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ARTICLE INFO ABSTRACT

Keywords: Implant-associated infections (IAls) caused by biofilm formation are the most devastating complications of or-
Implant-associated infections thopedic surgery. Statins have been commonly and safely used drugs for hypercholesterolemia for many years.
Simvastatin Here, we report that simvastatin-hydroxyapatite-coated titanium alloy prevents biofilm-associated infections.
Antibacterial . . . . . . . 1
Biofil The antibacterial properties of simvastatin against Staphylococcus aureus and Staphylococcus epidermidis biofilms
iofilm L . . . . . .. . .
Osteogenesis in vitro was confirmed by crystal violet staining and live-dead bacterial staining. We developed a simvastatin-and

hydroxyapatite (Sim-HA)-coated titanium alloy via electrochemical deposition. Sim-HA coatings inhibited
Staphylococcus aureus biofilm formation and improved the biocompatibility of the titanium alloy. Sim-HA
coatings effectively prevented Staphylococcus aureus IAI in rat femurs, as confirmed by radiological assessment
and histological examination. The antibacterial effects of the Sim-HA coatings were attributed to their inhibitory
effects on biofilm formation, as verified by scanning electron microscopic observations and bacterial spread plate
analysis. In addition, the Sim-HA coatings enhanced osteogenesis and osteointegration, as verified by micro-CT,
histological evaluation, and biomechanical pull-out tests. In summary, Sim-HA coatings are promising implant
materials for protection against biofilm-associated infections.

1. Introduction

Implant-associated infections (IAls) are the primary cause of com-
plications following implantation and have devastating consequences.
In America, IAIs account for 50% of the 2 million cases of nosocomial
infections that occur each year, causing high rates of morbidity and
mortality and substantial hospitalization costs [1-3]. The most preva-
lent pathogen in orthopedic IAI is Staphylococcus aureus (S. aureus),
which is a highly opportunistic pathogen that can form biofilms on
implant surfaces [1,2].

Biofilm formation on the surface of orthopedic implants is consid-
ered the main cause of IAI that are difficult to eradicate [1,4]. Biofilms
are a highly dense group of microorganisms wrapped in a hydrated
matrix for synthesis [5,6]. Biofilms develop preferentially on inert sur-
faces and commonly occur in medical devices, especially on metal-based
materials that are widely used as orthopedic implants. Biofilms are
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extremely resistant to antibiotics and host immune defense, leading to
difficulties in eradication [5]. Current clinical strategies to prevent and
treat IAl include systemic administration of antibiotics and implant
removal surgery. However, systemic administration of antibiotics
cannot effectively prevent the occurrence of IAI [5]. For example, the
local concentration of antibiotics may be low because of the existence of
a “blood-bone barrier” [7]. In addition, biofilm formation increases the
resistance of bacteria to antibiotics [8].

Statins are cholesterol-lowering drugs that have been used safely in
clinical practice for decades. Recently, the pleiotropic effects of statins
have been investigated, including the effects on osteogenesis, angio-
genesis, immune regulation, and anti-inflammatory activity [9-12].
Studies indicate that statins exhibit antibacterial ability owing to the
direct influence of bacterial growth and biofilm formation by destroying
functional membrane microdomains [13]. In addition, a series of pre-
vious studies have demonstrated the osteogenic ability of simvastatin
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both invitro and in vivo [14,15]. The primary target organ of statins is the
liver; less than 5% of orally administered statins reach systemic circu-
lation after the first-pass hepatic metabolism, and even lower concen-
trations are found in the skeleton [16]. Local application of simvastatin
can recruit autogenous stem cells and promote osteogenesis in osteo-
porosis and related fracture models [15,17-19].

In this study, we developed simvastatin-hydroxyapatite-coated
Ti6Al4V implants. The antibacterial effects and biocompatibility of
Sim-HA-Ti6Al4V were examined in vitro. Using the rat IAI model, the
antibacterial and osteogenic effects of sim-HA implants were evaluated
in vivo.

2. Materials and methods
2.1. Examination of the minimum inhibitory concentration of simvastatin

Standard strains of Staphylococcus epidermidis (S. epidermidis) and
Staphylococcus aureus (S. aureus) were used to test the minimum inhib-
itory concentration (MIC) of simvastatin. ATCC 35984 and ATCC 25923
were purchased from the Guangdong Microbial Culture Collection
Center. ATCC 25923 is a methicillin-sensitive strain, and is the standard
strain used for antimicrobial susceptibility testing according to the
Clinical and Laboratory Standards Institute. ATCC 35984 is methicillin-
resistant. Both strains are biofilm-forming strains [20]. The MIC was
tested by the broth microdilution method established by the Clinical and
Laboratory Standards Institute [21,22]. After overnight incubation of
S. epidermidis and S. aureus, bacterial fluid with 0.5 McFarland standard
and broth microdilution method was used to test the MIC of simvastatin.
The lowest concentration of simvastatin that could completely inhibited
the visible growth of bacteria after 16 h of incubation at 37 °C in a
96-well plate was considered the MIC.

2.2. Anti-biofilm effects of simvastatin in vitro

The inhibition of biofilm formation by simvastatin and the disruption
of mature biofilms of S. epidermidis and S. aureus were then examined by
0.1% (wt/vol) crystal violet staining (Solarbio G1063, China) and bac-
terial live-dead staining (Invitrogen L13152, USA) using confocal laser-
scanning microscopy (Zeiss 800. Germany). The intensity of crystal vi-
olet staining was evaluated by optical density (OD) value at 595 nm
(ODsgs) using microplate reader (Tecan Infinite 200 PRO, Switzerland)
[21,23]. The ODsgs of the biofilm in the group not treated with simva-
statin was treated as a control (inhibition and disruption rates were 0%),
and the inhibition and disruption rates of groups treated with different
concentrations of simvastatin were then calculated.

2.3. Preparation of Sim-HA-Ti6Al4V implants

Ti6Al4V implants (Wego, China) were roughened as previously
described [24]. Ti6Al4V samples (discs of 10 mm diameter and 1.5 mm
thickness used for in vitro experiments, rods of 1.5 mm diameter and 20
mm height used for in vivo experiments) were polished using sandpa-
pers, sonicated in acetone, 75% ethanol, and distilled water, and then
air-dried. The samples were then treated with a solution of HF/HNO5 for
10 min at room temperature and then treated with a solution of
HCI/H5S04 for 30 min at 80 °C.

Simvastatin (Yuanye Bio-Technology, China) solution was prepared
as previously described [25,26]. Briefly, 42 mg simvastatin was dis-
solved in 1 ml 95% ethanol. Then 1.5 ml of 0.1 M NaOH was added. The
solution was heated at 50 °C for 2 h and then was neutralized to pH 7.2
with 0.1 M HCIL. Deionized water was then added to reach a volume of
10 ml. Simvastatin acid (10 mM) was then prepared.

The HA coatings were prepared according to previous studies with
modifications [24,25,27]. Ti6Al4V was used to make the working
electrode (cathode) and the counter electrode was a platinum plate. The
electrolytes contained analytical grade 0.6 mM Ca (NOgs), (Aladdin,
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China) and 0.36 mM Ca (NOs3);, (Aladdin, China) dissolved in distilled
water. The Ca/P ratio of the solution was 1.67 and the pH was adjusted
to 6.0. To improve the conductivity of the electrolyte, NaNO3 was added
at a final concentration of 0.1 M. The electrochemical deposition process
was conducted using a DC power source at 1.5 V at 85 °C for 30 min. The
same process was performed to conduct simvastatin-hydroxyapatite
(Sim-HA) coatings on the Ti6Al4V samples, with the only difference
being that 10~* and 10~ mol/L simvastatin was added to the electrolyte
solution. These two Sim-HA-coated samples were named Sim-Low and
Sim-High.

2.4. Material characterization

2.4.1. Surface characterization

The surface morphologies of the different implants were examined
using field-emission scanning electron microscopy (SEM, Hitachi
SU8100, Japan). The crystal structures of the coatings on the different
implants were characterized by X-ray diffraction (XRD, Bruker DS,
Germany) with Cu K radiation. The chemical composition of CaP
deposition was characterized by Fourier-transform infrared spectros-
copy (FTIR, Nicolet iS10, USA) using the KBr pellet technique. Contact
angle tests were performed to evaluate the biocompatibility of the
implant materials using a contact angle measuring instrument (Biolin
Theta Flex, Sweden). The roughness of the implant surface was evalu-
ated using three-dimensional (3D) laser microscopy (Keyence VK-150K,
Japan). Surface area roughness (Sa) and 3D topographical images were
also calculated. The bonding strength between coatings and substrate
was tested by nano scratch test (CSM Micro-Scratch Tester, Swiss) with
progressive loading mood of normal force from 1 to 100 N over a scratch
length of 5 mm. The bonding strength was recorded by the critical
normal force which caused detachment of coatings.

2.4.2. Concentration analysis

Concentration analysis of simvastatin integrated into the Sim-HA
coatings was conducted as reported in previous studies [24,25].
Briefly, Sim-HA-Ti6Al4V plates were immersed in 2 ml phosphate buffer
solution (PBS, pH 7.4), and 200 pL of the samples were transferred into
1.5 ml polypropylene tube containing 600 pL methanol (Sinopharm
Chemical Reagent, China). The tubes were vortexed for 60 s and then
centrifuged at 13000 rpm for 5 min. The supernatant was collected for
liquid chromatography-electrospray tandem mass spectrometry
(LC-MS/MS) analysis. Quantification of simvastatin was performed
using multiple reaction-monitoring modes at m/z 435.87 — 319.58. A
1072 mol/L simvastatin solution was used as the standard. Sample
concentrations were calculated by comparing the absorption peak of the
multiple reaction monitoring mode with that of the standard sample.

2.4.3. Simvastatin release test

The drug release process of Sim-HA-Ti6Al4V was evaluated accord-
ing to previous studies, with modifications [26,28-30]. Sim-Low and
Sim-High plates were placed into 5 ml falcon cubes containing 2 ml PBS.
The samples were incubated at 37 °C with constant stirring at 70 rpm.
Once the defined time elapsed, samples of the medium were collected.
The concentration of simvastatin was measured using an ultra-
violet-visible microplate reader (Biotek Cytation 5, USA) and an ultra-
violet-visible 96-well plate (Solarbio YA0602, China) at 238 nm.
Standard solutions of simvastatin were used to obtain the standard
curve, which showed a linear relationship between UV absorbance and
drug concentration. The measurements were performed in triplicates.
The percentage release of simvastatin was calculated as the released
concentration divided by the total concentration integrated in the
Sim-HA coatings.

2.5. Antibacterial effect of Sim-HA-Ti6Al4V in vitro

The inhibitory effect of simvastatin on S. aureus biofilm formation
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was then examined by live-dead bacterial staining with confocal laser-
scanning microscopy [31]. SEM scanning was also conducted to eval-
uate the morphology of the bacteria and their biofilms on the coated
materials and the pristine Ti4Al6V alloy.

According to previous studies [28,31], the spread plate assay was
performed to quantitatively evaluate the antibacterial effect of
Sim-HA-Ti6Al4V in vitro. After culturing S. aureus on plates for 24 h, the
adherent bacteria attached to the disc samples were collected ultra-
sonically (50HZ, 5 min) in PBS after vortexing rapidly for 1 min. The
bacterial suspensions were serially diluted and plated onto tryptone soy
agar plates for overnight culturing. The number of colonies on the plates
was counted, and the number of bacteria that adhere on disc samples
was calculated and recorded.

2.6. Biocompatibility evaluation of Sim-HA-Ti6Al4V

Bone mesenchymal stem cells (BMSCs) of Sprague-Dawley (SD) rat
were purchased from Cyagen Biosciences (China). BMSCs were seeded
at a density of 5 x 10* cells/mL (0.5mL/well) onto Ti6Al4V disc samples
placed in a 24-well culture plate [32]. Samples were washed with PBS
and stained with phalloidin-iFluor 594 (Abcam 176757, USA) to visu-
alize the cytoskeleton of the cells 24 h after seeding. Nuclei were stained
with DAPI solution (Solarbio C0065, China), followed by observation
using confocal laser-scanning microscopy. Cell proliferation was evalu-
ated using a CCK-8 assay (Dojindo CK04, Japan). The results of the
CCK-8 test were expressed as relative cell proliferation rates by
normalizing the OD450 values to those of the control group on day 1.
BMSCs were seeded on four groups of 24-well plates and incubated with
osteogenic differentiation medium (Cyagen Biosciences RAXMX-90021,
China) for 14 days. The osteogenic differentiation of rBMSCs was then
evaluated via alkaline phosphatase (ALP) activity test using an ALP kit
(Beyotime, China) according to the manufacturer’s protocol.

2.7. Antibacterial effect of Sim-HA-Ti6Al4V in vivo

A rat IAI model was employed to estimate the anti-infection effect of
Sim-HA-Ti6Al4V according to previous operation procedures [33-35].
The Ethics Committee of the Second Hospital of Shandong University
approved all animal experimental protocols (Project No.: KYLL-2021
(KJ) A-0416).

Forty-eight adult male SD rats (10 weeks old) were randomly
assigned to four groups, namely, control, HA, Sim-low, and Sim-high,
consistent with the four different implants. Briefly, 50 pL of the ATCC
25923 bacterial suspension at a concentration of 1 x 10° colony forming
units (CFUs)/mL was injected into the medullary cavity of the right
femur. Rods were then implanted into the right distal femur of rats. The
body weights of the rats in the four groups were measured weekly. The
number of the white blood cells in the four groups of rats was tested at 1,
2, and 6 weeks after surgery. After 1,3 and 6 weeks, lateral radiographs
were obtained to observe infected femurs and knee joints. Radiographic
scores were evaluated according to previous studies [32,33,36] as fol-
lows:1, periosteal reaction; 2, osteolysis; 3, soft tissue swelling; 4,
deformity; 5, general impression; 6, spontaneous fracture; 7, sequestrum
formation. Parameters 1 to 5 were recorded as follows: 0, absent; 1,
mild; 2, moderate; and 3, severe. Parameters 6 and 7 were scored as
0 (absent) or 1 (present). The radiographs were read and interpreted by
two radiologists who were blinded to the grouping characteristics. The
plasma concentrations of interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) were determined using enzyme-linked immunosorbent
assay (ELISA) at 1, 2, and 6 weeks after surgery to evaluate the changes
in inflammatory cytokines in the four groups of IAI rats.

Six weeks after implantation, the rats were sacrificed and the femurs
were harvested for sterilization. The CFU counts of bacteria on the
implant surface were counted by the spread plate method as previously
described [33]. The rod implants were removed from the femurs and
scanned using SEM to evaluate bacterial and biofilm morphology on the
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surface of the implants. Transverse and longitudinal decalcified sections
of the distal femurs without implants were obtained from the same levels
as the distal femurs. Histological evaluation of the antibacterial effects
was then performed with hematoxylin and eosin (HE) staining and Gi-
emsa staining. To evaluate the biosafety of HA and Sim-HA coatings on
implants, HE staining was performed to observe the morphologies of five
rat organs, namely, the heart, liver, spleen, lung, and kidney, in four
groups.

2.7.1. Evaluation of osteogenesis in vivo

2.7.1.1. Double fluorescent labeling. The rats were injected with 20 mg/
kg calcein green (Sigma, USA) via the tail vein 14 and 4 days before
euthanasia [37]. The undecalcified sections of right distal femur around
the implants were obtained (EXAKT Cutting & Grinding System, Ger-
many) [9,38]. The mineral apposition rate (MAR) was calculated using
confocal microscopy by measuring the mean distance between two
fluorescent labels.

2.7.2. Micro-CT analysis

Six weeks after implantation, the rats in the four different groups
were sacrificed, and the right femurs with implants were scanned by
micro-CT (PerkinElmer Quantum GX2, USA) at 90 kV and 88 pA. Three-
dimensional images of the distal femur in the four groups were recon-
structed using a 20 pm voxel size. New bone formation around the im-
plants was evaluated in the area 1 mm below the epiphyseal line of the
distal femur [39]. Trabecular bone parameters, including bone vol-
ume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular separation (Tb.sp), were analyzed and
compared among the four groups.

2.7.3. Biomechanical pull-out test

Six weeks after implantation, the strength of implant fixation was
evaluated using a biomechanical push-out test and a mechanical testing
system (MTS Landmark Servohydraulic Test System, MN, USA). As
previously described [19,40], specimens were embedded in polymethyl
methacrylate and implants were pulled out along the longitudinal axis of
the implants. The biomechanical push-out test was performed at a rate of
5 mm/min, with a preload force of 5 N. The maximum value of the ul-
timate load was recorded.

2.7.4. ELISA

The bone resorption marker, tartrate-resistant acid phosphatase 5b
(TRACP 5b), and the bone formation marker, N-terminal propeptide of
type 1 procollagen (P1NP), were quantified by ELISA at 6 weeks after
surgery to evaluate bone turnover using immunoassay kits in accordance
with the manufacturer’s instructions (Elabsceince, China). Two other
osteogenic markers, osteopontin (OPN) and bone alkaline phosphatase
(BALP), were also evaluated using ELISA 6 weeks after surgery.

2.8. Statistical analysis

All data are presented as mean =+ standard deviation (SD). All sta-
tistical analyses were performed using the GraphPad Prism software
(version 8.0). One-way or two-way ANOVA followed by a post-hoc
Tukey’s test was performed to determine the statistical significance
between groups. Statistical significance was set at P < 0.05.

3. Results
3.1. Antibacterial effects of simvastatin in vitro
S. aureus and S. epidermidis are the pathogens that most frequently

cause orthopedic infections. First, we examined the antibacterial effects
of simvastatin against two biofilm-positive strains (S. aureus ATCC
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25923 and S. epidermidis ATCC 35984). The MICs of simvastatin against
ATCC 25923 and ATCC 35984 was 64 pg/ml. At the MIC, simvastatin
significantly inhibited biofilm formation, according to the results of
crystal violet staining with evaluation of ODsg5 (Fig 1A, C) and live-dead
staining with confocal laser-scanning microscopy (Fig. 1E, G). Further-
more, simvastatin exhibited a strong ability to disrupt mature biofilms of
S. aureus and S. epidermidis in vitro compared to the control groups
(Fig. 1B, D). At a concentration of 256 pg/ml, the biofilm was partially
disrupted, and the number of live bacteria decreased, as observed by
laser scanning microscopy (Fig. 1F, H).

Bioactive Materials 21 (2023) 44-56

3.2. Characterization of Sim-HA-Ti6Al4V

The surface morphologies of Sim-HA-Ti6Al4V and the other mate-
rials were examined using SEM. After polishing, the control group
exhibited a porous structure on the surface of the Ti6Al4V alloy. The
Ti6Al4V-HA and the other two Sim-HA-Ti6Al4V exhibited similar sur-
face coating morphologies. Rod-like crystals covered the surface of the
material (Fig. 2A). The XRD pattern of the coating showed that the
coating exhibited typical apatite peaks at 20 of approximately 25.9 °C
and 31-33 °C, which matched standard HA patterns (Fig. 2B).
Furthermore, the FTIR spectra of the coatings showed that they con-
sisted of HA crystals (Fig. 2C). The stretching band of the OH™ group
appeared at approximately 3566 cm L. The bands of PO}~ appeared at
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Fig. 1. Effects of simvastatin on biofilm inhibition and disruption.

A-D S. aureus and S. epidermis were treated with simvastatin at different concentrations for 24 h. The inhibition effect and disruption effect were measured by crystal

violet staining. Data are shown as the mean + SD, n = 3, * for P < 0.05, ** for P < 0.01, **

* for P < 0.001. E-H Confocal fluorescence images showed S. aureus and

S. epidermis biofilms after 24 h of treatment with simvastatin at different concentrations. Live cells were stained green and dead cells were stained red. Scale bar:

20 pm.
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1042 cm ™! and 1091 cm ™}, 566 cm ™! and 603 cm L. The C-H stretching
vibration bands at 2930 ecm™! and 2955 cm ™! and the C-C vibration
bands at approximately 1472 cm™! indicated simvastatin. The contact
angles of the four materials were also examined. Based on these results,
it can be inferred that simvastatin was incorporated into the synthetic
HA coating. To evaluate the biocompatibility of Sim-HA-Ti6Al4V, we
used a contact angle assay. Pristine Ti6Al4V, HA-Ti6Al4V, and Sim-HA-
Ti6Al4V were used as the control for HA, Sim-Low, and Sim-High
groups, respectively. The contact angles of the Sim-Low and Sim-High
groups were significantly smaller than those of the control and HA
groups, indicating that the Sim-HA coatings improved the biocompati-
bility of the Ti6Al4V alloy (Fig. 2D).

The roughness values of the four implant types were tested. Repre-
sentative 3D topographical images of the surface in the different groups
are shown in Fig. 2E. The roughness parameter of the surfaces (Sa) of the
HA, Sim-Low, and Sim-High groups were significantly higher than that
of the control group. Additionally, the roughness of the Sim-High group
was significantly higher than that of the HA group. There were no sig-
nificant differences between the bonding strength of HA and Sim-HA
groups (Fig. 2G). The concrete pictures of the four different rod and
disc implants are shown in Fig. S1.

3.3. Simvastatin release of Sim-HA-Ti6Al4V

To determine the concentration of simvastatin in the Sim-HA coat-
ings in the Sim-Low and Sim-High groups, LC-MS was conducted. Ac-
cording to the results, the concentration of simvastatin in Sim-Low and
Sim-high group were 2.483 + 0.2354 x 10~* mol/L/cm? and 4.112 +
0.2033 x10~* mol/L/cm?, respectively (Fig. 2F). The drug release assay
showed that simvastatin in the Sim-HA coatings exhibited a burst release
over 50% of the total concentration in the first 24 h (Fig. 2H). For both
the Sim-Low and Sim-High groups, at an immersion time of 2 h, the
concentrations of simvastatin were above the MIC. After burst release in
the first 24 h, simvastatin was released slowly over 14 days.

3.4. Invitro anti-infection evaluation of Sim-HA-Ti6Al4V

Anti-infection evaluation of Sim-HA-Ti6Al4V was conducted using a
live-dead in vitro staining assay of ATCC 25923, assessed using confocal
laser-scanning microscopy. The results showed that both the Sim-Low
and Sim-High groups exhibited greater inhibition of bacterial growth
and biofilm formation than the HA and control groups (Fig. 3A). The
SEM results also showed fewer bacteria or less biofilm formation on the
Sim-Low and Sim-High implant surfaces than on the surface of the HA
and control implants (Fig. 3B). The quantitative antibacterial results of
the spread plate assay are shown in Fig. 3C. Fewer bacteria adhered on
the implants of the Sim-coated groups than in the control and HA
groups. In addition, there were fewer adherent bacteria in the HA group
than in the control group. These results indicate that Sim-HA coatings
inhibit bacterial adhesion, growth, and biofilm formation on the surface
of implants.

3.5. In vitro biocompatibility evaluation of Sim-HA-Ti6Al4V

To further validate the biocompatibility of the different materials, we
seeded SD rat BMSCs on the surfaces of the materials in vitro. After 24 h
of incubation, cytoskeleton staining showed that the cells on Sim-HA-
Ti6Al4V and Ti6Al4V-HA were fully attached to the materials and
exhibited superior expansion morphologies when compared with the
surface of the pristine Ti6Al4V control group (Fig. 3D). These results
suggest that the HA and Sim-HA coatings of the Ti6Al4V alloy can
promote the attachment and expansion of BMSCs on the surface of the
materials. The CCK8 results also indicated that Sim-HA-Ti6Al4V could
significantly increase the proliferation of BMSCs compared to that of the
control group (Fig. 3E). The ALP activity assay showed that the BMSCs
seeded on HA- and Sim-HA-coated Ti6Al4V exhibited higher ALP
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activity than those seeded on the control group (Fig. 3F).
3.6. In vivo anti-infection evaluation of Sim-HA-Ti6Al4V

The body weights of the Sim-Low and Sim-High groups were
significantly higher than those of the control and HA groups at 5 and 6
weeks after surgery (Fig. 4A). We observed that body weight decreased
slightly at 2 weeks after surgery and then started to increase slowly with
time, indicating that none of the four groups of rats emaciated after
surgery (Fig. 4A). After the first week of surgery, the number of WBCs
reached the highest level among the three time points and then
decreased to within normal level at 6 weeks (Fig. 4B). Obvious signs of
bone infection, including periosteal reactions and osteolysis, were
detectable on radiographs in the control and HA groups 3 weeks after
surgery. Six weeks after surgery, these signs became obvious with the
progression of bone destruction of the femur and knee joint. The radi-
ology scores of the Sim-Low and Sim-High groups were significantly
lower than those of the control and HA groups (Fig. 4C). However, mild
or no signs of bone infection were observed in the Sim-Low and Sim-
High groups (Fig. 4D).

The plasma levels of inflammatory cytokines in the four groups were
evaluated using ELISA. As shown in Fig. 4E-F, both IL-6 and TNF-«
levels in plasma were significantly higher in the control and HA groups
than in the Sim-Low and Sim-High groups, 1 and 2 weeks after IAI
surgery. Six weeks after implantation, the implants in the four groups
were removed for SEM scanning and bacterial counting assay. The
number of live bacteria on the different implants was counted using the
spread plate method. Representative images of the plates in the four
groups are shown in Fig. 4G. The CFU numbers in the control and HA
groups were significantly higher than those in the Sim-Low and Sim-
High groups (Fig. 4H). The SEM results showed the aggregation
morphology of S. aureus on the surface of the implants in both the
control and HA groups. In contrast, fewer bacteria were present on the
surfaces of the two Sim-coated groups (Fig. 4I).

Morphological changes in longitudinal and transverse decalcified
slices were assessed using HE staining (Fig. 5A). The results also vali-
dated the similar antibacterial properties of the Sim-Low and Sim-High
groups compared to that of the control and HA groups. The cortical bone
of the distal femur of the rats in the control and HA groups exhibited
severe osteolysis and bone resorption. In contrast, the Sim-Low and Sim-
High groups exhibited fewer signs of infection around implants. The
longitudinal and transverse morphologies of the femurs in the Sim-High
group were almost normal, without signs of infection. Giemsa staining
showed large amounts of bacteria in the cortical bone of the femur in the
control and HA groups. There were few bacteria in the Sim-HA group
and no bacteria were observed in the Sim-High group. The results in
Fig. 5B show that there were no morphological abnormalities in the five
organs of rats in the four groups, indicating good biosafety of the HA and
Sim-HA coatings. Among the results above, the Sim-HA-coated Ti6Al4V
alloy exhibited antibacterial ability in vivo.

3.7. In vivo osteogenesis evaluation of Sim-HA-Ti6Al4V

Micro-CT analysis of the distal femur around the implants was con-
ducted to evaluate the osteogenic properties of the different implants at
6 weeks. Images of the median sagittal and transverse sections of rat
femurs are shown in Fig. 6A-B. The cortical bone and knee joint mor-
phologies in the Sim-Low and Sim-High groups were better than those in
the other two groups. BV/TV and Tb.N in the Sim-Low and Sim-High
groups were significantly higher than those in the control and HA
groups (Fig. 6C-D). In addition, the mean Tb.Th of the Sim-Low and
Sim-High groups were higher than that of the other two groups, but a
statistically significant difference was observed only between the Sim-
High and HA groups (Fig. 6E). Additionally, there were no significant
differences in Tb.Sp among the four groups (Fig. 6F). Osteogenesis was
evaluated by double calcein green labeling with confocal fluorescence
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Fig. 3. Antibacterial effect and biocompatibility of Sim-HA-Ti6Al4V.

A Confocal fluorescence images of Ti6Al4V, Ti6Al4V-HA and Sim-HA-Ti6Al4V for S. aureus biofilm formation by laser confocal microscopy, scale bar: 50 pm. B SEM
images of four implants for S. aureus biofilm formation, scale bar: 2 ym. C Images and statistics of spread plate assay. D Rat BMSCs adhesion on different four
implants, scale bar: 50 pm. E Proliferation rate of rat BMSCs grown on the four different implants. F ALP activity of BMSCs on four different implants. Data are shown
as the mean + SD, n = 3. * for P < 0.05. ** for P < 0.01, *** for P < 0.001.
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Fig. 5. Histological evaluation of the Sim-HA-Ti6Al4V in vivo.

A Representative histological images of hematoxylin and eosin staining and Giemsa staining of rat femurs. The black arrows represent massive destruction of cortical
bone. The green arrows indicate new bone formation around implants. The red arrows indicate bacteria remaining in the bone tissue. B Hematoxylin and eosin
staining analyses of different organs, including the heart, liver, spleen, lung, and kidney. n = 3.
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Fig. 6. Osteogenesis evaluation of the Sim-HA-Ti6Al4V in vivo.

A The 3D reconstruction images of rat distal femur 6 w after surgery, implants are marked in red. B Cross-section images of rat distal femur metaphysis. C-F
Quantitative analysis of the trabecular microarchitecture of the distal femur metaphysis 6 w after surgery (n = 6). G Representative images of calcein double-labeling
and MAR in the rat distal femurs of the four groups (n = 6). H Maximum force of biomechanical pull-out test in the four groups. (n = 5) I Plasma concentrations of
TRACP-5b, PINP, BALP and OPN in the four groups 6 w after surgery (n = 10). Data are shown as the mean + SD. * for P < 0.05, ** for P < 0.01, *** for P < 0.001.
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microscopy, followed by MAR analysis. Representative images of the
control, HA, Sim-Low, and Sim-High groups are shown in Fig. 6G. MAR
was calculated by measuring the distance between the two labels.
Osteointegration of implants in the four groups was evaluated using a
biomechanical pull-out test. The results showed that the maximum
forces of the Sim-Low and Sim-High groups were significantly higher
than those of the Control and HA groups.

The plasma level of the bone absorption marker TRAcP-5b was
significantly lower in the Sim-Low and Sim-High groups than in the
control and HA groups 6 weeks after surgery (Fig. 6I). OPN and BALP
levels of the Simvastatin groups were significantly higher than those of
the control and HA groups. Additionally, OPN and BALP levels in the
Sim-High group were significantly higher than those in the Sim-Low
group. However, no significant differences were found when
comparing the plasma levels of the bone formation marker PINP among
the four groups (Fig. 61).

4. Discussion

In the present study, we found that simvastatin exhibited antibac-
terial and osteogenic properties in implant-associated infections (IAls).
Simvastatin inhibited bacterial growth and formation of S. epidermidis
and S. aureus biofilms in vitro. Sim-HA coatings could inhibit bacterial
adhesion and biofilm formation of S. aureus while improving the
biocompatibility of the materials used. In addition, Sim-HA coatings on
Ti-6A1-4V prevented IAI and improved osteogenesis in a rat IAI model.

IAIs are one of the most devastating complications and remain a
major challenge in orthopedic surgery. IAI with titanium-based implants
remains a significant challenge. Efforts have been directed toward the
development of new biomaterials with both anti-infection and
biocompatibility properties to prevent and treat IAI [30,41-50]. Pro-
phylactic application of antibiotics as coatings on biomaterials seems to
be an effective method to prevent infections directly. Alvaro. et al.
constructed a fluorine- and phosphorus-doped nanostructured Ti6Al4V
alloy coated with vancomycin and gentamicin to prevent S. aureus
induced IAI in a rabbit model. Some studies have used 3D porous scaf-
folds to load traditional antibiotics. Zhang. et al. evaluated the effects of
vancomycin-loaded in micro-arc oxidized 3D printed Ti6Al4V scaffolds
for treating Methicillin-resistant Staphylococcus aureus (MRSA) induced
bone infection and osteogenesis [51]. Although some new strategies had
developed the controlled and sustainable release of antibiotics to avoid
the toxicity effects of drug burst release, the widespread use of antibi-
otics induced antimicrobial-resistant strains more frequently.

Statins are a family of 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitors that have been widely used clinically as cholesterol-lowering
drugs for decades. In the 1970s, Akira Endo speculated that fungi could
produce antibiotics to interfere with each other’s cholesterol synthesis
and first isolated statins in the secretion compounds of Penicillium cit-
rinum [52]. Recent studies have found that statins also exhibit antibac-
terial properties against various bacterial strains, including
S. epidermidis, S. aureus and even methicillin-resistant Staphylococcus
aureus (MRSA) [13,21,53-56]. Simvastatin, which is listed as an OTC
drug in many countries, has been widely used for its efficacy and safety
in reducing cholesterol levels in clinical practice for over 40 years.
Abundant in vivo studies have demonstrated the positive effect of sim-
vastatin on bone formation [17,18,57,58]. Therefore, in the present
study, we examined the antibacterial effects of simvastatin in vitro. The
minimum inhibitory concentrations of simvastatin against ATCC 35984
and ATCC 25923 were consistent with that reported for S. epidermidis
and S. aureus in previous studies [21].

Biofilm formation on implants is the primary characteristic of IAI
Bacteria adhere to the implant surface, followed by aggregation and
biofilm formation. The biofilm embeds microorganisms in a matrix of
polysaccharides, extracellular DNA, and proteins, thus increasing the
resistance to both antibiotics and host immune response [59]. Simva-
statin inhibited biofilm formation by S. epidermidis and S. aureus in vitro
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at MIC. At 4xMIC, simvastatin significantly destroyed the established
biofilms of S. epidermidis and S. aureus in vitro compared to the control
group.

The bioavailability of orally administered simvastatin is low due to
first-pass metabolism in the liver, which is the main source of cholesterol
synthesis. Our previous studies proved that local application of simva-
statin could improve osteoporosis in ovariectomized rats [60]. Local
application of single-dose simvastatin improved implant fixation by
increasing angiogenesis and bone formation in an ovariectomized rat
model [14]. We further utilized electrochemical deposition to generate
simvastatin-hydroxyapatite coated Ti6Al4V to combat IAIs. SEM, XRD,
and FTIR results confirmed that the Sim-HA coatings were successfully
deposited on the surface of the Ti6Al4V implants. The drug release
process was similar to that reported in a previous study using an HA
coating to integrate drugs [61]. Approximately 50% of simvastatin was
released in the first 24 h and the remaining was released slowly from the
Sim-HA coatings over 14 days. These results indicated the potential
immediate and long-lasting antibacterial effects of Sim-HA coatings,
which were proven in subsequent in vitro and in vivo experiments.

Thus, we investigated the antibacterial effects of Sim-HA coatings in
vitro. Sim-HA coatings inhibited the bacterial growth and biofilm for-
mation of S. aureus on Ti6Al4V in vitro. These results are consistent with
the antibacterial and anti-biofilm effects of simvastatin in vitro. Recently,
Esther investigated whether statins could decrease antibiotic resistance
and resensitize MRSA to traditional antibiotic treatments by interfering
with lipid biosynthesis of membrane microdomains, and thereby dis-
assembling bacterial functional membrane microdomains [13].

The mechanisms underlying the action of simvastatin on bacterial
lipid biosynthesis, which contribute to its anti-biofilm effect, require
further investigation. Additionally, the Sim-HA coatings inhibited bac-
terial adhesion. Bacterial adhesion onto the surface of implants is the
earliest step of infection; bacteria begin to proliferate after firmly
adhering to the surface [62]. The wettability, roughness, and micro-
structure of the surface affect bacterial adhesion [48,63]. Sim-HA
coatings decreased the contact angle of the control and HA groups.
One of the reasons for this decrease is that the hydrophilic form of
simvastatin [26,64] was used to generate Sim-HA coatings on the im-
plants. In addition, the roughness results were consistent with the
change in the contact angles. Extremely hydrophobic or an extremely
hydrophilic surface reduced bacterial adhesion on polymeric substrates
[65]. Surface roughness could promote hydrophilicity, inhibiting bac-
terial adhesion by discouraging hydrophobic interactions and creating
substrate-bacteria repulsion. The changes in wettability and roughness,
as well as the antibacterial effects of simvastatin, may account for the
inhibition of bacterial adhesion and subsequent biofilm formation on
Sim-HA coatings.

We further evaluated the effects of Sim-HA coatings on the
biocompatibility of Ti6Al4V implants. According to our results, Sim-HA-
Ti6Al4V improved rat BMSCs adhesion, expansion, proliferation, and
osteogenic differentiation on the surface compared with the control
groups. An increase in wettability and roughness of the surface can
improve the biocompatibility of implants [66]. The ALP activity of
BMSCs on the Sim-HA coatings was significantly higher than that in the
control and HA groups, reflecting the promotion of osteogenic differ-
entiation at an early stage. Consequently, the improved biocompatibility
of Ti6Al4V by Sim-HA coatings played a very good expectation and
verification for bone formation and osteointegration in vivo. Collec-
tively, the results of the in vitro experiments showed that
Sim-HA-Ti6Al4V exhibited both antibacterial activity and improved
biocompatibility characteristics.

We then established a rat femur IAI model with intramedullary
administration of S.aureus to evaluate the antibacterial and osteogenic
effects of Sim-HA-Ti6A14V in vivo with a number of distinct experiments.
The antibacterial effects of the Sim-coatings mainly contributed to the
inhibition of biofilm formation on the implant surface, indicating the
preventive property of coated implants in the IAI model. The levels of
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pro-inflammatory cytokines IL-6 and TNF-o decreased in the Sim-coated
groups compared to those in the control and HA groups. The potential
anti-inflammatory or immune-adaptive mechanisms of simvastatin in
IAI require further investigation.

Gristina. et al. reported that bacterial adhesion and tissue cell inte-
gration on the same surface of implanted biomaterial competed in the
“race to the surface” [67]. Although calcium phosphate coatings have
the disadvantage of low elasticity, causing delamination and destruction
of the coatings during implantation or bending deformities of implants
[68], simvastatin and hydroxyapatite are beneficial to osteogenesis.
Sim-HA coatings could improve the osteointegration of implants in vivo,
which was verified by results of micro-CT and biomechanical pull-out
test. The osteogenic effects of Sim-HA coatings may contribute to the
inhibition of bone absorption and improvement of bone formation in the
IAI model.

Although there were positive in vitro and in vivo results, the present
study had some limitations. The potential mechanisms by which sim-
vastatin inhibits biofilm formation require further investigation both in
vitro and in vivo. Only the preventive effect of Sim-HA-Ti6Al4V was
examined, and the effect of Sim-based therapy on IAI with established
biofilms needs further evaluation. Finally, whether Sim-HA coatings
could resist MRSA related IAI requires further investigation.

5. Conclusion

In this study, Sim-HA coatings were successfully fabricated using an
electrochemical deposition method. Sim-HA coatings inhibited biofilm
formation and improved biocompatibility and bone formation of tita-
nium alloys to prevent orthopedic IAI These results may provide a novel
strategy for constructing bioactive materials with both antibacterial and
osteogenic properties for clinical applications.
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