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ABSTRACT Infection is one of the most important causes of titanium implant failure
in vivo. A developing prophylactic method involves the immobilization of antibiotics,
especially vancomycin, onto the surface of the titanium implant. However, these
methods have a limited effect in curbing multiple bacterial infections due to antibi-
otic specificity. In the current study, enoxacin was covalently bound to an amine-
functionalized Ti surface by use of a polyethylene glycol (PEG) spacer, and the bac-
tericidal effectiveness was investigated in vitro and in vivo. The titanium surface was
amine functionalized with 3-aminopropyltriethoxysilane (APTES), through which PEG
spacer molecules were covalently immobilized onto the titanium, and then the
enoxacin was covalently bound to the PEG, which was confirmed by X-ray photo-
electron spectrometry (XPS). A spread plate assay, confocal laser scanning micros-
copy (CLSM), and scanning electron microscopy (SEM) were used to characterize the
antimicrobial activity. For the in vivo study, Ti implants were inoculated with
methicillin-resistant Staphylococcus aureus (MRSA) and implanted into the femoral
medullary cavity of rats. The degree of infection was assessed by radiography,
micro-computed tomography, and determination of the counts of adherent bacteria
3 weeks after surgery. Our data demonstrate that the enoxacin-modified PEGylated
Ti surface effectively prevented bacterial colonization without compromising cell via-
bility, adhesion, or proliferation in vitro. Furthermore, it prevented MRSA infection of
the Ti implants in vivo. Taken together, our results demonstrate that the use of
enoxacin-modified Ti is a potential approach to the alleviation of infections of Ti im-
plants by multiple bacterial species.

KEYWORDS immobilization, titanium, enoxacin, polyethylene glycol, methicillin-
resistant Staphylococcus aureus, prosthesis-related infection

Titanium (Ti) has been widely used for orthopedic and dental implants, due to its
excellent mechanical, physical, and chemical properties (1). However, bacterial

adhesion and biofilm formation on Ti surfaces remain the most common cause of
failure of Ti implants (2). Ti can be functionalized with oxhydryl and amino group, which
can in turn tether biomolecules, giving the surface multiple biofunctionalities. The
modification of Ti surfaces with antibacterial agents and the immobilization of anti-
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bacterial agents onto surfaces, including antibiotics, antimicrobial peptides, silver,
copper, and zinc, have proven to be effective approaches to obtaining antibacterial Ti
surfaces (2–6). Of these agents, covalently immobilized antibiotics, which are most
likely to be applied clinically, have demonstrated the ability to reduce bacterial colo-
nization, biofilm formation, and implant-associated infections, potentially providing a
novel and practical approach to reducing implant-associated infections (7–9). The
covalent bonding of antibiotics to Ti surfaces has several advantages, including a
reduced likelihood of development of bacterial resistance to the antibiotics compared
with that for locally administered antibiotics and increased long-term stability (10).

An ideal antibacterial implant should combat a broad spectrum of bacteria, since
implants may face multiple bacterial challenges when implanted in vivo (11). Vanco-
mycin has been studied extensively as a candidate in the fabrication of antibacterial Ti
implants (12). Vancomycin covalently tethered to Ti significantly inhibits bacterial
colonization, while the recruitment, proliferation, differentiation, and maturation of
osteoblasts remain unaffected (13, 14); in addition, it can prevent the development of
Staphylococcus aureus resistance to rifampin in vitro (15). However, vancomycin has a
limited ability to eradicate Gram-negative bacteria, such as Escherichia coli (7). To this
end, tetracycline was investigated as a candidate in the fabrication of an antibacterial
Ti implant to inhibit Gram-negative bacterial colonization (16). Unfortunately, it remains
unclear whether the tetracycline modification is effective against Gram-positive patho-
gens, such as Staphylococcus aureus and Staphylococcus epidermidis.

Prior to the covalent attachment of antibacterial agents, the addition of a spacer on
the Ti surface is necessary (14, 16). Flexible spacers allow the rapid movement and
multiple orientations of bound antibacterial agents on the implant interface, which can
promote peptide-bacterium interactions (17, 18). Polyethylene glycol (PEG) has been
widely used for the chemical modification of biomaterials because of its nontoxic,
nonantigenic, and nonimmunogenic properties (19, 20). Moreover, both the length of
the PEG molecule and the functional group at the end of the PEG molecule can be
altered as required, making PEG an attractive spacer for covalent antibiotic attachment
to the Ti surface.

It should be emphasized that in orthopedic surgery, a significant increase in the
incidence of complications because of antibiotic-resistant bacterial strains, such as
methicillin-resistant S. aureus (MRSA), has been observed. Patients with MRSA infections
have a poor prognosis, as such infections often have high recurrence rates and more
sequelae than infections caused by methicillin-sensitive S. aureus strains (21). Therefore,
the Ti implants should be fabricated specifically for prophylaxis against MRSA and other
bacterial infections associated with the implants.

Enoxacin belongs to a class of fluoroquinolone antibiotics which can inhibit oste-
oclast formation and bone resorption. Enoxacin is able to prevent the binding of the B
subunit of vacuolar H�-ATPase (V-ATPase) and has been shown to have the potential
to be able to counteract particle-induced bone implant osteolysis (22–25). Enoxacin can
be bound to bisphosphonate to form bisenoxacin, which maintains the antibacterial
capabilities of enoxacin and inhibits osteoclast formation (26, 27), indicating that the
antibacterial properties of enoxacin are preserved even when it is covalently tethered
to a molecule. Here, we examined the antibacterial properties of enoxacin-modified
PEGylated titanium alloys against five bacterial strains, including S. aureus, S. epidermi-
dis, methicillin-resistant S. aureus, methicillin-resistant S. epidermidis (MRSE), and E. coli,
in vitro and in vivo to investigate its use for the prophylaxis of bacterial infections
associated with the Ti implant.

RESULTS
MICs of enoxacin. The MICs of enoxacin were 2 �g/ml for S. aureus and S.

epidermidis, 4 �g/ml for MRSA, 0.5 �g/ml for MRSE, and 0.06 �g/ml for E. coli.
Characterization of covalently immobilized enoxacin on Ti surface. The reaction

scheme for the synthesis of enoxacin bonded to Ti is shown in Fig. 1, and the covalent
immobilization was confirmed by XPS following PEGylation of Ti, as shown in Fig. 2. PEG
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can be covalently bound to the amine-functionalized Ti (Ti-AA) surface through the
reaction ofOCOOH andONH2 from PEG and Ti-AA, respectively, resulting in an amino
bond. As indicated by X-ray photoelectron spectrometry (XPS), the native C1s spectrum
of PEG-modified titanium (Ti-P) showed two peaks with binding energies of 287.7 and
285.3 eV, corresponding to C�O and O�CON and to CON, respectively, confirming
amido bond formation after PEG immobilization. The spectrum taken after enoxacin
immobilization onto the PEGylated Ti surface showed peaks at 288.1 and 285.4 eV,
corresponding to C�O and O�CON bonds and to the CON bond, respectively. These
peaks indicate that the amido bond was maintained on the Ti surface. Furthermore,
the O1s, C1s, and N1s spectra were increased (Table 1), indicating that more C�O,
O�CON, and CON bonds were formed, resulting in successful covalent immobilization
of the enoxacin on the PEGylated Ti surface.

Adhesion, proliferation, and morphology of hBMSCs. The surface coating of an
orthopedic implant should mitigate infection while maintaining the viability of human
bone marrow mesenchymal stem cells (hBMSCs), which are critical in osteogenesis and
bone implant osteointegration. We therefore evaluated the adhesion and proliferation
of hBMSCs on the various Ti surfaces. As shown in Fig. 3A, cell adhesion was improved

FIG 2 XPS characterization of the enoxacin-modified PEGylated Ti surface.

FIG 1 Reaction scheme for the synthesis of enoxacin bonded to Ti and the surface treatments with Ti.
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on Ti-P and enoxacin-modified Ti-P (Ti-P-EN) discs compared to that on the Ti control
disc, while there was no significant difference in cell proliferation (Fig. 3B). These results
indicate that coated Ti discs had no cytotoxic effects on either type of cell. After
incubation for 24 h, the hBMSC actin cytoskeleton was visualized using Alexa Fluor 446
(red fluorescence), and the nuclei were stained with 4=,6-diamidino-2-phenylindole
(DAPI; blue fluorescence). Cell spread was similar on all Ti discs (Fig. 3C).

Protein adhesion. The bovine serum albumin (BSA) concentration and absorbance
(optical density at 562 nm [OD562]) showed a positive linear correlation, described by
the equation y � 0.48x � 0.113 (r � 0.999). At each time point, protein adhesion was
significantly higher in the Ti group. Protein adhesion onto each Ti substrate peaked at
2 h. Compared with the inhibition of protein adhesion by Ti, PEGylated Ti and

FIG 3 (A and B) Adhesion and proliferation of hBMSCs onto the Ti samples, measured by the Cell Counting Kit-8 (CCK-8) assay at 2, 4, and 8 hours and 1, 3,
and 7 days. *, P � 0.05. H, hours; D, days. (C) CLSM to characterize hBMSC morphology and spread onto the Ti surface at the same time points used for the
assays whose results are presented in panels A and B. Cells plated on either control or enoxacin-modified surfaces for times out to 24 h showed no differences
in morphology or number as a function of the surface modification. After 24 h of incubation, the hBMSC actin cytoskeleton was visualized by Alex Flour 446
staining (red fluorescence) and nuclei were stained with DAPI (blue fluorescence). Bar, 50 �m.

TABLE 1 Chemical composition and relative atomic ratiosa

Atom

Atomic %

Ti Ti-P Ti-P-EN

C 9.19 20.88 34.92
N 0.97 2.08 6.17
O 65.28 17.24 40.88
Si 4.77 6.38 4.81
Ti 17.92 2.94 13.23
aAbbreviations: Ti, titanium; Ti-P, PEG-modified titanium; Ti-P-EN, PEG- and enoxacin-modified titanium.
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enoxacin-modified PEGylated Ti could significantly inhibit protein adhesion at each
time point (Fig. 4).

Characterization of bacterial colonization. As shown in Fig. 5, the bacterial counts
were normalized to log units, and the level of bacterial inhibition was normalized to the
log reduction. Ti-P-EN could significantly inhibit colonization by various bacteria at each
time point, while Ti and Ti-P did not demonstrate an antibacterial capacity. Compared
to the counts for the control Ti group, the log reductions of S. aureus, MRSA, S.
epidermidis, MRSE, and E. coli isolates were approximately 2.73, 3.10, 2.61, 2.69, and 1.61,
respectively, at 6 h when the bacteria were cultured on Ti-P-EN and approximately 2.58,
2.53, 2.67, 2.17, and 1.56, respectively, at 24 h.

FIG 4 Amount of BSA protein adsorption measured after 10 min, 30 min, 2 h, and 4 h of incubation of
Ti, Ti-P, and Ti-P-EN with 1 ml of a BSA solution of 1 mg/ml. *, P � 0.05.

FIG 5 Characterization of the level of bacterial colonization of the various Ti surfaces by the spread plate method. The CFU counts were normalized to log values.
*, P � 0.05.
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Confocal laser scanning microscopy (CLSM) and SEM to characterize bacterial
adhesion and biofilm formation. After 6 h and 24 h, each Ti substrate was incubated
with bacteria (all strains mentioned above were used). Large numbers of bacterial
colonies were apparent on the Ti control and the Ti-P groups at both time points. Fewer
viable bacterial colonies were observed on the Ti-P-EN surface at 6 h and 24 h. Viable
bacteria (stained green) were seen on the Ti and Ti-P substrates at 6 and 24 h (Fig. 6).
Less green fluorescence was observed on the Ti-P-EN surface at both time points, while
many dead bacteria (stained red) were observed on the Ti-P-EN surface. The amount of
bacteria on each Ti sample was confirmed by scanning electron microscopy (SEM).
Figure 7 shows that the Ti and Ti-P substrates had many adherent bacterial colonies

FIG 6 The antibacterial properties of the samples after 6 h and 24 h of incubation with bacteria (106

CFU/ml) were evaluated by live/dead staining. Green, viable bacteria; red, dead bacteria.

FIG 7 SEM to characterize bacteria on the various Ti surfaces in vitro after 24 h of coculture.
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after 6 and 24 h, while the Ti-P-EN surface had very few adherent bacterial colonies at
either time point.

In vivo prophylaxis of MRSA infection. The enoxacin-functionalized Ti rods were
successfully implanted in the femoral medullary cavity. No evident signs of cortical
bone destruction were observed after 1 day (Fig. 8A). After 3 weeks, implant-related
infection accompanied by low-density areas of cortical bone destruction was observed
in the Ti control group (Fig. 8A). Micro-computed tomography (micro-CT) scans were
obtained at 3 weeks postsurgery. As shown in Fig. 8B, osteolysis and absorption of
cortical bone occurred around the Ti implant, while no signs of implant-related
infection were observed in the Ti-P-EN group. For quantitative assessment, the volumes
of the regions of interest (ROIs) obtained on the basis of the micro-CT scans are shown
in Fig. 8. The rectangular frames in the three-dimensional (3-D) reconstructions of the
micro-CT scans in Fig. 8B represent the ROIs. At 3 weeks after Ti and Ti-P-EN were
contaminated with MRSA and implanted in vivo, the bone volume/total volume (BV/TV)
and trabecular number were significantly higher, and the trabecular spacing was
significantly lower in the Ti-P-EN group than in the Ti group (Fig. 8C1 to C3), indicating
that the bone destruction was more serious in the Ti group.

Quantitative determination of the Ti implant-related MRSA infection. Clinical
infection in the intramedullary cavity with a Ti implant was identified by yellow pus

FIG 8 In vivo study of Ti-P-EN antibacterial properties. X-ray images (A) and micro-CT results (B) of the femoral medullary cavity
of rats into which a Ti rod was implanted obtained at 3 weeks after surgery and quantitative data for BV/TV (C1), Tb.Th (C2),
and Tb.Sp (C3) obtained from the micro-CT analysis are shown. d, days; w, weeks. *, P � 0.05.
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formation compared to the normal physiological appearance with a Ti implant (Fig. 9A)
after longitudinal sectioning of the femur. Bone lesions, periosteal reactions, and bone
structural abnormalities were also observed. The mean pathological scores for each
longitudinal section of the femora into which the various Ti rods were implanted were
3.5 � 0.58, 1.0 � 0.82, and 0.58 � 0.5 for the group with a Ti implant infected with
MRSA (the Ti�MRSA group), the group with a Ti-P-EN implant infected with MRSA (the
Ti-P-EN�MRSA group), and the group with a Ti implant treated with phosphate-
buffered saline (PBS) (the Ti�PBS group) (Fig. 9B), respectively. There was no significant
difference between the scores for the Ti-P-EN�MRSA and Ti�PBS groups (P � 0.05).
Compared with the average score for the Ti�MRSA group, the average score for the
Ti-P-EN�MRSA group significantly decreased (P � 0.05). The amount of bacteria
dwelling on the Ti-P-EN rod was significantly smaller than that dwelling on the Ti rod
(Fig. 9C). Compared with the bacterial count on the rod in the Ti group, the bacterial
count on the rod in the Ti-P-EN group was reduced by 1.64 log units (Fig. 9D). The
amount of bacteria dwelling on the bone tissue around the rod for the Ti-P-EN group
was significantly smaller than that for the Ti group (Fig. 9E). The log reduction in the
amount of Ti-P-EN in the bone tissue around the Ti rod was 2.17 (Fig. 9F).

SEM characterization and histological analysis. SEM images showed spherical
bacterial growth on the Ti rods and the surrounding bone tissue, whereas no spherical
bacteria were detected on the enoxacin-modified Ti rods or the surrounding bone
tissue (Fig. 10). Hematoxylin and eosin (H&E) staining was used for histological analysis.
After 3 weeks, the control Ti implants showed bone resorption around the materials,

FIG 9 Gross appearance and scores for longitudinal sections of the femurs of rats at the time of sacrifice and microbiological evaluation
of the implants and bones. (A) Clinical signs of infection in the intramedullary cavity with a Ti implant are shown as yellow pus formation
compared to the physiological appearance of the intramedullary cavity with a Ti implant without bacterial contamination after
longitudinal sectioning of the femur. The femur implanted with Ti-P-EN appeared to be free of infection. (B) The in vivo efficacy of Ti-P-EN
discs against MRSA was also investigated quantitatively. The scores for the Ti-P-EN group were significantly lower than those for the Ti
groups. *, P � 0.05. (C and D) The spread plate method was used to characterize MRSA colonization on the control Ti and Ti-P-EN implants
in a murine model of biomaterial-associated infection by counting of the number of CFU. (E and F) The spread plate method was used
to quantify the MRSA bacteria located in the tissue surrounding the control Ti and Ti-P-EN implants. The bacterial counts were normalized
to log values. All data represent means � standard errors of the means from three independent experiments. *, P � 0.05.
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and inflammation was observed at the site of absorbed bone (Fig. 11). In contrast, no
bone resorption was observed around the enoxacin-modified Ti implant, and the
surrounding bone retained its integrity, similar to the findings for the negative control.

DISCUSSION

Infection related to orthopedic implants is one of the most common complications
of orthopedic surgery and has serious consequences (28). There are two main reasons
why Ti implants are susceptible to infection: it is easy for the bacteria to adhere to the
implant surface and form biofilms, and unfortunately, the immune capability of the
implant/tissue interface is poor (29). Currently, two main approaches for biofunction-
alizing Ti to obtain bactericidal properties, passive and active approaches, exist, de-
pending on whether the Ti implant surface can locally deliver antibacterial agents. A
passive antibacterial Ti surface can inhibit bacterial adhesion or kill bacteria when they
contact the surface. In contrast, an active antibacterial Ti surface can locally release
antibacterial agents and kill the bacteria around the Ti implant (30). The passive implant
coating involves the development of a bactericidal implant surface, which plays a
crucial role in the antibacterial activity of the implant (31). In the current study, we
fabricated a passive antibacterial Ti surface in which enoxacin was covalently immobi-
lized onto the PEGylated surface to achieve antibacterial activity without affecting
hBMSC adhesion or proliferation.

FIG 10 SEM characterization of the bacteria on the Ti rod and enoxacin-modified Ti rod. SEM images
showed spherical bacterial growth on the Ti rod and the surrounding bone tissue (A and D), while no
spherical bacteria were detected on the enoxacin-modified titanium rod or the surrounding bone tissue
(B, C, E, and F). Bar, 50 �m.

FIG 11 H&E staining of decalcified femur bones around the Ti rod in vivo. Bone absorption formed in the
Ti�MRSA group, and significant inflammation was observed.
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In order to evaluate the broad-spectrum antibacterial activity of the PEGylated and
the enoxacin-modified Ti, the most common Gram-positive and Gram-negative bacte-
rial strains in orthopedic implant infections were selected (28). The in vitro antibacterial
assay demonstrated that the enoxacin tethered onto the PEGylated Ti surface could
maintain its antibacterial activity and was able to reduce the adhesion and biofilm
formation of both Gram-negative and Gram-positive bacterial strains. Strikingly, the
enoxacin tethered onto the PEGylated Ti rod could prevent the implant-associated
infection caused by MRSA in the rat model over 3 weeks. The MRSA count on Ti-P-EN
discs was reduced by 1.64 log units compared to that on Ti discs, demonstrating the
clinical potential of such coatings to resist MRSA or other bacterial contamination. The
potential mechanism of the prophylactic efficacy of the enoxacin-bonded titanium
observed in this study may be divided into two parts, including the antiadhesive
property at the early stage, because the bacteria were killed on contact, and the flexible
PEG spacers (17), which allowed the enoxacin to react with the bacteria and clear the
bacteria adhering to the implant surface.

Surface functionalization with a functional group is the first step in the covalent
attachment of antibiotics and biomolecules onto the Ti surface. Ti silanized with
3-aminopropyltriethoxysilane (APTES) forms three siloxy bonds (TiOOOSiO) with the
Ti-oxide surface and exposes a primary amine group for further chemical covalent
reactions (31–33). Enoxacin is effective against many Gram-positive and Gram-negative
bacteria by interfering with the DNA replication of the bacteria. It can inhibit bacterial
DNA gyrase and topoisomerase IV, which prevents bacterial DNA replication, transcrip-
tion, repair, and recombination (34). A spacer is always needed prior to the covalent
attachment of antibiotics to a Ti surface (5) and serves as a bridge that links antibac-
terial agents to the implant surface, making the orientation of antibacterial agents more
flexible. PEG has been widely used as a spacer because of its nontoxicity and its
functional group, which may be easily modified to link to various bioactive molecules
and antibacterial agents (35). In the current study, the PEG molecules could extend
enoxacin away from the Ti surface, allowing enoxacin to enter the bacterial cell wall and
bind to the bacterium’s DNA gyrase and topoisomerase IV. In addition, after implan-
tation plasma proteins are recruited to the implant surface and form a plasma layer,
which can disable the antibacterial coating surface (36); however, PEG has the
ability to inhibit protein binding and avoids the adverse effects described above
(37–39), and this function has also been proved by the current study. Our previous
study demonstrated that the covalent cross-linking under the action of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) en-
hanced the stability of the coating, in contrast to that of the controlled-release
system (40). Hickok and Shapiro also reported that the covalently tethered anti-
bacterial layer could resist bacterial colonization over the long term (months to years)
(7). Our in vivo study also showed that the antibacterial effect of enoxacin tethered on
the PEGylated Ti could be preserved, which indirectly demonstrated the stability of the
covalently tethered antibacterial layer.

While surfaces to which antibiotics are tethered have demonstrated promise for the
potential inhibition of bacterial colonization, it is important to examine if such coated
discs affect the growth of hBMSCs, which are an important cell type in bone tissue
turnover and regeneration processes (8). One of the disadvantages of antibiotics
covalently immobilized on Ti surfaces is that they inhibit hBMSC adhesion and prolif-
eration, and multiple biomolecules must be coimmobilized on the Ti surfaces to achieve
multiple biofunctions in order to avoid the disadvantage described above (41). In our
in vitro study, no visible differences in the morphology, size, and density of adherent
cells were observed among osteoblast-like cells cultured on the control or the enoxacin-
tethered Ti implant surfaces. Furthermore, the covalent modification of the Ti surfaces
does not allow the release of any antibiotic; thus, it does not cause bacterial resistance
due to the administration of excessive amounts of antibiotic.

Taken together, our in vitro and in vivo studies demonstrated that the enoxacin
tethered on the PEGylated Ti surface could decrease the levels of Gram-positive and
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Gram-negative bacterial colonization and biofilm formation without affecting hBMSC
adhesion and proliferation and could prevent MRSA-related Ti implant infections in
vivo.

Conclusion. In this study, enoxacin was covalently immobilized on a PEGylated Ti
surface. The PEG acted as a flexible spacer, which would enhance the interaction of
enoxacin with the bacteria. In addition, the PEGylated Ti could improve the cytocom-
patibility of the implant. The enoxacin-functionalized Ti is potentially more useful than
the vancomycin-functionalized Ti, as it effectively prevented both Gram-positive and
Gram-negative bacterial colonization. When hBMSCs were cultured on surfaces to
which enoxacin was tethered, there was little change in the morphology, size, or
density of adherent cells. Based on the findings of these studies, we predict that the
surfaces preserve cell commitment, differentiation, and proliferative status while main-
taining the osseointegrative capacity of the modified implant in vivo. Our data dem-
onstrate that the Ti implants to which enoxacin is tethered have the potential to
effectively prevent infections caused by multiple bacterial species while maintaining
the excellent biocompatibility of the Ti in vivo.

MATERIALS AND METHODS
Materials. Ti6Al4V (titanium [Ti] alloy; 10 mm in diameter and 2 mm in thickness) and Ti6Al4V rods

(for the in vivo study, 1.5 mm in diameter and 20 mm in height) were obtained from Shanghai Yan Ti
Metal Material Co. Ltd. Enoxacin and 4=,6=-diamidino-2-phenylindole (DAPI) were obtained from Sigma-
Aldrich. Tryptic soy broth (TSB) and bovine serum albumin (BSA) were purchased from Beyotime
Biotechnology (China), whereas LIVE/DEAD BacLight bacterial viability kits were from Molecular Probes.
Polyethylene glycol (3.4 kDa) was obtained from (JenKem Technology, Beijing, China),
3-aminopropyltriethoxysilane (APTES) was obtained from Sinopharm Chemical Reagent Co. (China),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), and N-hydroxysulfosuccinimide (sulfo-NHS) was from Shanghai Sinopharm Chemical
Reagent Co. (Shanghai, China). � modified Eagle’s medium (�-MEM) was from Gibco (Paisley, UK), fetal
bovine serum (FBS) was from Gibco (Australia), and rhodamine phalloidin (from Amanita phalloides),
Staphylococcus aureus (ATCC 25923), methicillin-resistant Staphylococcus aureus (MRSA; ATCC 43300),
Staphylococcus epidermidis (ATCC 35984), methicillin-resistant Staphylococcus epidermidis (MRSE; ATCC
287), and Escherichia coli (ATCC 25922) were obtained from ATCC.

Methods. (i) Determination of MIC of enoxacin. The S. aureus (ATCC 25923), MRSA (ATCC 43300),
S. epidermidis (ATCC 35984), MRSE (ATCC), and E. coli (ATCC 25922) bacterial strains were cultured
overnight in TSB. The bacteria were then resuspended in sterile TSB to approximately 1 � 105 CFU/ml.
Next, they were seeded at 105 CFU/ml in flat-bottom 96-well plates with serial dilutions of enoxacin
(concentration range, 512 �g/ml to 0.125 �g/ml) in TSB and incubated for 24 h at 37°C. The MIC was
defined as the minimum concentration of enoxacin that inhibited bacterial growth.

(ii) Covalent immobilization and characterization of enoxacin on PEGylated Ti surfaces. A Ti
disk (10 mm in diameter by 2 mm) was treated with NaOH to introduce a functional hydroxyl group on
the Ti surface. After it was dried under vacuum, the NaOH-etched Ti disk was silanized with 10 wt% APTES
in toluene solution at 100°C for 12 h to introduce an amine group on the Ti surface. Afterwards, the
amine-functionalized Ti (Ti-AA) was soaked in PEG solution (1 mg/ml) and oscillated for 8 h at 37°C under
EDC and NHS. The PEGylated titanium was soaked in enoxacin (1 mg/ml) and was oscillated for 8 h at
37°C with carbodiimide and N-hydroxysulfosuccinimide to yield PEGylated titanium with covalently
conjugated enoxacin (Fig. 1). The surface was washed with PBS to detach any excess enoxacin. This
composite was denoted Ti-P-EN. The successful covalent immobilization of enoxacin on Ti surfaces was
characterized by X-ray photoelectron spectroscopy (XPS).

(iii) hBMSC adhesion and proliferation assays and morphological analyses on Ti surfaces. The
study was approved by the Ethical Committee of the Shanghai Ninth People’s Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, China. Human bone marrow mesenchymal stem cells
(hBMSCs) were cultured to near confluence in �-MEM containing 10% fetal bovine serum at 37°C in 5%
CO2. At passage 3, the hBMSCs were harvested using a digestion reagent containing 0.25% trypsin and
0.02% EDTA and were resuspended in �-MEM. Harvested cells were seeded at a concentration of 1 � 105

cells/ml onto Ti samples that had been placed in 24-well plates. The cells were cultured at 37°C in 5%
CO2. hBMSC adhesion and proliferation were evaluated at 2 h, 4 h, 8 h, 1 days, 3 days, and 7 days after
seeding. At 1 day after seeding, Ti substrates were fixed with 4% paraformaldehyde, and confocal laser
scanning microscopy (CLSM) was used to characterize the cytoskeletal morphology with DAPI and
rhodamine phalloidin as described in a previous study (42).

(iv) Antiprotein adhesion assay on various Ti substrates. An antiprotein adhesion assay on various
Ti substrates (Ti, Ti-P, and Ti-P-EN) was performed using bovine serum albumin (BSA). The Ti substrates
were incubated in 1 mg/ml BSA at 37°C, and the OD562 was taken at 10 min, 30 min, 2 h, and 4 h. The
amount of BSA in each sample was determined using a standard curve of the BSA concentration against
the OD562 according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).

Antibacterial assays. (i) Spread plate method. Biomaterials often have the risk of colonization by
various Gram-positive and Gram-negative bacteria in the human body. In the present study, five bacterial
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strains, comprising S. aureus, MRSA, S. epidermidis, MRSE, and E. coli, were employed to investigate the
antimicrobial properties of the Ti implants. Three types of Ti implants were used in the experiment:
control unmodified Ti (the Ti group), PEG-functionalized Ti (the Ti-P group), and Ti-P to which was
enoxacin covalently tethered onto the PEG (the Ti-P-EN group). Each of the five bacterial species was
resuspended to a concentration of 1 � 106 CFU/ml. Each Ti substrate was incubated with 1 ml of bacterial
suspension (1 � 106 CFU/ml) at 37°C in 24-well plates. After incubations for 6 h and 24 h, the spread plate
method was used to detect viable bacteria and characterize the bacterial growth on each Ti surface.
Adherent bacteria were detached by cleaning the discs with ultrasonication for 20 min in a 150-W
ultrasonic bath in 1 ml phosphate-buffered saline (PBS). The bacteria were then seeded onto agar plates
using serial dilutions. The plates were incubated at 37°C for 24 h, and the resulting bacterial colonies
were counted.

(ii) CLSM. After 6 h and 24 h of bacterial coculture with each Ti substrate (all strains mentioned above
were used), the Ti discs were removed. They were gently washed three times with PBS and fixed with 4%
paraformaldehyde for 1 h. The viability of the bacteria on the Ti discs was characterized using LIVE/DEAD
BacLight bacterial viability kits, and the bacteria were analyzed with a confocal laser scanning microscope
(model TCS SP2; Leica, Germany). The viable and nonviable bacteria were distinguished by color: the
viable bacteria fluoresced green, while the nonviable bacteria with damaged membranes fluoresced red.

(iii) SEM. For SEM characterization, the Ti discs were fixed overnight in 2.5% glutaraldehyde. Each Ti
sample was dehydrated through a series of graded ethanol solutions (30, 50, 70, 80, 90, 100, and 100%)
for 10 minutes. The samples were subsequently freeze-dried, sputter coated with platinum, and observed
using a scanning electron microscope (model JSM-6700F; JEOL, Japan).

In vivo study of antibacterial properties of Ti-P-EN. (i) X-ray analysis to evaluate the extent of
cortical bone destruction. To assess the antibacterial ability of Ti to which enoxacin was covalently
tethered in vivo, modified implants were inserted into rat femurs. The experiment was approved by the
Animal Experimentation Ethical Committee of the Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine (approval 2014-68). The Ti implant samples were shaped into rods of 1.5
mm in diameter and 20 mm in height. The Ti rod samples were denoted Ti rods, and the enoxacin-
modified Ti rods were denoted Ti-P-EN rods. The Ti and Ti-P-EN rod samples were implanted in the femur
via the femoral condyles. Briefly, 36 12-week-old female Sprague-Dawley (SD) rats (weight, 399.0 � 8.94
g) were used and randomly assigned to one of three groups (Table 2). Intraperitoneal injection of
pentobarbital sodium (30 mg/kg of body weight) was used for anesthesia. After analgesia, the senior
orthopedic surgeons (Bing Yue and Teng Long) performed the animal surgeries. The knee of the rat was
opened to expose the condyles, and the bone cavity was expanded with electroporation until it was
large enough to hold the Ti rod. Prior to in vivo implantation, the Ti implants were contaminated with
MRSA by soaking the Ti rods and Ti-P-EN rods in a bacterial solution (1 � 108 CFU/ml) for 2 min. The rods
were gently washed and implanted into the femur. Ti rods soaked in PBS acted as a negative control.
After 1 day and 3 weeks, X-ray scans were carried out to evaluate the destruction of cortical bone.

(ii) Quantitative analysis of bacterial growth on the Ti rod and in surrounding bone tissue. After
3 weeks, the rats were sacrificed by cervical dislocation and the femurs were harvested. Gross bone
pathology scores were determined by use of the following criteria: a score of 0 indicated no local abscess,
sequestrum formation, reactive bone formation, or red skin coloration; a score of 1 indicated red skin
coloration but no local abscess, sequestrum formation, or reactive bone formation; a score of 2 indicated
enlargement of the bone marrow cavity and reactive new bone formation; a score of 3 indicated local
abscess formation, periosteal reaction, purulent secretions, or sinus formation; and a score of 4 indicated
severe bone resorption, abscess formation, and extension to the backbone (43).

The numbers of CFU of bacteria on Ti rods and surrounding bone tissue were determined by a spread
plate method. After 3 weeks, the rats were sacrificed, the Ti rods were removed under sterile conditions,
and the surrounding bone tissue was ground. A spread plate method was used to quantitatively
determine the number of bacterial CFU on the Ti rod and the surrounding bone tissue. The Ti rods were
detached by sonication in a 150-W ultrasonic bath for 20 min in 1 ml PBS, and the crushed bones were
placed in 1 ml PBS. The numbers of bacterial CFU on the Ti rod and bone tissue were determined by serial
dilution on agar plates. After inoculation, the agar plates were incubated at 37°C for 24 h, and the
resulting colonies were counted. SEM was used to further characterize the bacterial colonization on the
Ti rod in vivo.

(iii) Micro-computed tomography. The harvested femurs were then evaluated using a high-
resolution micro-CT (model Skyscan 1072; Skyscan, Aartselaar, Belgium) to assess cortical bone destruc-

TABLE 2 Animal experimental groupsa

Group

No. of rats undergoing the following analysis or procedure:

Total

Pathological score
and spread plate
method Micro-CT

SEM characterization
and histological
analysis

Ti rod � MRSA 12 5 5 2
Ti-P-EN rod � MRSA 12 5 5 2
Ti rod � PBS 12 5 5 2
aAbbreviations: Ti, titanium; Ti-P-EN, enoxacin- and PEG-modified titanium; MRSA, methicillin-resistant

Staphylococcus aureus; PBS, phosphate-buffered saline; micro-CT, micro-computed tomography; SEM,
scanning electron microscopy.
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tion around the implants (n � 5 femurs per group). Scanning was performed at an isometric resolution
of 20 �m and at X-ray energy settings of 80 kV and 80 mA. After the two (2-D) and three-dimensional
(3-D) views of the implant with the surrounding new bone were reconstructed, a square region of
interest (ROI) around the midline suture was selected for further qualitative and quantitative analysis. The
bone volume/total volume (BV/TV), the mean trabecular thickness (Tb.Th), and the mean trabecular
separation (Tb.Sp) were obtained.

(iv) SEM and histological analysis of the bone tissue around the Ti rod. SEM was used to
characterize bacterial colonization on the Ti rod and surrounding bone tissue. Samples were prepared for
SEM as described above. For histological analysis, the femurs containing Ti rods were fixed in 4%
paraformaldehyde overnight and then decalcified in 10% EDTA for 2 weeks using ultrasound. The
decalcified femur bones were used for hematoxylin and eosin (H&E) staining to characterize the bone
destruction and inflammation around the Ti rod.

Statistical analysis. All data are expressed as the mean � standard deviation for continuous
variables. One-way analysis of variance (ANOVA) was performed, and confidence intervals were deter-
mined using SPSS software, followed by the Student Newman-Keuls (S-N-K) test to evaluate the
differences between groups. P values of less than 0.05 were considered statistically significant.

ACKNOWLEDGMENTS
This research was supported by the National Natural Science Foundation of China

(81472119, 81501856, 81501855, and 81672196), Shanghai Municipal Education
Commission-Gaofeng Clinical Medicine grant support (20161423), the National High-
Tech Research and Development Program (863 Program) of China (2014AA020539),
and the Shanghai Sailing Program (15YF1407000).

B.N., T.L., and H.A. carried out the experiments. B.N. prepared the manuscript. B.Y.
designed the experiments. B.Y., J.Z., and T.T. revised the manuscript. All authors
reviewed the manuscript.

REFERENCES
1. Liu X, Chu PK, Ding C. 2004. Surface modification of titanium, titanium

alloys, and related materials for biomedical applications. Mater Sci Eng R
Rep 47:49 –121. https://doi.org/10.1016/j.mser.2004.11.001.

2. Ferraris S, Spriano S. 2016. Antibacterial titanium surfaces for medical
implants. Mater Sci Eng C 61:965–978. https://doi.org/10.1016/j.msec
.2015.12.062.

3. Zhao L, Chu PK, Zhang Y, Wu Z. 2009. Antibacterial coatings on titanium
implants. J Biomed Mater Res B Appl Biomater 91:470 – 480. https://
doi.org/10.1002/jbm.b.31463.

4. Nie B, Ao H, Chen C, Xie K, Zhou J, Long T, Tang T, Yue B. 2016. Covalent
immobilization of KR-12 peptide onto a titanium surface for decreasing
infection and promoting osteogenic differentiation. RSC Adv
6:46733– 46743. https://doi.org/10.1039/C6RA06778F.

5. Costa F, Carvalho IF, Montelaro RC, Gomes P, Martins MCL. 2011. Cova-
lent immobilization of antimicrobial peptides (AMPs) onto biomaterial
surfaces. Acta Biomater 7:1431–1440. https://doi.org/10.1016/j.actbio
.2010.11.005.

6. Kuehl R, Brunetto PS, Woischnig AK, Varisco M, Rajacic Z, Vosbeck J,
Terracciano L, Fromm KM, Khanna N. 2016. Preventing implant-
associated infections by silver coating. Antimicrob Agents Chemother
60:2467–2475. https://doi.org/10.1128/AAC.02934-15.

7. Hickok NJ, Shapiro IM. 2012. Immobilized antibiotics to prevent ortho-
paedic implant infections. Adv Drug Deliv Rev 64:1165–1176. https://
doi.org/10.1016/j.addr.2012.03.015.

8. Kucharíková S, Gerits E, De Brucker K, Braem A, Ceh K, Majdič G, Spanič
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