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ABSTRACT: Poor osseointegration and infection are the main reasons leading to the failure of hard tissue implants; especially, in
recent years, the failure rate has been increasing every year owing to the continuously increasing conditions such as injury, trauma,
diseases, or infections. Therefore, the development of a biomimetic surface coating of bone tissues with antibacterial function is an
effective means to improve bone healing and inhibit bacterial infection. Mimicking the natural bone, in this study, we have designed
a silk fibroin (collagen-like structure)-based coating inlaid with nanohydroxyapatite (nHA) and silver nanoparticles (AgNPs) for
promoting antibacterial ability and osteogenesis, especially focusing on the bone mimetic structure for enhancing bone health.
Observing the morphology and size of the composite nanoparticles by transmission electron microscope (TEM), nHA provided
nucleation sites for the formation of AgNPs, forming an nHA/AgNP complex with a size of about 100—200 nm. Characterization of
the nHA/Ag-loaded silk fibroin biomimetic coating showed an increased surface roughness with good density and compact
performances. The silk fibroin-based coating loaded with uniformly distributed AgNPs and nHA could effectively inhibit the
adhesion of Staphylococcus aureus on the surface and, at the same time, quickly kill planktonic bacteria, indicating their good
antibacterial ability. In vitro cell experiments revealed that the biomimetic silk fibroin-based coating was beneficial to the adhesion,
spreading, and proliferation of osteoblasts (MC3T3-E1). In addition, by characterizing LDH and ROS, it was found that the nHA/
Ag complex could significantly reduce the cytotoxicity of AgNPs, and the osteoblasts on the coating surface maintained the structure
intact.
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1. INTRODUCTION

Records show that the postoperative implantation failure rate
of titanium-based implant materials (biologically inert) is
about 10%, and the two main reasons for implantation failure
are poor osseointegration and infection."”” The reasons for the
poor osseointegration of titanium-based implants after surgery
include their higher elastic modulus than that of the natural
bone tissue, and the “stress shielding” effect produced will lead
to biomechanical mismatch during implantation.3 Second, the
titanium-based implant lacks the necessary biological activity
and osteoinductive activity, and it is not easy to form a
biological bond with natural bone tissue.” There is also a close
connection between the infection and osseointegration. Studies
have pointed out that the occurrence of early infection will also

lead to a significant increase in the rate of osseointegration.”
If the implant has a certain antibacterial ability, this is
conducive to cell adhesion, proliferation, and differentiation,
improving osseointegration. In summary, although the medical
titanium—tantalum alloy has excellent integrated mechanical
properties and wear resistance and corrosion resistance, the
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Figure 1. Ilustration of the preparation process of biocompatible and antibacterial coatings.

lack of vital bone-promoting activity and antibacterial ability
limits its application in the field of hard tissue implantation.”
The osseointegration of the implant and the occurrence of
infection play a crucial role. Therefore, adjusting the surface
properties of titanjum—tantalum alloy implants through
effective surface modification methods to achieve good
osseointegration and antibacterial adhesion has become a hot
issue that needs to be studied and resolved.

The clinical performance can be largely enhanced by the
bioactive coating on the metallic orthopedic implants including
decelerating the surgical infection and increasing the rate of
osseointegration.” The optimization of a bioactive implant
coating needs a series of improvements including the material
composition, the coating structure, the topography of the
surface, and the manufacturing methods. Nanohydroxyapatite
(nHA) has been verified as a greatly promising bioactive
coating material owing to its ability to stimulate osteogenesis
and osseointegration.9 However, an inflexible coating is
produced by the application of individual nHA due to its
intrinsic brittleness."” This problem can be solved by the
integration of macromolecules and nHA, yielding a soft and
flexible composite structure. Moreover, biomedical coatings
widely make use of the natural macromolecules with nHA for
their particular nature including excellent film-forming
property and enhanced interaction among cells."!

Biomimetic nanocomposites that are highly structurally
similar to the natural bone minerals are studied to be produced
by biomimetic approaches with template molecules like silk
fibroin (SF) and collagen.lz’13 Also, these nanocomposites
produced by regulating the usage of protein templates are able
to lead to new mineral deposition, promoting the cell
proliferation and adhesion, resulting in speedy osseointegration
and bone regeneration, thanks to their high biological activity,
which have extensive application in bone implantation
materials." " Significantly different from other natural macro-
molecular polymers is that SF is a better choice of biomaterials
for bone regeneration.'®'” The structure of SF’s fibrin is very
similar to Col I, an important organic component in the bone
microstructure. In addition, the amorphous connections in the
SF’s f-sheet structure have anionic properties similar to those
of noncollagen proteins and can be used as nucleation sites for
nHA."® In addition, the SF’s f-sheet secondary structure
endows it with excellent mechanical properties, minimal
cytotoxicity, and immunogenicity. In addition, even in a
nonosteogenic medium, the SF-based coating can promote the
spreading of osteoblast filopodia and the stable adhesion of

lamellar pseudopods, along with the continuous accumulation
of mineralized nodules on the surface."” Thanks to the good
bone-promoting properties and biological safety of SF, SF-
based coatings are widely used for surface modification of hard
tissue implant materials.

Antibacterial coatings loaded with silver are broadly applied
to resist biomedical device-associated infections (BAIs) due to
their good properties such as good inhibition to the biofilm,
well-behaved stability, and a broad antimicrobial spectrum.”
AgNPs are proved to have better antibacterial performance
attributed to the combined effects of nanoparticles” physical
properties and eluted silver ions. AgNPs are assumed to be
able to cling to the surface of bacteria, adjusting their
membrane nature and imposing damage on DNA across the
membrane.”’ Also, the silver ions released by AgNPs can
combine with thiol-containing proteins to reduce their
physiological activity, thereby exhibiting excellent antibacterial
properties.22 Bacteria have poor resistance to silver because
AgNPs work with several bactericidal mechanisms at the same
time. It has been proved by research studies that the low-
concentration and sustaining silver ion release is conducive to
facilitating osteoblasts™ differentiation and bone healing.”*~**

Based on the concept of a bone-microstructure-biomimetic
coating, an nHA/AgNP-loaded SF-based coating wasbuilt for
rapid bone induction regeneration and resistance to bacterial
infections (Figure 1). To improve the bonding force between
the SF-based coating and the substrate, inspired by marine
mussels, an assistant polydopamine (PD) layer has been
introduced, which has been widely used as an important and
universal building block for modifying the interface of
biological materials. With the aid of PD, a rigid nHA/AgNP-
loaded SF coating could be easily fabricated on Ti. The goals
of the current work are as follows: (1) The treatment and
characterization of nHA and AgNPs coated by SF, their
structural integrity, and dispersion uniformity; (2) the
development and characterization of nHA/Ag-loaded silk
fibroin coatings, their surface roughness, chemical properties,
and wettability that has a significant impact on their biological
activity; (3) according to their antiadhesion and plankton-
killing properties, the evaluation of the antibacterial ability of
the coating containing AgNPs; and (4) research studies on the
adhesion, proliferation, LDH, and ROS to reflect how MC3T3
cells respond to the nHA/AgNP-loaded SF-based coating.
Although titanium-based hard tissue implants with biologically
inert surfaces were widely used, bacterial infection and poor
osseointegration were still the main reasons for their
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Figure 2. (a) TEM images of Ag, nHA, and nHA/Ag composites with 1 h UV irradiation time; the red arrow indicates the nHA/AgNP complex.

(b) UV—vis spectra of nHA, Ag, and nHA/Ag.

(a)

Figure 3. Morphology and the structure of the coating: SEM images of TC4 (a), nHA (b), Ag (c), and nHA/Ag (d).

implantation failure. Therefore, in this study, nHA/AgNP-
loaded SF-based coatings were used for surface modification of
titanium-based implants. It is expected to achieve anti-infective
effects at the initial stage of implantation (<7 days) and good
new bone formation and bone fusion within 1 month of
implantation. (Figure 1

2. RESULTS

2.1. Detection of the nHA/AgNP Morphology. The
morphology and particle size of the inorganic particles nHA
and AgNPs were observed through transmission electron
microscopy (TEM) images (Figure 2a). Obviously, AgNPs
were spherical with a particle size of about 40 nm, while nHA
showed a cubic structure with a size of about 100 nm.
Interestingly, as indicated by the red arrow, some AgNPs
utilized nHA as a nucleation site to form a new type of nHA/
AgNP complex with a size of about 100 nm. It was inevitable
to observe the phenomenon of nanoparticle aggregation, but
this new complex also exhibited new and unique properties

compared with nHA and AgNPs. Furthermore, the dendritic
structure appeared in the TEM image enlarged by 1 ym, which
indicated that the conformation of SF had changed. As
verified,”® when the composition and concentration of the
solution changed, the SF conformation would also change due
to the change in chargeability. In the changing process,
nanoscale microspheres were first formed, and the micro-
spheres were further fused to form a fibrous structure, and
finally developed into a dendritic structure, as observed by
TEM. Fourier transform infrared (FTIR) deconvolution could
be applied to analyze the conversion of the secondary structure
of SF, which was involved in the formation of a dendritic
structure. In short, the dendritic structure was conducive to the
uniform dispersion of nHA and AgNPs to perform their
functions. As shown in Figure 2b, the 450 nm SPR band in the
UV—vis spectrum represents the presence of AgNPs,
confirming the successful recombination of nHA and Ag.
The reducing ability of tyrosine in an amino acid sequence
of SF allowed AgNPs to be obtained in situ. At the same time,
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Figure 5. AFM topographical images and roughness values of (a) TC4, (b) nHA, (c) Ag, and (d) nHA/Ag.

SF owned the properties of a stabilizer to guarantee the
uniform distribution of AgNPs and nHA. (Figure 2a).”
Research has confirmed that SF shows the ability to reduce
metal ions in situ, including nanogold and nanosilver, which is
environmentally friendly and morphologically controlled.”®
Following this approach, the mixed solution (SF/nHA/Ag
ions) was placed under UV to form an SF-based biomimetic
coating; finally, well-distributed nHA/AgNP-loaded coatings
were prepared. The obvious change from colorless to yellow in
the mixed solution was an optical indicator of the formation of
AgNPs. Then, through the UV spectrum (Figure 2b), it was
observed that the absorption band near 450 nm corresponded
to the formation of AgNPs, which was consistent with the
TEM results. Also, the characteristic peaks did not shift,
indicating that the nanoparticles did not agglomerate,
reflecting the stabilizing ability of SF. SF has been proved to

be a stabilizer to maintain the biological activity of active
molecules for a long time.”” The SF-based biomimetic coating
formed in this way was beneficial for the long-term bioactivity
of nHA and AgNPs.

2.2. Observation of the Morphology of the Biomi-
metic Coating. Scanning electron microscopy (SEM)
observation was utilized to check the surface morphology
and the microstructure of the SF-based coatings. As shown in
Figure 3a, the surface morphology of polished TC4 was rough,
which displayed different degrees of oxide film wrinkles. In
contrast, the surface of the nHA and Ag coatings (Figure 3b,c)
was relatively flat, and there were obvious cubic-shaped nHA
and AgNPs on the surface. After the nHA/Ag coating (Figure
3d) was constructed on the surface, the scratches were not
visible, and a large number of nHA/Ag complexes of less than
1 um were distributed on the surface.
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Figure 4 shows the energy dispersive spectroscopy (EDS)
maps of surface elemental distribution. Compared with the
nHA and Ag groups, the elements of the nHA/Ag group
underwent significant changes. Ca/P reduced from 1.71 to
1.46, and the proportion of silver reduced from 2.15 to 1.43%,
which meant that the addition of nHA showed a significant
impact on the process of reducing silver ions by SF. Research”®
has shown that the mixing of inorganic substances would affect
the reduction properties of SF, which was due to the changes
in the electrification and conformation of SF. As observed by
TEM, some AgNPs used nHA as a nucleation site to form a
new nHA/AgNP complex, which was not only helpful for
reducing the biological toxicity of AgNPs but also beneficial for
exerting the biological properties of the complex.

As shown in Figure 5, the surface morphology and
roughness measurement values (Ra) of TC4, nHA, Ag, and
nHA/Ag samples were characterized by atomic force
microscopy (AFM). Obviously, the surface of TC4 was
rough, and many parallel scratches caused by polishing could
be clearly observed. In comparison, the surface roughness of
the nHA coating (Figure Sb) was the lowest and relatively flat.
The surface of the Ag coating (Figure Sc) was also faintly
visible with polishing scratch traces. The surface of the nHA/
Ag coating shown in Figure 5d is flat, but the roughness is
increased due to the formation of nHA/AgNP complexes.
Their roughness was 44.2 + 0.4, 9.4 + 0.2, 18.8 + 0.4, and 20.1
+ 0.4 nm, respectively. Surface roughness, as one of the
important surface properties of implant materials, presented an
important impact on the hydrophobicity and protein
adsorption characteristics of the surface. At the same time,
studies have pointed out that the surface roughness would
affect the spreading and differentiation of osteoblasts on the
surface. The surface was too flat and rough, which was not
conducive to its contact with cells. In contrast, the surface with

30031

a roughness of 20—30 nm was most suitable for osteoblasts.
Therefore, the nHA/Ag group showed the best roughness
morphology.

2.3. Chemical Property Testing of nHA/AgNPs and
Coating. FTIR and X-ray photoelectron spectroscopy (XPS)
were utilized to analyze the chemical compositions and
characteristic groups of the SF-based coatings. According to
the FTIR results (Figure 6a), in addition to the characteristic
absorption of —OH at 3450 cm™" for nHA, the positions of the
obvious characteristic peaks of nHA, Ag, and nHA/Ag coatings
basically overlapped, indicating that increasing Ag and nHA
components did not have a significant impact on the SF-based
coatings. Studies’’ have shown that the content of the
secondary structure of silk fibroin has a significant impact on
its physical and chemical properties. It was generally believed
that the higher the content of the a-helix structure, the less
brittleness of the SF-based coating and the better the
wettability. The adjustment of certain external conditions
(pH, temperature, and inorganic matter) to realize the mutual
transformation between f-sheet and a-helix structures
conveniently adjusted the performance of SF-based coatings.
In this study, the deconvolution method was used to
deconvolve the characteristic peaks of SF 3600—3700 cm™'
to obtain the secondary structure ratio (Figure 6c—e).
Obviously, compared to the nHA (18%) and Ag (21%)
coatings, the a-helix structure content of the nHA/Ag coating
was significantly increased to 26%, which meant that the
coating displayed lower brittleness and better toughness and
wettability, whereas, this feature was conducive to the bonding
between the coating and the substrate. As shown in Figure 6b,
XPS spectroscopy was used to identify the chemical elements
and chemical state information of the SF-based coatings. The
distinct characteristic peaks at 531.0, 289.3, and 399.0 eV
correspond to O 1s, Ti 2p, and C 1s, respectively. The
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successful construction of SF-based coatings resulted in the
characteristic peaks of the Ti substrate being significantly
weaker or even disappearing.

2.4. Wettability of the SF-Based Coating. As shown in
Figure 7, the contact angle (CA) method was applied to check
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Figure 7. Contact angle of different samples.

the hydrophilicity of the functional coatings. The higher the
CA value, the more hydrophobic the surface of the material.
According to the CA results, the contact angle of the nHA
layer reduced from 76.2 to 58.6° compared with the Ag layer,
indicating that nHA was conducive to the improvement of
hydrophilicity. In contrast, the CA value of nHA/Ag was
slightly higher than that of TC4 because the formation of
nHA/AgNP complexes increased the roughness, as shown by
AFM.

2.5. In Vitro Antibacterial Evaluation. After incubating
the SF-based coatings with S. aureus in an LB medium for 1
day, the final OD value is shown in Figure 8a,b. Due to the
rapid propagation of S. aureus, the OD values in the TC4 and
nHA groups both exceeded 0.4. On the contrary, the
bactericidal ability of the Ag group was slightly improved,
and thanks to the formation of nHA/AgNP complexes with a
potential synergetic effect, the OD of the nHA/Ag group was
close to 0. No matter on the surface or in the suspension, the
bactericidal ability of the nHA/Ag coating was close to 100%.
Similarly, in Figure 8¢, when the coating was loaded with nHA,
the colonies of S. aureus on the agar plate were slightly
reduced, indicating that nHA presented an antibacterial effect
but not obvious. In contrast, the number of colonies on the Ag
coating was greatly reduced to less than 20, proving that
AgNPs owned excellent antibacterial properties. Further, the
antibacterial efficiency of nHA/Ag was greatly improved, and
no S. aureus adhered to the surface. In addition, the
morphology of the bacteria and the integrity of the cell
membrane were observed by SEM (Figure 8d). Bacteria were
easy to attach, proliferate, and aggregate on TC4 and nHA, and
presented a full spherical shape with a complete membrane
structure. However, the cell membrane of S. aureus attached to
the Ag coating, especially the nHA/Ag coating, displayed
obvious defects, showing wrinkles and depressions. It was
clearly visible that both the nHA coating and the Ag coating
showed different degrees of defects after cocultivation with the
bacterial solution for 1 day. These small holes would adversely

affect the stability of the entire film. When the nHA/Ag
coating was uniform and compact, there was no obvious
damage, which meant that the coating was more stable and
long-lasting in comparison, and it was better to bond with the
TC4 substrate. Furthermore, the confocal observation
obtained the dead/alive fluorescent image of the bacteria to
visually present the survival status of the bacteria. As shown in
Figure 8e, most bacteria on the surface of TC4 and nHA were
active (green) and tend to aggregate. In contrast, the number
of individual bacteria on the surface of Ag was significantly
reduced, but most of the bacteria that adhered were dead
(red). Only on the surface of the nHA/Ag coating, no live
bacteria were observed but only a few dead bacteria.

The development of drug-loaded antibacterial coatings on
the surface of hard tissue implants is mainly aimed at the
elimination of the most relevant bacterial strains related to
implant-related infections, including MRSA.*>"** The related
bacteria causing infections are increasingly becoming a clinical
thorny problem, including S. aureus and Pseudomonas
aeruginosa, which easily form a complete biofilm on the
surface of the implant.’>> Researchers have extensively
discussed the antibacterial mechanism of AgNPs, and it is
agreed that the antibacterial efficacy of AgNPs is significantly
higher than that of Ag®, which benefits from the complex
sterilization mechanism of AgNPs, including contact killing
and ion-mediated sterilization.’®>’ As verified, AgNPs can
slowly release Ag', forming a local high-concentration Ag*
environment, which is also the main source of AgNP
cytotoxicity.”®*” However, studies have shown that the
antibacterial activity of AgNPs not only comes from the Ag*
released but the natural properties of the nanoparticles also
make an outstanding contribution..”” It can be clearly seen
through SEM and TEM that AgNPs can attach to the cell
membrane of bacteria, destroy membrane proteins, change the
permeability of the membrane, and at the same time, damage
its biological functions by interacting with phosphorus and
sulfur-containing compounds (such as DNA). AgNPs can
attack the respiratory chain of bacteria, affect the process of
mitosis, and ultimately lead to the death of bacteria. It is worth
mentioning that AgNPs can also effectively kill planktonic
bacteria, with antibacterial mechanisms similar to sessile
bacteria, which is essential for clinical infection prevention.”'
The antibacterial test results showed that the bone bionic SF-
based coating loaded with nHA/Ag could quickly kill S. aureus
adhered to the surface, and at the same time, it owned a high-
efficiency killing effect on the planktonic bacteria. As shown in
Figure 8d, the complete bacterial membrane structure should
be spherical, and due to the presence of membrane proteins, it
should display a more obvious charging phenomenon. For
example, the bacteria on the surface of TC4 were white and
spherical, while with a sharp contrast on the surface of the
nHA/Ag coating, the bacteria appeared flat and dull, which
meant that the membrane structure of the bacteria was severely
damaged and the bacteria were died. Therefore, AgNPs could
destroy the membrane structure of bacteria, causing leakage of
the contents, which, in turn, led to the death of bacteria. The
live/dead staining results (Figure 8e) displayed that all bacteria
adhered on the surface were dead bacteria, and the number
was quite small, indicating that the coating surface had a
certain self-cleaning ability. Interestingly, the addition of nHA
significantly improved the antibacterial efficiency of AgNPs,
which could be attributed to the following two points: First,
nHA could provide sites for the growth of nanosilver. TEM
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Figure 8. Antibacterial activity of different samples against S. aureus after 24 h of incubation (1 X 10 CFU/mL). (a) Coating surface, (b) in liquid,
(c) quantitative measurement by the coating method, (d) typical bacterial morphology; the red arrow marks the broken bacterial membrane, and
(e) live (green)/dead (red) status.
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Figure 9. (a) Cell proliferative activity and (b) fluorescence microscopy observation of cytoskeletal actin fibers (green) on different coatings for S
days.

(Figure 2a) showed that the resulting nanosilver had a smaller presence of nHA/AgNP complexes led to a locally high-

particle size. The smaller the particle size, the higher the concentration area of Ag’. nHA provided a site for local
antibacterial efficiency of AgNPs. Another reason was that the aggregation of AgNPs, greatly improving the antibacterial
30033 https://doi.org/10.1021/acsomega.1c04734
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Figure 10. (a) LDH activity for 1, 3, and S days; (b) ROS quantitative results of LDH fluorescence density; and (c) fluorescence microscopy
observation of cytoskeletal actin fibers (green) and nuclei (blue) on TC4, nHA, and nHA/Ag surfaces for 1 and 3 days.

efficacy of AgNPs. Therefore, the bionic coating exhibited
excellent antibacterial ability and could effectively prevent the
occurrence of implantation infection.

2.6. Evaluation of Biocompatibility of the SF-Based
coating. CCK-8 assay (measuring mitochondrial activity) was
performed on days 1, 3, and S to evaluate the proliferation of
MC3T3-El cells on different SF-based coatings. As shown in
Figure 9a, on the first day, the cell proliferation on the surface
of the nHA/Ag structure coating was slightly lower than that of
the TC4 group, but the cell proliferation presented a good time
dependence, which meant that there were no obvious cells in
the nHA/Ag structure coating toxicity. After S days of
cocultivation, the number of cells on the surface of the

30034

nHA/Ag coating was approximately equal to that of the TC4
group, showing an accelerated proliferation pattern. Similarly,
the cytoskeleton after 5 days of culture also presented the same
result (Figure 9b).

Due to the higher requirements for antibacterial biomaterials
and the need to meet biosafety requirements while meeting
antibacterial properties, this study used an osteoblast-like cell
line (MC3T3-E1) for the cytotoxicity test. The nHA/Ag-
loaded coating was conducive to the adhesion of osteoblasts,
and its morphology was normal, showing a spindle-shaped
morphology, abundant pseudopods, and simulative cell
proliferation (Figure 9). As verified, the cytotoxicity of
AgNPs is concentration—dependent.42 When the current
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concentration is within a safe range, it not only shows no
cytotoxicity but also promotes cell differentiation.”’ In
summary, the Ag" concentration released by the nHA/Ag
coating was within the range of biosafety, would not lead to the
death of osteoblasts, and promoted cell proliferation and
spreading on the surface over time.

Lactate dehydrogenase could be used to reflect the integrity
of cell membranes, so the LDH enzyme release test was
performed to further evaluate the state of osteoblasts on the
coating surface (10a). In contrast, the MC3T3-E1 cells on the
Ag coating expressed the highest LDH value, which meant that
AgNPs could cause the stress response of osteoblasts and
irreversibly cause cell membrane damage, while nHA could
effectively reduce the toxicity of AgNPs and promote
osteogenesis cell adhesion and spreading. Compared with
polished TC4, nHA/Ag did not increase the LDH activity,
indicating that there was no cytotoxicity. In general, the
production of ROS in osteoblasts was quantitatively detected
(Figure 10b). Consistent with the LDH results, the Ag coating
presented the highest amount of ROS, which meant that
AgNPs could induce the generation of reactive oxygen radicals
in osteoblasts, and there was a hidden risk of cytotoxicity. In
contrast, the nHA/Ag group displayed a relatively low amount
of the ROS value, which was beneficial to the biocompatibility
of the nHA/Ag coating. The results of LDH and ROS (Figure
10) presented that the surface cell structure of the cells on the
SF-based coating was normal, and the active oxygen free
radicals and lactate dehydrogenase were not stimulated by
stress, indicating that the coating owned satisfactory biological
activity and was beneficial to the adhesion, proliferation, and
further osteogenic differentiation of osteoblasts on the surface.
Then, the capability of MC3T?3 cells developing a cytoskeleton
was inspected, as displayed in Figure 10c. After incubating for
1 day, the cells on the nHA/Ag coating were strongly adhered
and well spread with pore-associated filopodia, while those on
the Ag coating showed sparse adhesion and relatively weak
filopodia. Other than that, cells on TC4 and nHA were well
extended and homogeneously distributed. Compared with
other groups, the osteoblasts on the surface of the nHA/Ag
coating developed relatively strong stress fibers, and the stress
fibers continued to assemble and mature in the next few days,
and finally covered the entire coating surface after 3 days,
which meant that the nHA/Ag coating did not affect the
development of cell stress fibers and the maturation of the
cytoskeleton. It should be pointed out that the cell morphology
of the Ag" coating surface of 1 day was significantly different
from that of other groups. The analysis might be caused by the
following two reasons: On the one hand, due to the stimulating
effect of Ag" on osteoblasts, related research pointed out** that
Ag* could cause abnormal cell proliferation, enlarged nucleus,
obvious changes in the cell morphology, and scattered
situations. On the other hand, the possible cause was the
different cell types selected. MC3T3-E1 belongs to bone tumor
cells. There was a tendency of abnormal proliferation and
abnormal changes in the morphology, and it was more
sensitive to different growth environments.

In summary, HA exists in natural bone in the form of
nanoscale plates or rods, and the nanoscale thickness and
length endow it with many important biological properties.*
Therefore, the combination of nHA and SF could highly mimic
the microstructure of natural bone, and nHA gave the
functional coating better bone regeneration abilitgr and rapid
formation of mineralized deposits on the surface.** Compared

with HA, nHA has a higher specific surface area and nanometer
properties, which can improve the density, mechanical
strength, and toughness of functional coatings.47 In addition,
nHA has been proven to have appropriate biocompatibility,
osteogenesis, and angiogenesis activity, and it is conducive to
the adhesion, proliferation, and differentiation of osteoblasts,
serving as a promising orthopedic biomedical material.***’
However, the easy agglomeration, the poor flexibility, and the
difficulty of desired shape formation greatly limit its
application, especially for the treatment of bone defects in
load-bearing parts. To overcome the abovementioned short-
comings, nHA is mixed with other polymers (such as SF) for
surface modification of hard tissue implants to improve bone-
promoting activity..”””" It is well known that nHA and
collagen are widely used materials in bone repair. The
combination of the two can highly mimic the microstructure
of natural bone. For instance, an nHA/collagen composite
scaffold is a good candidate for bone repair and regeneration
and significantly improves the bone healing process.””>’
Compared with collagen, SF has a wide range of sources,
and its structure is easier to control and has a wide range of
application prospects for forming composite biomaterials with
nHA.>* As verified, the obtained SE/ nHA composite material
presented appropriate biocompatible ability to osteoblast™> and
tissue, actin%é_ags8 a good candidate for supporting bone
regeneration.” " The results of in vitro osteogenic experi-
ments displayed that compared with SF, SF/nHA shows
significantly increased ALP expression, collagen secretion and
mineralization deposition, and increased expression of genes
related to osteogenesis (Runx2 and osteocalcin).”” The cDNA
test showed that nHA affected the gene expression of bone
mesenchymal stem cells (BMSCs) through the interleukin la
autocrine/paracrine signal circuit and promoted differentia-
tion.” It should be pointed out that many trace elements play
an important role in bone formation. The nHA/SF composite
coating can efficiently adsorb trace elements in the solution to
form a highly bioactive surface enriched with trace elements.’

Many studies have shown that compared with bare-metal
implants, coatings made of SF have been shown to significantly
improve cell compatibility and induce differentiation.’> In
previous studies, we introduced the SF coating with antibiotics
and nanosilver on Ti substrates and proved that it improves
cell compatibility and the ability to induce osteogenic
differentiation.’ Here, we focus on in vitro evaluation,
including cell spreading, toxicity, and stress response. It is
reported that a coating containing nHA can quickly induce the
formation of bony apatite in SBF and improve cell
compatibility.'” The surface is densely covered by a new
apatite layer, indicating that nHA has good bone activity.
MC3T3-E1 cells are commonly used to evaluate cell response
to coating, including cell attachment, proliferation, and
differentiation. The adhesion and spreading of cells on the
surface of the bone bionic coating were significantly better than
that of the control group. After culturing for 3 days, the
cytoskeleton staining displayed that the osteoblasts spread
normally. Meantime, ROS and LDH evaluated the stress
response of the cells to the SF-based coating. The results
showed that the addition of nHA can significantly improve the
biological safety and biological activity of the composite
coating. It is worth mentioning that when the release rate of
Ag" was controlled to form a local low-concentration
environment, not only would it not cause damage and toxicity
to osteoblasts but it would promote cell proliferation and
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differentiation, showing positive biological characteristics. Our
study also confirmed that the formation of an nHA/AgNP
complex showed a great impact on the biosafety and bioactivity
of the coating. In future research, animal experiments are
needed to study the interaction between the bone biomimetic
SF-based coating and bone tissue, which is essential for
preclinical evaluation.

One of our main goals is to develop a cost-effective,
affordable, and easy-to-obtain bioactive coating that is
specifically used for osteogenesis and can be used for implant
infection prevention and bone tissue regeneration. Because
nHA and SF are similar to the inorganic components and
collagen fibers of bone tissue, they can significantly promote
the osteogenic differentiation of cells. Therefore, the bone
tissue bionic coating can be considered as a safe and promising
coating for hard tissue implantation. As the most widely used
hard-tissue implant in clinical practice, the infection caused by
bacteria after the titanium-based implant is implanted in the
body has always been the most difficult problem. The infection
would not only lead to implantation failure but also revision
and even concurrent infections in other parts. Therefore,
imparting antibacterial ability and bone-forming activity to the
titanium-based implant surface has important clinical signifi-
cance. In this study, the HA/AgNP-loaded SF-based coating
not only confirmed its superior antibacterial ability in in vitro
experiments but also guaranteed that the biological safety and
biological activity of the coating could promote the adhesion,
spreading, and osteogenic differentiation of cells on the surface,
and it has broad clinical application prospects.

3. CONCLUSIONS

A biomimetic method was used to synthesize nHA and silver
nanoparticles with SF as a template, and the TC4 substrate was
covered by dip coating. It was found that the obtained coating
was dense and uniform, the hydrophilicity was significantly
improved, and it had a good ability to inhibit the adhesion of
bacteria and kill the floating bacteria. In vitro cell tests showed
that the nHA/AgNP-loaded SF-based coating displayed good
cytocompatibility, which was conducive to the adhesion and
spreading of osteoblast MC3T3-El on the surface. LDH and
ROS tests presented that the functional coating did not cause a
severe cellular stress response. Therefore, the nHA/Ag-loaded
SF-based coating owned both antibacterial and biological
safety. It is a potentially effective solution to the postoperative
infection and poor osseointegration of bare titanium implants
and has a good clinical application prospect.

4. EXPERIMENTAL DETAILS

4.1. Materials. Silkworm cocoons (Bombyx mori) were
purchased from Kyebong Farm (Cheongyang, Korea).
Hydroxyapatite (HAp) and silver nitrate were purchased
from CGBio and Sigma-Aldrich (St Louise, MO), respectively.
All reagents used in the experiment were of high-performance
liquid chromatography (HPLC) grade.

4.2. Preparation of a Silk Fibroin (SF) Solution. Natural
silkworm cocoons were cut with scissors, S g of the cocoons
was collected, and cooked for 30 min with a 0.02 M Na,CO,
solution to achieve the purpose of removing the sericin from
the silkworm cocoons. The silk fibroin obtained after
degumming was washed with deionized water to remove
impurities and adsorbed ions, dried overnight, and then,
dissolved in a 9.3 M LiBr solution for 1.5 h (60 °C). The

yellow viscous liquid obtained after the dissolution was
dialyzed with a dialysis membrane (3500 W) for 3 days,
during which the deionized water was replaced every 8 h. After
the dialysis, the solution was collected in a centrifuge tube and
centrifuged at 4000 rpm for 20 min. The collected supernatant
was the silk fibroin solution. The mass volume fraction was
tested to be 10 w/v %, and it was diluted to 5% with deionized
water. It was next stored in a refrigerator at 4 °C for later use.

4.3. Preparation of an SF/nHA/Ag Composite
Solution. The transparent SF/nHA/Ag mixture solution was
cultivated by adding nHA powder (2 mg) and AgNO; (2 mM)
to 2 mL of a S wt % SF solution, and the final concentrations of
nHA and Ag" in the solution, respectively, were 1 mg/L and 1
mM/L. Subsequently, the obtained SF/nHA/Ag solution was
placed under an ultraviolet lamp (40W, Philips) and incubated
at room temperature for 1 h to obtain the SF/nHA/Ag
composite solution. Finally, the SF/nHA/Ag composite
solution was stocked at 4 °C for further use.

4.4. Building of SF-Based Coatings on TC4. TC4 square
slices (10 mm X 10 mm X 0.5 mm) were mechanically
polished to a 2000 grain size and washed sequentially in
acetone, ethanol, and deionized water (DI) for 15 min. Then,
the squares were dried by a hairdryer. The functional coatings
of nHA, Ag, and nHA/Ag were obtained by dropping SF, SE/
AgNPs, and SF/AgNPs/gen solutions on the surface of the
square piece by means of a simple spin-coating process.

4.5. Surface Characterization. The microstructure of the
composite coating solution was characterized using a Hitachil-
9000 NAR transmission electron microscope (Hitachi, Japan).
The physical morphology of the surface after coating was
observed using a scanning electron microscope (SEM). An
atomic force microscope (AFM, Dimension Icon, Bruker,
America) was used to measure the average roughness (Ra) and
root-mean-square roughness (Rq) of the polished and coated
samples. X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Scientific, America) was used to analyze the
elemental composition and the chemical state of the coating.
The surface wettability after coating was measured using a
contact angle goniometer (DO4222Mk1, Kruss, Germany) at
room temperature. An amount of 5.0 yL of deionized water
was dropped onto the surfaces of polished and dealloyed
samples in five different places; then, the image was captured
and the contact angle was measured. The chemical
composition of the coating surface was characterized by a
Fourier transform infrared spectrometer (FTIR, Nicolet,
Madison, WI) in the range of 700—4000 cm™".

4.6. Cell Culture. Mouse osteoblasts (MC3T3-El,
Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences) were used to evaluate the biocompat-
ibility of the coating. MC3T3-E1 was cultured in a humidified
atmosphere of 37 °C and 5% CO, in an @-minimum essential
medium (a-MEM, Hyclone) supplemented with a medium
that contained 10% FBS and 1% penicillin/streptomycin (PS,
Solarbio) and needed to be changed every 3 days. Before cell
seeding, both sides of the sample were irradiated with
ultraviolet light (UV) for 30 min. Then, the sample was
placed in a 24-well TCPS; at the same time, MC3TC-E1 cells
were seeded on TC4 with different coatings at a density of
about 4 X 10* cells per well.

4.6.1. Cell Adhesion Assay. SEM and fluorescence
microscopy were used to observe the adhesion and
proliferation of MC3T3-E1 cells on the coating surface. First,
the MC3TC-El cells were cultured on the surface of the
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sample for 1, 3, and 5 days, and then, the medium was
removed. After fixing and dehydrating, SEM was used to
observe the shape of cells adhered to different coatings by
sputter-coating gold. After 6 h of cocultivation, the cytoskeletal
actin fibers were stained by FITC (S pg/mL, Solarbio), and
DAPI (10 ug/mL, Solarbio) was used to stain the nuclei.
Finally, samples were examined under a fluorescence micro-
scope.

4.6.2. Cell Cytotoxicity Assay. A lactate dehydrogenase kit
(LDH, Solarbio) was used to evaluate the cytotoxicity of
coatings. After 1, 3, and S days of cocultivation, the OD value
of the cell lysate was measured at 450 nm using a microplate
reader.

4.6.3. Cell Proliferation Assay. A CCK-8 kit (Tojin Institute
of Chemical Technology, Japan, Dojindo) was used to measure
the activity of cell mitochondria. After cocultivation for 1, 3,
and S days, the new medium containing 10% CCK-8 was
added and placed in an incubator for 1 h. The OD value of the
medium was measured at 450 nm using a microplate reader.

4.7. Antimicrobial Activity Assays. 4.7.1. Bacteria
Culture and Inoculation. Under sterile conditions, S. aureus
was cultured in Luria Bertani (LB) broth at 37 °C for 12 h, and
then, the activated bacteria (106—107 CFU/mL) were
cocultured with the samples (sterilized by UV) according to
the predesigned time period.

4.7.2. Microbial Viability Assay. To study the ability of
coatings to inhibit bacterial invasion, a WST Microbial
Viability Assay Kit (WST, Dojindo, Japan) was used to
measure bacterial mitochondrial metabolic activity. The new
LB medium with 20% WST working solution was added to the
sample and incubated in the dark for a specified time. The
absorbance was measured at 450 nm using a microplate reader.

4.7.3. Characterization of Adherent Bacteria. After being
fixed with 2.5% glutaraldehyde (GA), dehydrated in con-
tinuous ethanol (50—100%), and sprayed with gold, the
morphology of the anchored bacteria was observed by SEM.
Staphylococcus aureus on the coating was stained with a Live/
Dead BacLight Bacterial Viability Kit (Invitrogen) to visualize
the survival status of bacteria. After rinsing coatings, 1 mL of
staining mix (6 yuM SYTO 9; 30 uM propidium iodide (PI))
was added and kept in the dark for 15 min. CLSM was used to
observe the final fluorescence image.

4.8. Statistical Analysis. All data in this study were
analyzed using SPSS 19.0 software. Statistical significance was
determined using one-way analysis of variance (ANOVA) or
Student’s t test. A p value of less than 0.05 was determined to
be statistically significant. Data values are expressed as mean =+
standard deviation.
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