion, finally leading to devitalization. Ag™ was highly related to the
generation of ROS, targeting and interfering with the several cel-
lular processes of bacteria in vivo. The DCFH-DA fluorescent probe
was used to detect the oxidative stress caused by excessive ROS,
and the fluorescence density was obtained by Image ] software, as

shown in Fig. S5. Evidently, on the surface of the SF-based coat-
ing, especially the surface of the «-structured coating, the fluo-
rescence density was significantly higher than that of the m- and
B-structured coatings, which was consistent with the strongest flu-
orescence signal observed on the surface of the «-structured coat-
ing. This meant that bacteria-killing by excessive ROS generated
was an important reason for the high-efficiency antibacterial abil-
ity of a-structured coating.
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For the three SF-based coatings, the differences in microstruc-
ture played a vital role in topography, hydrophilicity, and drug re-
lease, and then influenced their antibacterial capabilities [45]. As
reported [46], when the coating contained sharp nano-sized sheet
structure, it could pierce the membrane of S.aureus to form lo-
calized nanopores. Sufficient amounts of multipoint pores could
trigger the efflux of cytoplasmic components. From a similar
viewpoint, we proposed one possible speculation, that due to high
content B-sheet structure and large-sized AgNPs, S-structured
coating could induce the formation of pores within the bacterial
membrane, which altered the osmotic pressure and then induced
membrane collapse. It should be noted that this effect was more
inhibitory than lethal. The zeta potential for 8 group was pos-
itive (approximately +21 mV) whereas the zeta potential for m
and o groups were negative (approximately —17 mV and —32 mV,
respectively). Note that the zeta potential came from both SF
micelles and AgNPs/Gen complexes. It meant that the spherical
S.aureus were apt to settle on B-structured coating’s surface, and
undergo severe membrane damage (shown in Fig. 6¢).Also, the §-
structured coating could quickly release a large amount of Ag™,
which was also beneficial to its antibacterial ability. Although the
release curve showed that the release amount of Ag' in the «-
structured coating was low, the w«-structured coating still exhib-
ited the best anti-adhesion and planktonic bacteria-killing abil-
ity, due to its pH-responsive ability and the well-distributed Ag-
NPs (20 nm). pH-responsive property significantly improved its an-
tibacterial efficiency, quickly releasing bactericides only when bac-
terial inflation occurs, a kind of smart response drug-loaded coat-
ing. On the other hand, the smaller the particle size of the AgNPs
was, the stronger the antibacterial ability was, and it was easier to
form a stable complex with Gen, which was beneficial to their syn-
ergistic bactericidal effect. However, when it comes to the stability
of SF-based coatings, it was closely related to the content of the §-
sheet structure and was also affected by the physiological environ-
ment and adherent bacteria. SEM and Live/Dead staining confirmed
that 24 h of exposure to a high concentration of bacterial suspen-
sion couldn’t cause significant damage and peeling of the SF-based
coating, implying acceptable stability of the coating.

In order to verify the long-term antibacterial ability of the SF-
based coating, the crystal-violet staining method was used to eval-
uate the anti-biofilm ability after 7 days of co-cultivation with
S. aureus. As shown in Fig. 6f, the surface of the bare Ti was
completely covered with a uniform and dense biofilm, which
meant that the surface was prone to form a biofilm. Macroscop-
ically, there were many aggregated and large-scale biofilm plaques
formed on the surface of the m-structured coating. In comparison,
the surface of the «-structured coating was relatively smooth and
clean, and there were only a few small areas with scattered pur-
ple patches. Quantitative analysis results showed that compared
with the bare Ti group, the S.aureus biofilm inhibition rate on the
surface of a-structured coating was increased by 85% (Fig. 6e). It
should be noted that the «- and B-structured coating had similar
ability to inhibit the formation of biofilm, there was no significant
difference, and the m-structured coating has the worst ability to
inhibit the biofilm development. It should be admitted that the an-
tibacterial rate of a-structured coating didn’t exceed 90%, the main
reason was that the initial S.aureus concentration was too high
(1 x 10® CFU/mL), and the co-cultivation time reached 7 d, which
was much higher than the bacteria concentration in body fluid
after implantation surgery, so it could not be said that the coat-
ing didn’t have the ability to solve orthopedic infection problems.
However, the application of the a-structured coating was limited
in the case of some serious implant infections or osteomyelitis, but
it can be used as a preventive treatment or combined with antibi-
otic treatment to solve this kind problems. In summary, the re-
sults of antibacterial experiments showed that «-structured coat-

ing could effectively inhibit bacterial adhesion, planktonic bacteria
proliferation and biofilm formation, thereby effectively improving
the success rate of implantation surgery.

3.6. Effects of SF-based coatings on cytocompatibility

The most critical determinant of the longstanding implication
of an orthopedic implant is depended on the cytocompatibility, in
other words, the fate of the regenerating tissue is dictated by the
aptitudes of the functional surface to support cellular attachment,
proliferation and further expression of fated osteogenic differenti-
ation. Through in vitro biocompatible tests, it is possible to have a
quick evaluation of the biocompatible property and osteogenic po-
tential of SF-based coatings and estimate their practical application
value of. As verified before [47], the thickness of pretreatment PD
layer was too thin (<200 nm) and its biological performance was
similar with that of pure Ti, sometimes slightly better than pure
Ti. Therefore, only pure Ti was chosen as control group to compare
with SF-based coatings.

The interaction between the cells and the SF-based coatings’
surfaces is a time-dependent process, including cellular attach-
ment, filopodia growth, cytoplasmic webbing, cell cluster forma-
tion, and surrounding cytoplasmic changes. Above all, after co-
culture with MC3T3-E1 for 6 h, the cells on the surfaces of the
SF-based coatings were characterized by SEM, Confocal observa-
tion, and CCK8-counting, revealing the initial cell adhesion state
and proliferation viability. In general, cells can sense the substrate
by assembling focal spots and stress fibers, and by stretching the
filopodia, and cells tend to change their morphology to adapt to
adherent surfaces. Fig. 7a and b showed the adhesion and spread-
ing morphology of MC3T3-E1 cells on the SF-based coatings’ sur-
faces under SEM and Confocal observation, respectively. Obviously,
most of the cells attached to the bare Ti had begun to spread, not
fully spread, and they were in the initial stage of adhesion. The
overall shape was fusiform, and the number of stress fibers and
filopodia was small. Quantitative data showed that compared with
the bare Ti group, the number of cells on the surface of the a-
structured coating increased by 18.6%, indicating that the «-helices
structure was conducive to cell attachment and proliferation, prof-
iting from hydrophilicity and protein adsorption capacity. In con-
trast, after 6 h incubation, the number of MC3T3-E1 cells on the
surface of the B-structured coating was significantly reduced by
42.7%, and most of the adhered cells were round and aggregated,
and the filamentous pseudopods did not appear around the cell, it
meant that the high content of S-sheet structure limited the ini-
tial adhesion and spreading of the cell to a certain extent, and the
surface lacked the contact site for cellular attachment. Another po-
tential possibility was that cells tended to avoid sharp edges of 8-
sheet structures. Also, AgNPs with a diameter larger than 50 nm
in the B-structured coating would produce stronger cytotoxicity
and interfere with cell adhesion and spreading. In general, the
o-structured coating showed better biocompatibility than bare Ti,
while the gB-structured coating was obviously not conducive to cell
adhesion and spreading.

Furthermore, CCK8 assay (measurement of mitochondrial activ-
ity) was performed on days 1, 4 and 7 to evaluate the prolifera-
tion of MC3T3-E1 cells on SF-based coatings’ surfaces. As shown
in Fig. 8a, on the first day, the cell proliferation on the surface of
the - and m-structured coatings was slightly lower than that in
the bare Ti group, but the cell proliferation showed a time depen-
dence, meaning that the «- and m-structured coatings were not
obvious cytotoxicity. After 5 days of co-culture, the number of cells
on the surface of the a-structured coating was comparable to that
of the bare Ti group, showing accelerated proliferation ability. For
the three SF-based coatings, although there was no significant dif-
ference in the OD value on the first day (P> 0.05), as the content
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Fig. 7. The cell-coating interfacial interplay during the adhesion-spreading stages: (a) typical fluorescence graphs of nuclei (blue)/F-actin (green) for cells on SF-based coat-
ings; (b) quantification of the nucleus counts; (c) typical attachment and spreading patterns of MC3T3-E1 cells. Arrows indicate pseudopods, and stars indicate AgNPs.(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of a-helices structure increased, it was more conducive to the pro-
liferation of MC3T3-E1 cells. The OD value of «-structured coating
was significantly higher than that of m- and g-structured coating
at 5 days (P <0.05). It can be concluded that «-helices structure
was more conducive to cell proliferation than B-sheet structure.
However, the influence of AgNPs’ particle size and Ag*' release be-
havior on the biological activity of the coating couldn’t be ignored.
The reduction in particle size was beneficial to reduce the toxi-
city of AgNPs, and low concentration of Ag™ environment would
promote cell proliferation. In summary, the a-structured coating
benefited from the high content of «-helices structure, small-sized
AgNPs and low concentration of Ag' release, which all promoted
the adhesion and proliferation of osteoblasts on the surface.

After contact with the SF-based coating, the surface of the cell
membrane may trigger a series of toxic cascade reactions as the
initial signal of membrane rupture, followed by the outflow of in-
tracellular enzymes (such as lactate dehydrogenase (LDH)), and fi-
nally apoptosis, even cell death [48]. In general, once damage to
the cell membrane occurs, LDH penetrates into the surrounding
medium and exists for a long time in the extracellular environ-
ment. Therefore, LDH can be selected as an indicator of the sever-
ity of membrane damage and apoptosis. As shown in Fig. 8b, the
more LDH produced, the more serious the membrane leakage. It
has been verified that the «-structured coating had little effect
on the structure of the cell membrane and could be ignored. In
comparison, the B-structured coating significantly increased the
intracellular stress, leading to apoptosis, but this didn’t mean that

the B-structured coating had obvious biological toxicity. A simple
fact is that osteoblasts (10-50 pum) are much larger than S.aureus
(<1 pm) and tend to respond to external structures. Therefore,
bacteria could be influenced by small-sized AgNPs (~10 nm) in
the «-structured coating (Fig. 6¢), while the cells were hard to
sense AgNPs. In contrast, cells were more likely to sense and react
to the B-sheet structure, leading to the destruction of cell mem-
brane integrity and leakage of intracellular material (Fig. 8b). Se-
ung Mi Baek et al. [49] have reported that cells on the surface
with a higher roughness value and better wettability spread well
and developed their fibers widely as a dendritic shape, and the hy-
drophilic surface (contact angle 30-50°) displayed better adhesion
and proliferation of pre-osteoblast cells. From this point of view,
the spreading of cells and low LDH expression of «-structured
coating were due to two potential reasons: one was that SF had
the highest reduction efficiency under the condition of pH 9.5, and
more AgNPs (~20 nm) were obtained (Fig. 2), resulting in higher
surface roughness; the other reason was that as a natural pro-
tein, the higher content of «-helices structure, the better the hy-
drophilicity of the SF coating, so the «-structured coating owned
the best hydrophilic properties and the highest protein adsorption
ability (Fig. 4), so the pre-osteoblast cells spread best and formed
abundant pseudopods, with the lowest LDH expression and the
best cellular integrity.

On the other hand, through certain chemical reactions to verify
whether the cells on the surface of the SF-based coating produced
excessive intracellular reactive oxygen species (ROS), it was gen-
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erally considered that ROS-induced oxidative stress was the main
reason of cytotoxicity [50]. In short, the measurement of intracel-
lular ROS production was to incubate the membrane-permeable
DCFH-DA molecules with the cells on the surfaces to generate
the highly fluorescent compound DCF through ROS oxidation [51].
Similar to the LDH results, the fluorescence intensity on the sur-
face of the B-structured coating was the highest, which repre-
sented the largest amount of intracellular ROS produced, due to
the local high concentration Ag™ environment generated by the
rapid release of the B-structured coating. In comparison, the ROS
fluorescence intensity of the surface of the w«-structured coating
was even lower than that of the bare Ti group, which reflected
that the Ag*™ concentration was low and the attached cells were
spreading-well.

However, the high expression of LDH and ROS on the surface of
the B-structured coating didn’t mean that it would cause apoptosis
of the cell, and the surface had no biological activity, because the
cell had a certain tolerance to these adverse reactions and could
grow through overlapping coverage, which gradually adapted to
this situation. This view was validated by cell Death/Live staining
after 24 h of co-culture with the sample. As shown in Fig. 8c, there
was no obvious dead cells on the surface of the S-structured coat-
ing, which meant that high LDH and ROS didn’t cause cell apop-
tosis, but the number of adhered cells was the lowest. In sharp
contrast, the number of cells on the surface of the «-structured
coating was the largest and the survival state was the best. Then,
the cytoskeleton development of MC3T3-E1 cells on the surfaces
of SF-based coatings were observed by FITC and DAPI staining,
as shown in Fig. 8f. After culturing for 1 day, the cells on the
SF-based coatings developed relatively weak stress fibers formed
by F-actin, meaning that the SF-based coating inhibited the ini-
tial spread of cells to a certain extent. Over the next few days, the
stress fibers of the cells on the SF-based coatings continued to as-
semble, accompanied by proliferation. Even on the surface of the
B-structured coating, the cells developed into a network-like fully
developed mature cytoskeletal distribution and formed tight con-
nections with surrounding cells. The morphology of MC3T3 cells
was further disclosed by SEM observation (Fig. S6). At 3 d, cells
on B-structured coating showed the worst spreading state, sparse
distribution and some even with a near-round shape. In contrast,
most cells on «-structured coating displayed broad-shaped mor-
phologies and eagerly proliferated with numerous elongated lamel-
lipodia overlying surrounded cells, and round cells were hardly
noticed.

3.7. Effects on osteogenic differentiation

It is well known that as a typical osteogenic phosphatase, ALP
activity level is usually used to assess the initial osteogenic differ-
entiation status of cells. To compare the osteoinductive potential
of different SF-based coatings, the ALP levels of cells on the sur-
faces of the SF-based coatings were tested at day 7 and day 14.
As shown in Fig. 9a, the expression of ALP on the surface of the
a-structured coating was significantly higher than that of the g-
structured coating, which was very close to the ALP level of the
bare Ti group. With the extension of cultivation time, the expres-
sion of ALP in all experimental groups increased significantly, and
the amount of ALP expression on the surface of the a-structured
coating was 2.5 times that of the B-structured coating, which
could be reasonably speculated as the result of the combined ef-
fect of AgNPs and S-sheet structure content differences. These re-
sults were further confirmed by ALP staining of MC3T3-E1 cells
with osteogenic differentiation tendency (Fig. 9b). Osteoblasts with
large numbers and dark colors were observed on both the bare Ti
and a-structured coating, while the cells on the B-structured coat-
ing’s surface had the lowest ALP expression, accompanied with few

dark and clear cells. Over time, osteoblasts with differential po-
tential continued to secrete collagen, and finally formed an over-
all bone-like structure through the assembly of collagen fibers and
calcium mineralization. Therefore, on the 21st day, we character-
ized the collagen secretion and mineralization of the cells on the
surfaces of the SF-based coatings by SR and ARS staining, respec-
tively. Compared with the f-structured coating, the «-structured
coating’s surface was larger and darker, showing better collagen
secretion from osteoblasts, and the results were even better than
the bare Ti group. In addition, the ARS Ca2t content was measured
on the 28th day (Fig. 9¢), which was consistent with the collagen
staining results. Unsurprisingly, the largest and clearest calcium
nodules were observed on the surface of the a-structured coating,
indicating the strong ability of coating to electrostatically combin-
ing with Ca2*. The formation rate of the compound Ca-P played
a key role in the osteoblast mineralization process, which mainly
depended on the number of electrostatic adsorptions of Ca?t and
PO,43- ion functional groups on the surface of the SF-based coat-
ing. Due to the presence of more hydrophilic groups on the surface
of the «-structured coating, in liquid environments, the «-helices
structure tended to adsorb mineral ions and formed mineralized
nodules.

3.8. Osteo-related genes expression

The tests on the expression of a series of osteogenic genes in
cells revealed the interaction of SF-based coatings with osteoblasts,
and the initialization and completion of various cell functions,
which were closely related to the osteogenic differentiation. Af-
ter 7 and 14 days of co-culture, the expression of genes related to
osteogenesis (OCN, Collal, Runx2, etc.) in MC3T3-E1 cells on the
surface of SF-based coatings was analyzed by Q-PCR experiment.
Compared with the bare Ti group, genes related to osteogenesis
(including ALP, OCN, Collal, and Runx2) of cells on the surface of
the «-structured coating were significantly up-regulated (Fig. 9h-
k), along with the highest expression levels, indicating low -sheet
contents and the small size of AgNPs, which were conducive to the
osteogenic differentiation of cells. Specifically, after the cells were
cultured on the surface of the a-structured coating for 7 and 14
days, the expression of Runx2 was 2.7 times and 1.9 times that of
the bare Ti group (Fig. 9h). In fact, Runx2 could significantly regu-
late the initial bone formation and the function of osteoblasts after
differentiation, which played a vital role in stimulating osteoblast
differentiation, inhibiting chondrocyte and adipocyte differentia-
tion and up-regulating the expression of bone matrix genes (OCN,
Col1al, etc.) [52]. Similarly, when MC3T3-E1 cells were incubated
on the surface of the «-structured coating for 14 days, OCN gene
expression was the highest, which was 3.3 times that of the bare
Ti group (Fig. 9i). Generally, the high level of OCN expressed by dif-
ferentiated cells was closely related to the mineralization process
of osteoblasts, and the highest expression was reached during the
mineralization process [53]. In contrast, cells on B-structured coat-
ing had the lowest OCN expression, which was consistent with the
previous calcium deposition staining results, which meant that the
mineralization process of osteoblasts was inhibited. Even though
there was no significant difference in the expression of Collal in
each group on Day 7, the expression of Collal of cells on the sur-
face a-structured coating on Day 14 was significantly higher than
that in other groups (Fig. 9g). Collal was a protein related to the
bone formation, existing in the extracellular bone matrix, and af-
fecting the cell’s osteogenic behavior [54]. In addition, the typical
bone differentiation marker ALP was most expressed on the sur-
face of the a-structure coating after 7 and 14 days. In summary,
the content of B-sheet structure and the size of AgNPs of the SF-
based coatings affected the expression of osteoblast-related genes,
thereby affecting the bone differentiation ability of cells.
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Fig. 9. Osteogenic activates of MC3T3 cultured on samples. (a) ALP activity; (b) ALP positive areas of MC3T3 cultured for 7 days; quantification of collagen secretion (c) and
calcium deposition (e); coloration of the collagen (COL) secretion (d, purplish red) and calcium (CAL) deposition (f, red or purplish red) on different specimens for 28 days;
(h-k) Q-PCR analysis for osteo-related genes including OCN, Collal, Runx2, and ALP: the effect of different matrixes on osteo-related gene expression (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).

3.9. in vivo results

3.9.1. Subcutaneous tissue compatibility in vivo

According to the results of antibacterial and biocompatibility
in vitro, Ti-based implant with modified surface of «-structured
coating was selected for in vivo experimental study, and bare Ti
was used as a control group. The histocompatibility of the -
structured coating was characterized by histological sections 30
days after implantation under rabbit skin [55]. As shown in Fig. 10,
the two groups of implants were obviously wrapped with new tis-
sue, and no representative foreign body reaction was found. For
the experimental group, even if a small amount of spindle-forming
fibroblasts (red star) were observed, no phagocytic cells and
inflammatory reactions were observed in the surrounding conjunc-
tival tissues, meaning that the local diffusion of Ag* released from
the a-structured coating did not cause any immunity reaction and
biological toxicity. In addition, the quantitative calculation results
of the number of fibroblasts and the thickness of the capsule were
used to characterize the difference in tissue response between o-
structured coating and bare Ti. As shown in Fig. 10b, the number
of fibroblasts on the «-structured coating was close to that of bare
Ti, and the average thickness of the capsule (382.6 + 20.7 mm)

was almost twice that of the bare Ti group (197.3 + 23.5 mm),
which indicated that the «-structured coating obviously improved
the biocompatibility of the implant and promoted the growth of
fibrous membranes. All in all, the results of subcutaneous implan-
tation showed that the «-structured coating did not cause aller-
gic reactions and other rejection reactions in the body, which was
similar to or even lower than the toxicity of the bare Ti group. Ac-
cording to the release curve of Ag* (Fig. 5d), the a-structured coat-
ing showed a clear slow-release curve under physiological condi-
tions. Only about 35% of Ag™ was released outside the body within
24 h immersion, and the subsequent release rate of Ag™ remained
at very low levels, the results of subcutaneous implantation indi-
cated that Ag* released into the local environment did not induce
toxic reactions. Compared with bare Ti, implant modified with «-
structured coating caused some foreign body reaction in the early
stage, but over time, this harmful effect was gradually weakened
(low concentration release of Ag™ after 24 h). In addition, it could
not be ignored that the flowing body fluid diluted the concentra-
tion of Ag*, which effectively reduced the acute inflammatory re-
action [56]. It can be concluded that low concentrations of Ag*
would not only produce biotoxicity, but even promote the inte-
gration of the implant and surrounding encapsulated tissue. In ad-



240 Z. Wenhao, T. Zhang and J. Yan et al./Acta Biomaterialia 116 (2020) 223-245

(€) ] ) Ty —
_fibrous membrane. -

o [Emte '

= |=

= B

h =

on

£ |

- fibrous membrane

SF group

(b)

. A.S. ~100

480{ ———— .
4004 . T 1 Lgo
" £
g 320 é s
- — >
3 60 = S
] e
% 240 g 3
o "5 =
| 40 5 g
2 160 2 3
3 E 2
g L20 £ §
S 8o 5
=9

Fig. 10. In vivo biocompatibility: (a) representative H-E stained images of soft tissues formed on the samples’ surfaces following 30-d subcutaneous implantation; (b) results

of the histological analysis of capsule thickness and fibroblast number.

dition, studies have confirmed that SF-based biomaterials will not
cause hypersensitivity reactions or other foreign body reactions in
rats [57]. Ten days after implantation of SF fibers in mice, inflam-
mation of neutrophils subsided significantly, and SF fibers gradu-
ally fused in cell-rich connective tissues and initial blood vessel
formation occurred [58]. The above results indicated that the SF-
based coating didn’t cause an immune response and had biological
activity.

3.9.2. Micro-CT analysis

The ideal and feasible drug-loading coating can be applied not
only to two-dimensional surfaces, but also to unique and complex
implants, because currently popular implants with big potential
value are usually built into complex geometric shapes (e.g. dental
implants, hip and knee prostheses). In view of this, the functional
coating used for surface modification should have an appropri-
ate degree of flexibility to adapt to implants with complex struc-
tures to meet individual needs. Recently, the 3D printed porous
Ti6AI4V scaffold has shown great promise in the field of ortho-
pedic implantation. It was satisfactory that «-structured coating
(wet chemical treatment) could be used for the surface-modified
porous Ti6AI4V scaffold. Therefore, the rabbit femoral defect model
was used to verify the in vivo osseointegration ability of the porous
Ti6AI4V scaffold modified with a-structured coating.

In order to study the osseointegration ability of the porous
Ti6Al4V scaffold modified with «-structured coating, the implants
were implanted in rabbit femur for 8 weeks to study the bone re-
modeling [59]. As shown in Fig. 11a, where the new bones were
marked in green, the scaffold modified with «-structured coating
was completely covered with new bone, while the bare scaffold
contained a lot of pores, together with less amount of new bone.
Compared with bare scaffolds, «-structured coating could promote
more new bone formation in the area of implant/tissue interface,
which meant that the implant and new bone were well fused.
In addition, the bone volume/total tissue volume ratio (BV/TV)
was analyzed based on Micro-CT data to quantify the forma-
tion of new bone. The BV/TV fraction of the experimental group
was 41.8 + 4.0%, and that of the bare scaffold was 29.0 £ 3.7%
(Fig. 11b). As shown in Fig. 11c, the scaffold, the new bone in

the implant, and the holes in the scaffold were marked as black,
green, and yellow, respectively. It could be clearly observed in the
top view and the side view that the scaffold modified by the
a-structured coating had more pronounced new bone formation.
Based on these results, for the porous Ti6Al4V scaffold, the «-
structured coating not only enhanced the growth of new bone on
the coating surface, but also enhanced the bone ingrowth.

3.9.3. Quantitative and qualitative histological results

As shown in Fig. 12a, the bare scaffold and the scaffold modi-
fied with «-structured coating were implanted into the rabbit fe-
mur, and the typical histological image of the cross section was
stained. The red area represented the mineralized trabecular bone
and the black indicated a porous support. For bare scaffold, the
ingrowth bone was loosely in contact with the edge of the im-
plant, there was no effective integration, and only partially miner-
alized new bone was produced in the surrounding area. In contrast,
the porous scaffold modified with «-structured coating showed
a highly mature new bone-implant fusion. The regenerated new
bone fused almost all the edges of the implant, and a large number
of new bones were growing (Fig. 12a). As shown in the enlarged
view, the new bone was not only fused with the boundary of the
o-structured coating modified porous scaffold, but also connected
to the adjacent new bone through a “bridge”, which meant that
it has better osteoinductivity and implant stability. Fig. 12b and
¢ were the quantitative calculation results of Bl and BICR, respec-
tively. The BI and BICR of porous scaffold modified by «-structured
coating were much higher than bare scaffold, which meant that
the functional coating significantly improves the osseointegration
ability of the scaffold surface.

Compared with bare scaffold, the percentage of contact be-
tween the «-structured coating modified scaffold and the new
bone increased by 138.3% (35.15 + 2.9% vs 14.75 £ 3.5%, p <0.05),
and the BI of the a-structured coating modified scaffold was also
increased, up to 280.1% (78.3 + 3.2% vs 20.6 + 2.4%, p <0.05).
In addition, we also noticed the poor bone growth of the bare
scaffold, which was contrary to previous reports. It was reported
that a large number of new bones would be generated in and
around the Ti alloy scaffold implanted in the animal. For exam-
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Fig. 11. Micro-CT images of the untreated and SF coating treated porous Ti6Al4V scaffolds after 8 weeks of in vivo implantation. (a) 3D reconstruction of the scaffolds: new
born bone was labeled with bright green; (b) the quantitative results of bone volume/total tissue volume (BV/TV); (¢) Micro-CT images: the implants, pores and bones within
the scaffold are labeled black, yellow and deep green, respectively. *Significant difference. Sample number in each group is 4. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

ple, Ponader et al. [60] reported that the BI value of the Ti-based
scaffold implanted in the frontal bone of pigs was relatively high,
30% and 46% at 30 and 60 days, respectively. However, Takemoto
et al. [61] observed that the growth of new bones on bare Ti al-
loy scaffold in the rabbit model was very weak (BI: 9.8 + 4.2%),
even worse than our results. We reasonably speculated that the
new bone formation in rabbits was relatively poor compared to
other larger animal models due to the lack of inherent trabecu-
lar bone. For example, Lopez-Heredia et al. [62] reported that in
a similar rabbit model, the bone growth of the bare scaffold was
time-dependent: a large amount of new bone formation was ob-
served at week 3, and due to the inherent bone remodeling, only
an ingrown bone was detected on the periphery of the scaffold.
This part explained that the reason for the poor bone integration
of the bare scaffold in the study was excessive bone remodeling.
Undoubtedly, the choice of animal model and the effect of bone
remodeling on the results should be considered, resulting in a dif-
ference between the «-structured modified scaffold and the bare
scaffold in terms of new bone formation inside the scaffold.

As shown in Fig. 12d, the fluorescent-labeled microphotographs
revealed different bone growth patterns between the «-structured
coating modified scaffold and the bare scaffold. Obviously, the en-
tire edge of the a-structured coating modified scaffold was sur-
rounded by strong green fluorescence, which meant that new
bones were formed and mature, and the scaffold and the new bone
were rapidly fused (Fig. 12d). However, only part of the edge of the
bare scaffold was covered with relatively dark fluorescent staining,
and the amount of new bone was low. As shown in the enlarged
image (Fig. S7), not only the initial bone formation (marked in
green) that occurred in the outer surface and the inner pores at the
interface of the «-structured coating modified scaffold, but also a
strong signal of bone expansion to the outer space (orange). During
the entire osseointegration process, the formation of new bones

clearly appeared on the surface of the «-structure coating modi-
fied scaffold, which was a contact osteogenesis mode [61]. For the
control group, the formation and expansion of new bones (green
and orange) were hardly marked by fluorescent markers. The early
stage of osseointegration showed that new bones were mainly gen-
erated near the host bone and then developed toward the implant
surface, an indirect way of growth.

3.10. The mechanism of antibacterial and osteoinductive property

In order to further reveal the influence of the 8-sheet structure
content and AgNPs’ size of the SF-based coating on its antibacte-
rial and osteointegration ability, a series of different AgNPs/Gen-
loaded SF-based coatings were constructed by adjusting the form-
ing pH and temperature. All in all, the optimized «-structured
coating showed pH-responsive antibacterial properties, biocom-
patibility, and the ability to promote osteogenesis in vivo. From
an antibacterial point of view, the a-structured coating displayed
anti-adhesion, planktonic bacteria-killing, and biofilm formation
inhibition capabilities. Its antibacterial mechanism was mainly
pH-responsive bacteria-killing, which was an intelligent response
type functional coating, while the B-structure coating mainly re-
lied on structural bacteria-killing. Specifically, due to the high con-
tent of «-helices structure in the w«-structured coating and the
small size of AgNPs (about 10 nm), there was a distinctive pH-
dependent Ag* release behavior, that was, long-term sustained re-
lease under physiological conditions, and the accelerated release
of antibacterial agents triggered by acidic conditions, therefore, the
o-structured coating exhibited high-efficiency antibacterial proper-
ties. As shown in Fig. 5d, after immersed in neutral PBS solution
(pH 7) for 24 h, the m and B-structured coating released 56.2%
and 72.5% of Ag+, compared with only 35.4% of the «-structured
coating (~370 pg). In contrast, the «-structured coating released
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Fig. 12. (a) Histological sections and the magnified images at the selected area of the untreated scaffold and SF coating-decorated scaffold. Green dotted line (“—") indicates
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fronts at the 3rd and 7th week are marked by a green label from calcein green and an orange label from tetracycline, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

62.7% of Agt (~680 ng) when immersed in an acidic PBS solution
(pH 4) for 24 h, which was about twice that of the neutral solu-
tion. The above all showed that the «-structured coating had a pH-
responsive and the initial burst release suppressed performances,
which were beneficial to its long-term antibacterial ability. It has
been confirmed that the smaller the particle size of AgNPs, the
stronger its biological toxicity, which was also conducive to the im-
provement of the antibacterial properties of the «-structured coat-

ing. At the same time, the small-size, uniformly distributed AgNPs
was more likely to complex with the Gen molecule and exerted
a synergistic bactericidal effect [12]. On the other hand, as shown
in Fig. 5, the pH-dependent bactericides release behavior gave -
structure coating a property of bacteria-triggered killing, long-term
retention of bactericides 'antibacterial activity in the coating, only
when the bacteria adhered to the coating surface, the secreted acid
mucopolysaccharide caused local acidification, causing the coat-
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ing to release antibacterial agents for bacteria killing. When it
comes to B-structure coating, the burst release of Ag* was the
main source of its antibacterial ability, another possible reason was
the physical damage of bacteria caused by the high content of §-
sheets structure as nanoneedle. It should be pointed out that after
coculture with S.aurues (1 x 108 CFU/mL) for 7 d, the «- and B-
structured coating displayed similar ability to inhibit the formation
of biofilm. However, antibacterial agent release performance of S-
structured coating had the problem of initial burst release, and the
later low concentration release was easy to cause bacterial resis-
tance.

As we all know, osteoblasts need to adhere to a suitable coat-
ing surface to survive, and cell-coating interactions play a vital
role in the cellular functionalization, such as spreading, prolifer-
ation, and differentiation [63]. Therefore, the interaction between
osteoblasts and SF-based coatings was systematically studied in
detail. Cell adhesion was mainly mediated by a series of membrane
proteins (called integrins). In addition, cells could also adhere to
the coating through some certain non-specific interactions, which
were mainly affected by the hydrophilicity and hydrophobicity of
the coating surface [64]. According to the contact angle and pro-
tein adsorption results, the «-structured coating showed better
hydrophilicity and protein adsorption capacity, which meant that
the a-structured coating was beneficial to the cell-coating interac-
tion. Nevertheless, compared with the bare Ti group, the cells on
the surfaces of the SF-based coatings presented poor adhesion and
spreading in the early stage (less than 24 h). Studies have shown
that after 12 h of inoculation, the number of human mesenchymal
stem cells adhering to the SF scaffold is significantly lower than
PGA (17 + 2% vs35 + 4%) [65]. Also, researches showed that both
endothelial and fibroblastic cells presented weak attachment on SF
matrixes, which was closely related to its second structure con-
tents and forming conditions [66]. However, with the extension of
the culture time (more than 3 days), this adverse effect was of-
ten negligible, especially for the «-structured coating, which dis-
played the best cell spreading and proliferation status. Especially
in the study of promoting osteogenic differentiation, «-structured
coating significantly increased the expression of ALP, ECM secre-
tion and calcium deposition of osteoblasts (Fig. 9). As shown in
Fig. 13, we speculated that the biocompatibility of the «-structured
coating and the mechanism of promoting bone formation were as
follows: (1) the «-structured coating showed relatively high hy-
drophilicity and protein adsorption capacity, which was beneficial
to cells adhesion and further osteogenesis differentiation; (2) the
high content of «-helices structure was conducive to cell adhe-
sion, proliferation and expression of certain osteogenic signals; (3)
due to the pH-dependent release of Ag*, the low concentration of

Ag™ local environment was conducive to cell proliferation and os-
teogenic differentiation [67].

The immune response related to SF has been widely studied. SF
can inhibit the secretion of certain inflammatory signals (such as
IL-18 and cyclooxygenase 2), resulting in extremely low immune
response levels [65,68,69]. As shown in Fig. 10, no immune re-
sponse was observed after the subcutaneous implantation of the Ti
implant modified with a-structure coating, which also promoted
the growth of the capsule. The results of rabbit femur implanta-
tion confirmed that the porous Ti6Al4V scaffold modified with a-
structured coating showed close contact between the new bone
and the scaffold, while the bare scaffold showed an indirect new
bone growth pattern. In comparison, the high content of «-helices
structure and the small size AgNPs were conducive to promoting
the formation of new bone and the enhancement of the bond be-
tween bone and scaffold. Through micro-CT images, new bones
were formed at most of the outer edge and inner hole of the scaf-
fold modified with «-structured coating, indicating that the early
fixation effect of «-structured coating (Fig. 11). This result was
consistent with previous studies. After 8 weeks of critical size rat
skull implantation, the SF membrane (8.75 + 0.80 mm) showed an
absolute volume of new bone formation similar to the commer-
cial collagen membrane (8.47 + 0.75 mm). In addition, 3 weeks af-
ter implantation in the rabbit femur model, no bone remodeling of
ingrowth bone was observed, which means that the «-structured
coating may inhibit the bone remodeling process. According to the
histological staining results, the porous scaffold modified by the o-
structured coating showed enhanced new bone ingrowth. It was
speculated that its growth mechanism was as follows: early neona-
tal bone (green fluorescence) was widely formed at the edge of
the scaffold, and also acts as a bridge between the edge of the im-
plant and the autogenous bone induces the implant and bone to
fuse together. Shahram et al. [70] have demonstrated that formic
acid-treated SF scaffold can begin to integrate into the surround-
ing tissues 3 days after implantation, and obvious vascularization
occurs between 15 and 180 days, and the scaffold continued to de-
grade during the first 90 days [71]. It is worth noting that there
are recent reports that both SF and Ag directly affect the signaling
pathways related to osteogenesis. For example, SF can inhibit the
expression of Notch signal and induce the enhanced expression of
ALP and Runx2 mRNA [72]. In addition, it has been reported that
SF scaffolds accelerate bone repair through WNT signaling, which
involves regulating cell activity (migration, proliferation, differenti-
ation, cell death) and determining the process of bone integration
[73]. On the other hand, Hui et al. reported that AgNPs can acti-
vate RhoA signaling, leading to actin polymerization, and then in-
duce the expression of osteogenic signals in human bone marrow
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Fig. 13. Schematic illustration of the potential antibacterial and osteogenic mechanism of « coating (left green part) and B coating (right pink part). The antibacterial paths
of o coating: (1) bacteria induced release of Ag*; (2) ROS generation; (3) bacterial membrane damage; (4) DNA and protein synthesis damage. The osteogenic paths of «
coating: (1) adsorption of protein and growth factors; (2) cell attachment and proliferation; (3) intervening several osteogenic gene pathway; (4) low concentration Ag"
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stem cells [67]. Based on the above analysis, the porous scaffold
modified with o-structured coating owned potential to enhance
osseointegration in vivo, and achieve the purpose of osseointegra-
tion by promoting the formation of new bone and inhibiting bone
remodeling and resorption.

4. Conclusion

In this paper, by controlling the parameters of pH and temper-
ature, AgNPs/Gen-loaded SF coatings with varying structure and
components were successfully constructed on the Ti surface to im-
prove antibacterial and osteogenic abilities. Among these coatings,
o coating contained the lowest content of S-sheets content (19.0%)
and the smallest AgNPs (~20 nm). This hydrophilic coating tended
to adsorb protein and released Ag*with a pH-dependent, acceler-
ated release at acidic condition. Benefiting from pH-dependent re-
lease behavior of AgNPs, « coating could effectively inhibit bacte-
rial attachment and biofilm formation. Even with a relatively weak
spreading state at initial stage, preosteoblast MC3T3-E1 cells were
apt to attach on the surface and showed an improved prolifera-
tion for a long period. In vitro osteogenic tests, cells anchoring on
o coating showed high ALP expression, collagen secretion and cal-
cium mineralization, implying a strong osteogenic differentiation
potential. Through subcutaneous and rabbit femoral defect model
implantation, the resultant coating elicited no inflammatory re-
sponse, and strongly improve the new-bone generation, strong in-
teraction of implant-bone. Taken together, the optimized « coating
should be helpful for the construction of bioactive surface with su-
periorly antibacterial and osteogenic properties, highly improving
the success rate of orthopedic implant surgery.
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