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The infections in open fracture induce high morbidity worldwide. Thus, developing efficient anti-infective or-
thopedic devices is of great significance. In this work, we designed a kind of infection-responsive long-term
antibacterial bone plates. Through a facile and flexible volatilization method, a multi-aldehyde polysaccharide
derivative, oxidized sodium alginate, was crosslinked with multi-amino compounds, gentamycin and gelatin, to
fabricate a uniform coating on Ti bone plates via Schiff base reaction, which was followed by a secondary
crosslinking process by glutaraldehyde. The double-crosslinked coating was stable under normal condition, and
could responsively release gentamycin by the triggering of the acidic microenvironment caused by bacterial
metabolism, owning to the pH-responsiveness of imine structure. The thickness of the coating was ranging from
22.0 pm to 63.6 pm. The coated bone plates (Ti-GOGs) showed infection-triggered antibacterial properties
(>99%) and high biocompatibility. After being soaked for five months, it still possessed efficient antibacterial
ability, showing its sustainable antibacterial performance. The in vivo anti-infection ability was demonstrated by
an animal model of infection after fracture fixation (IAFF). At the early stage of IAFF, Ti-GOGs could inhibit the
bacterial infection (>99%). Subsequently, Ti-GOGs could promote recovery of fracture of IAFF. This work
provides a convenient and universal strategy for fabrication of various antibacterial orthopedic devices, which is
promising to prevent and treat IAFF.

1. Introduction up to 30% [11]. Such infections are mainly caused by bacteria, such as

Staphylococcus aureus (S. aureus) [12]. Besides, during the course of

Infection after fracture fixation (IAFF) is one of the most challenging
complications in trauma surgery, which often leads to delay healing,
permanent loss of function, amputation, and even death [1,2]. The
reasons for fracture are a skeletal disorder [3-5], trauma [6-8], stress
fractures [9], body weight [10], etc. Especially, open fracture could be
induced by major trauma, which needs bone plates for osteosynthesis
treatment. In open fracture, wounds are contaminated by microbes up to
65%, because the fractured bone tissues are exposed to the environment.
Thus, open fracture usually prolongs recovery time and hospital stay.
For third-degree open fracture, the infection ratio after osteosynthesis is
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fixation surgery, the surfaces of implants are susceptible to bacterial
contamination from both skin and mucous membrane [13]. However,
the traditional bone plates are made from stainless steel, titanium alloys,
cobalt-chromium alloys, NiTi shape-memory alloys, polymeric materials
[14-20], etc., which lack of antibacterial efficiency [21,22]. Systemic or
topical antibiotic prophylaxis is a standard clinical practice in ortho-
pedic surgery to treat bone plate-induced infections [23-26]. However,
these strategies still have shortcomings, including induction of toxicity
and antimicrobial resistance [27-30]. Therefore, the modified bone
plate surfaces with the properties of minimal bacterial colonization,
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high biocompatibility, and release enough drug to eliminate the
drug-resistant bacteria are eagerly needed.

Antibacterial surface functionalization is a key point to solve the
problem of IAFF, because bacteria would contact with the surface of
implants firstly. Many efforts had been done to develop implants with
antibacterial surfaces, such as antifouling [31-33], contact-killing
[34-36], and antibiotic-releasing surfaces [37-40]. Nevertheless, such
antibacterial surfaces had some disadvantages, including short lifetime,
toxicity, poor biocompatibility, drug resistance, etc [41-44]. Accord-
ingly, both have antibacterial activity and biocompatibility requires the
coatings to be “smarter”, or have the “self-adaptive ability” [45].

To solve these problems, “self-adaptive antibacterial” implants were
developed in recent years, which realized long-term antibacterial
property and had low risk to induce drug resistance. “Self-adaptive
ability” means materials could respond to chemical or physical signals
and make changes spontaneously, such as temperature [46], salt con-
centration [47], light [48], and pH value [49]. Among them,
pH-responsive polymers have attracted much attention due to their
applications in vitro and in vivo biomedical fields and the biological
relevance of pH regulation in organisms. In our previous study, we had
developed a self-adaptive antibacterial surface by surface-initiated atom
transfer radical polymerization (SI-ATRP), which could be responsive to
bacterial infection by pH-responsive Schiff base structure [S50]. The
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bacterial metabolism could produce acidic micro-environment [51,52]
that could regulate antibiotic release to achieve on-demand adminis-
tration. However, the reaction process of SI-ATRP was still complicated,
which limited its application on biomedical devices. Furthermore, many
other methods for prepare pH-responsive coatings were developed in
recent years, such as electrostatic self-assembly, covalent grafting and
biomimetic deposition [53-55]. These methods still had some concerns
when they were used on bone implants, including short lifetime, low
stability, and potential toxicity. Therefore, we expect to construct a
biocompatibility and long-term self-adaptive antibacterial coating by a
facile method.

Compared with synthetic polymers, natural polymers, particularly
polysaccharides and their derivatives, were widely used for fabricating
antibacterial coatings due to their excellent biocompatibility and
biodegradability [56]. For example, sodium alginate (SA) is one of the
natural polysaccharides with good biocompatibility. Gelatin, another
kind of natural polymer, has excellent biocompatibility, plasticity, cell
affinity and good film-forming property, which is also beneficial to
improve the performances of the antibacterial coatings. To facilely
construct natural polymer-based coatings, volatilization method is a
more versatile and convenient method than SI-ATRP. As a one-step
method, it could be applied on various surfaces. Therefore, it is
feasible to construct a self-adaptive antibacterial coating on the surfaces
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Scheme 1. Schematic illustration for the preparation and properties of Ti-GOG implant.
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of the implants by this facile and universal method.

In this work, we developed a kind of antibacterial bone plate with the
properties of minimize bacterial colonization, high biocompatibility,
and infection-responsive antibiotic release (Scheme 1). Oxidized SA
(OSA), which was prepared by SA and sodium periodate (NalOy4) to
introduce aldehyde groups, covalently loaded gentamycin sulfate (GS)
by pH-responsive Schiff base structures. The bacterial metabolism could
produce acidic micro-environment that could regulate antibiotic release
to achieve on-demand administration. The implants were modified with
the pre-coated solution which contained gelatin, OSA and GS by facile
volatilization method. The coating on the modified bone plates (Ti-
GOGs) was cross-linked by glutaraldehyde (GA) to further improve the
long-term stability. The highly stable, self-adaptive antibacterial prop-
erties were investigated by in vitro antibacterial experiments and drug
loading and release analysis. The in vivo anti-infection performances
were evaluated by an infected open fracture model. The present work
provided a facile, universal strategy for the clinical treatment of IAFF,
which could be applied to various types of implants with various shapes.
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2. Results and discussion

2.1. Physical and chemical properties of coating-functionalized Ti bone
plates (Ti-GOGs)

Ti samples were washed with NaOH at 60 °C, and washed alternately
with ethanol and deionized water for three times. Polydopamine (PDA)-
modified Ti samples (Ti-PDA) were prepared by self-polymerization of
dopamine (DA) on the Ti surface. OSA with oxidation degrees of 15%,
50% and 70% were prepared by SA and NalO4, named as OSA1, OSA2
and OSA3, respectively (Fig. S1, Supporting Information). Due to the
high steric hindrance of sodium alginate, 70% is the maximum degree of
oxidation. The pre-coated solution was prepared with gelatin, GS and
OSA. Ti-PDA was soaked into the pre-coated solution, and then dried
slowly at 40 °C to form coating-functionalized bone plates (Ti-GOG1, Ti-
GOG2, or Ti-GOG3). At last, the samples were soaked into 2.5%
glutaraldehyde solution in phosphate buffer saline (PBS) to crosslink the
coating, and washed with ethanol and deionized water for three times
(Scheme 1).

The synthesis process of the samples (Fig. S2a, Supporting Informa-
tion) was confirmed by scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), atomic force microscope (AFM), and
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Fig. 1. Physical and chemical properties of coating-functionalized Ti bone plates. a) SEM images and b) AFM images of Ti, Ti-PDA, Ti-GOG1, Ti-GOG2, and Ti-
GOG3 surfaces; c) representative CLSM 3D-scanning images of Ti-GOG1, Ti-GOG2, and Ti-GOG3; d) water contact angles and e) XPS wide-scan spectra of Ti, Ti-PDA,
Ti-GOG1, Ti-GOG2, and Ti-GOG3, S 2p core-level spectra of Ti, Ti-GOG1, Ti-GOG2, and Ti-GOG3; f) C 1s core-level spectra of Ti-GOG1, Ti-GOG2, and Ti-GOG3.
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the confocal laser scanning microscope (CLSM). The surface morphol-
ogies of the pristine Ti and modified Ti were observed by SEM and AFM.
After modification of dopamine, the color of the Ti changed into deep
brown. A visible polymer layer could be seen on the surface of Ti-GOGs
(Fig. S2b, Supporting Information). As shown in Fig. 1a, the coatings
were flat and dense. After surface functionalization, the morphologies of
functionalized samples were changed from rough to smooth, which was
further verified by AFM. The AFM images showed the surface roughness
of modified samples decreased (R; = 65.2 nm, 18.5 nm, 21.5 nm and
15.7 nm of Ti-PDA, Ti-GOG1, Ti-GOG2 and Ti-GOGS3, respectively, vs
91.1 nm of Ti, Fig. 1b). The surface of pristine Ti was rough after pre-
treated. After modification, the coating covered the rough surface of
pristine Ti and reduced the roughness. Because the coatings were formed
via Schiff base reaction, many C=N bonds existed in the molecular
structure of the Ti-GOG coatings. The n-z* transitions of C=N bonds in
the Schiff base could produce the auto-fluorescent property [57,58].
Thus, the thicknesses of the Ti-GOG samples were measured by a visu-
alized method with CLSM. The thickness of the coatings on Ti-GOG1,
Ti-GOG2 and Ti-GOG3 were 63.6 pm, 25.5 pm and 22.0 pm, respec-
tively (Fig. 1c). The results of SEM, AFM and CLSM also showed the good
uniformity of Ti-GOGs. With the increasing oxidation degrees of OSA,
the thickness of coatings decreased, which was due to the increased
degree of crosslinking. The obvious changes of water contact angles also
proved the successful formation of coating (Fig. 1d). To evaluate the GA
further increased the degree of crosslinking, the Ti-GOG3 was selected as
a representative sample to observe. Attenuated total refraction Fourier
transform infrared (ATR-FTIR) spectroscopy was displayed in Fig. S3
before (Ti-GOG3/GA-) and after (Ti-GOG3/GA+) the introduction of
GA. The absorption at typical amino I (green frame) in the
Ti-GOG3/GA+ was obviously stronger than that of Ti-GOG3/GA-, which
indicating the increased degree of crosslinking was owning to the
increased C=N structure.

The surface chemical compositions of Ti-GOGs were analyzed by XPS
(Fig. 1e). After modification with PDA, the signal of Ti was decreased
significantly. The intensity of C 1s and N 1s signal increased obviously.
The decrease of the N 1s and the disappearance of the Ti 2p could be
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observed after the surface modification of the coating, indicating that
the surface coating was successfully modified. After coating formation, a
new characteristic peak appeared at the binding energy of 166 eV (S 2p),
which was attributed to sulfur element of GS. Also, the C 1s signals at the
binding energy of 286 eV of Ti-GOG1, Ti-GOG2 and Ti-GOG3 were
attributed to the C=N bond in the Schiff base structure, proving the
successful modification of GS (Fig. 1f). Because gelatin is a large mole-
cule, the reaction rate between GS and OSA is higher than that of gelatin.
These results demonstrated the coatings have been successfully cross-
linked, and GS was loaded by Schiff base reaction.

2.2. In vitro biological performances

By controlling the degrees of oxidation, a series of Ti-GOG samples
with different amounts of GS were prepared. The GS-loading dosages in
the coatings were calculated by the o-phthalaldehyde method. The GS-
loading dosages of Ti-GOG1, Ti-GOG2, Ti-GOG3 with the area of 0.8
cm? were 0.64, 1.25 and 1.57 mg cm 2 (Fig. 2a). The amounts of loaded
GS increased with the increasing oxidation degrees of OSA. The higher
degree of oxidation possessed richer active sites, which could react with
and load more GS to achieve sustainable antibacterial response.

The bacteria-responsive antibacterial coating could achieve anti-
bacterial ability on demand and reduce the possibility to induce drug
resistance. Bacterial metabolism can produce a weakly acidic micro-
environment, which has a pH value of 5.0-6.5 [59-61]. Such
micro-environment could lead to the breakage of Schiff base bonds and
release GS to kill bacteria responsively, which present a self-adaptive
antibacterial behavior. In order to prove the self-adaptive release of
GS from Ti-GOGs, Ti-GOG3 was selected as a representative sample to
study the release behavior of GS under neutral and weakly acidic con-
ditions. The pH value of 5 was selected to simulate the microenviron-
ment of severe infection. The samples were soaked into PBS (pH = 7.4)
and acetic acid-sodium acetate buffer solution (HAc-NaAc, pH = 5.0). At
the preset time points, the extracts were taken for GS concentration
measurement. The results showed that the GS was gradually released
from Ti-GOG3 under the weakly acidic condition, while the
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Fig. 2. Self-adaptive antibacterial analysis. a) The GS loading dosages in Ti-GOG1, Ti-GOG2 and Ti-GOG3; b) cumulative masses and ratios of released GS from Ti-
GOG3 under pH = 5.0 and 7.4 (orange color: cumulative released mass; green color: cumulative released ratio; round icons: pH = 5.0; square icons: pH = 7.4);
antibacterial efficiencies of Ti-PDA, Ti-GOG1, Ti-GOG2 and Ti-GOG3 against c) E. coli and d) S. aureus; e) drug resistance development of S. aureus by successive
passage in low concentration of GS; f) the inhibition efficiency of Ti-PDA, 20 pg mL~! of GS and Ti-GOG3 against induced drug-resistant S. aureus.
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accumulative release amount in neutral condition was 66.13% lower
than that in weak acid at 72 h. After 72 h, there was about 75.79% of GS
still remained under acidic condition (Fig. 2b). The imine bond is a
dynamic construction, when it reaches a dynamic equilibrium in acidic
condition, it is no longer released [62]. In this situation, the GS will
release in the stimulation of a new acidic environment, which indicating
sustainability in long-term antibacterial activity. Under neutral condi-
tion, the rate of GS release was slower than that of acidic condition. GS
remained 89.44% after 72 h of soaking in PBS, because the chemical
stability of Schiff base structure prolonged the lifetime of the antibac-
terial coating. In the antibacterial assay, all the Ti-GOG samples showed
high antibacterial efficiencies (over 99%) against E. coli (Fig. 2¢) and
S. aureus (Fig. 2d). The above results proved that the Ti-GOG3 had
self-adaptive GS release profile, which could be utilized for antibacterial
therapy.

Antibiotic resistance is one of the major challenges facing modern
medicine worldwide [63]. Drug resistance might be induced by exis-
tence of low-dose antibiotics for long time [64]. To evaluate the anti-
bacterial property of Ti-GOGs against induced drug-resistant bacteria,

Y
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Ti-GOG3 was selected as a representative sample. S. aureus was suc-
cessively cultured for 19 days under a GS concentration of 0.2 pg mL L.
This concentration was much lower than the minimal inhibitory con-
centration (MIC) of GS, which could simulate the problem of inducing
drug resistance of antibiotic treatment [64]. Then, bacteria were
cultured under the concentration of 4 pg mL~' (MIC concentration,
Fig. S4, Supporting Information), 2 pg mL ™! and 20 pg mL ™! (the dose of
10 x and 100 x passage concentration) for 48 h (Fig. 2e). No antibac-
terial effect was observed even at the 100 x dose, indicating that
low-dose GS could induce bacterial drug resistance in a long period. In
order to prove the antibacterial effect of the Ti-GOGs on the
drug-resistant bacteria, the Ti-GOG3 was co-cultured with the resistant
bacteria (Fig. 2f). The results showed that even if the bacteria produced
drug resistance, the Ti-GOG3 (1.23 mg) still had excellent antibacterial
efficiency compared with GS (20 pg mL™!, 100 x passage concentra-
tion). It is because that the resistant bacteria could still produce a weakly
acidic micro-environment, which led to the breakage of C=N bonds and
released enough GS until complete elimination of the drug-resistant
bacteria.
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In order to confirm the mechanism of self-adaptive antibacterial
behavior, Ti-GOG3 was reacted with excessive amount of sodium cya-
noborohydride (NaBH3CN) as a control group (denoted as Ti-GOG3-R)
in which the C=N bonds between GS and OHA were reduced into
chemically stable C-N bonds. The C-N bonds could not be broken by
acidic environment in Ti-GOG3-R and GS could not release from the
coating under acidic environment. Therefore, Ti-GOG3-R showed no
antibacterial ability (Fig. S5, Supporting Information). This result
proved that the antibacterial ability was caused by the release of GS due
to the acid-triggered breakage of C=N bonds from Schiff base reaction.

In the clinical practice of orthopedics, the morbidity of delayed and
recurrent infections is high. Therefore, the antibacterial orthopedic
implants should have long lifetime, which is beneficial for long-term
anti-infection application. In order to verify the long-term antibacte-
rial properties of Ti-GOGs, Gram-positive bacteria (S. aureus) and Gram-
negative bacteria (E. coli) were used to evaluate the cycling antibacterial
properties. The cycling antibacterial tests were carried out for five times
to determine the long-term antibacterial properties (Fig. 3a). The results
showed that Ti-GOG1, Ti-GOG2 and Ti-GOG3 had constant antibacterial
ability for five times, indicating that Ti-GOGs could resist recurrent
infection. By measuring the GS loading dosages, the samples in all the
groups were loaded with high amounts of GS. Therefore, all the samples
showed good antibacterial performances against the bacteria with low
density. And the self-adaptive antibacterial coating could achieve anti-
bacterial ability on demand and avoid the explosive release of GS, which
prolonged the lifetime of Ti-GOGs. Furthermore, the adhesion of debris
of bacteria could contaminate the surface on bone plate, which is
harmful to the biological performances. Thus, the sample surfaces after
cycling antibacterial tests were observed by SEM (Fig. 3b). A large
number of bacteria adhered on the surface of pristine Ti and Ti-PDA.
However, the surfaces of Ti-GOGs could effectively reduce the adhe-
sion of bacteria, showing antifouling property. On the surface of Ti-
GOG3, only bacterial debris were observed, indicating its high bacteri-
cidal efficiency. Fig. 3b showed the morphology of adhered bacteria in
the Ti-GOG1, Ti-GOG2 and Ti-GOG3 groups showed deformed and
shrunken, which indicated the bacteria have been inactivated, which is
consistent with the results of antibacterial ratio (Fig. 3a). To evaluate the
response to implant-associated severe infection, the density of S. aureus
was increased to 107 CFU/mL (Fig. 3¢). Under this high bacterial den-
sity, Ti-GOG3 still had excellent antibacterial efficiency, which was
better than those of Ti-GOG1 and Ti-GOG2. The Ti-GOG3 loaded the
largest amount of GS, because the highest degree of oxidation possessed
abundant reactive sites, which possessed the highest antibacterial ac-
tivity. Therefore, Ti-GOG3 was capable to fight with severe infections.

Fig. 3d illustrated the mechanism of the antibacterial properties of
the Ti-GOG coatings. To fight with delayed infection, the bone plates
should have stable antibacterial potential after a long-term therapeutic
process. Due to the good antibacterial ability against severe infection,
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Ti-GOG3 was selected as a representative sample to test the long-term
antibacterial ability after soaking in PBS for four weeks and five
months, respectively (Fig. 3e). After being soaked for a long time, Ti-
GOG3 maintained the pristine morphology. Moreover, the soaked
samples still showed high antibacterial efficiency, owning to the sta-
bility of covalent linkage between GS and OSA. This result indicated that
Ti-GOG3 could have long-term antibacterial ability during the long
serving period of bone plates. The antibacterial results suggested that Ti-
GOG3 had the best in vitro antibacterial performances, which could be
used to inhibit recurrent and delayed infections.

Orthopedic implants should have good biocompatibility. To evaluate
the biocompatibility of the Ti-GOG samples, hemolysis and cell toxicity
assays were performed. The results showed that the hemolysis ratios of
all samples were less than 5%, indicating that the samples had good
blood compatibility (Fig. 4a). To evaluate the blood adhesion on the
surfaces, the samples were immersed into the fresh whole blood or
platelet-rich plasma (PRP), and the adhered blood cells were observed
by SEM (Fig. S6, Supporting Information). The amount of adhered blood
cells on the Ti-GOG3 surface was lower than those of Ti, Ti-PDA, Ti-
GOG1, and Ti-GOG2. The same tendency between Ti-GOGs was
observed in the protein adhesion test (Fig. S7, Supporting Information).
Above-mentioned results showed that Ti-GOG3 could effectively reduce
adhesion of blood cells and bovine albumin (BSA), which was consistent
with the results of antifouling test against bacteria (Fig. 3b). As a tem-
porary implant, the in vitro biocompatibility of Ti-GOGs was tested by
cell biocompatibility in 24 h according to ISO10993. To evaluate the
biocompatibility, an osteoblast cell line, MC3T3-E1, was selected to
determine the cytotoxicity (Fig. 4b). The relative cell viability of each
group was higher than 70%, which demonstrated that all samples had
good cell viabilities. Because polysaccharides and gelatin have good cell
affinity, the relative cell viabilities of Ti-GOG1, Ti-GOG2 and Ti-GOG3
were higher than those of pristine Ti. The above results showed that
the Ti-GOG3 had good biocompatibility and optimized antibacterial
properties, which could be used for further in vivo anti-infection study.

2.3. In vivo anti-infection performances

To construct the animal model, the Japanese rabbits were used to
make an open fracture at the tibial midshaft (Fig. S8, Supporting In-
formation). Animal studies were approved by the Ethical Committee of
China-Japan Friendship Hospital and conducted according to legal
agreement. Moreover, S. aureus, the most common pathogen causing
implant-associated infections, was inoculate to the bone plate to simu-
late IAFF. Ti-GOG3 was implanted to fix the open fracture with screws.
In order to be close to the clinic practice, Ti bone plants were used in the
control group of animal experiments, because Ti bone plants were
widely used in the clinical treatment of bone fracture. After operation,
the recovery of wounds was observed. Ti group showed significant
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Fig. 4. Biocompatibility analysis. a) Hemolysis ratios and b) cytotoxicity of Ti, Ti-PDA, Ti-GOG1, Ti-GOG2 and Ti-GOG3.
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swelling from 1 to 4 d (marked by red circles). At 7 d, heavy pyogenic
fluids (marked by red circles) were observed in the Ti group, indicating a
severe infection at the sites of open fracture. At 14 d, the infection
persisted and the wound exposed, which could further exacerbate
infection and delay the recovery of the fracture. On the contrary, the
rabbits in Ti-GOG3 group were normal from 1 d to 14 d, indicating that
the wound recovered well and no obvious infection occurred (Fig. 5a).

For further evaluation of the infection, whole blood was collected
from the ear-vein of rabbits at specific time point, and blood routine
examination was performed. The amounts of neutrophils (NEUT) and
white blood cells (WBC) and the concentrations of C-reactive protein
(CRP) were tested to determine the levels of inflammatory response. The
CRP and WBC could assess the strength of the immune response, and
NEUT which had certain specificity to bacteria could reflect the situation
of infection. A stress response to postoperative tissue damage could lead
to a surge in WBC, CRP and NEUT values. However, the stress response
could decrease rapidly after operation. However, the stress response
could decrease rapidly after operation. At 1 d, the CRP values of Ti-
GOGS3 and Ti increased significantly (Fig. 5b). But after 4 d, the CRP
values of the Ti-GOG3 group were significantly lower than those of the
Ti group, and backed to normal, indicating that the infection was
inhibited in Ti-GOG3 group. The WBC (Fig. 5¢) and NEUT (Fig. 5d)
values of Ti group were significantly higher than those of Ti-GOG3
group, which still staying at a high level at 7 d. The indexes of the Ti

(@)

i-GOG3

(b) . | (c
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group were significantly higher than those of the Ti-GOG3 group,
demonstrating that the presence of stress response might be caused by
bacteria infection at the same time. Therefore, these results indicated
that the inflammatory responses in Ti-GOG3 group were lower than
those in Ti groups.

In order to verify the presence of bacterial infection, the whole blood
was centrifuged to detect the interleukin 6 (IL-6, Fig. 5e) and tumor
necrosis factor o (TNF-). IL-6 can directly reflect the intensity of
infection, and TNF-a is proinflammatory cytokines in the early stages of
infection, which shows high sensitivity to bacteria. The levels of TNF-a
in Ti group increased significantly after operation and still maintained at
ahigh level at 14 d, indicating severe infection occurred in Ti group. The
TNF-a values of Ti-GOG3 had been maintained at a lower level (Fig. 5f).
These results meant that Ti-GOG3 had excellent anti-infection property,
which was attribute to the self-adaptively released GS. In order to verify
that the release of antibiotics was limited at the local infected sites and
had no systematic side effect, blood concentrations of GS were detected
at the present time points (Fig. 5g). The results showed that blood
concentrations of GS did not increase at all time points, which could
effectively avoid the toxicity caused by the large amount of GS. As
mentioned above, the Ti-GOG3 group had excellent anti-infection per-
formance and biosafety, and could be effectively used in orthopedic
implant materials.

To further evaluate the anti-infection properties of Ti-GOG3,
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bacterial culture was performed. The tissues around the bone plate were
collected and homogenized at 1 and 4 W after operation. The homoge-
nates were spread on standard ager plates and incubate at 37 °C for 24 h
(Fig. 6a). The numbers of bacteria colonies on the surface of the Ti-
GOG3 group were significantly lower than those of the Ti group,
which could effectively kill 99.9% of the bacteria (Fig. 6b). The Ti group
still had a large number of bacteria in the tissues at 4 W, indicating that
the Ti group had a chronic infection, which might delay fracture healing.
These results demonstrated that the Ti-GOG3 group could effectively kill
bacteria in the early stage of infection.

There were heavy pyogenic fluids in the muscle tissue in Ti group for
the severe bacterial infections, while no inflammation was observed in
Ti-GOG3 group (Fig. S9, Supporting Information). Furthermore, the
inflammatory response of the tissue was assessed by histological anal-
ysis. The tissues around the plates were observed by hematoxylin-eosin
(H&E) staining at 1 and 4 W after operation (Fig. 6¢). At 1 W, the Ti
group could observe obviously inflammatory cells (neutrophils, lym-
phocytes, etc.), which proved that acute inflammatory reaction and
strong immune response occurred. At 1 and 4 W, most of the cells of the
Ti-GOG3 group were normal and did not occur inflammatory reaction.
The numbers of inflammatory cells in Ti group are significantly higher
than that of Ti-GOG3 group at 4 W (Fig. 6d), indicating that the in-
flammatory reaction and immune response still exist, and the infection
period and fracture healing process were prolonged. The histological
results further proved that the Ti-GOG3 group had excellent in vivo
antibacterial properties and could effectively deal with implant-related
infections.

(@)

Ti

Ti-GOG3
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2.4. Recovery of infected open tibial fracture in animal models

To verify the effects of anti-infection properties on fracture recovery,
experimental animals in each group were sacrificed at 4 and 8 W after
operation to observe the fracture sites (Fig. 7a). For the Ti group, the
cortical locking screws appeared loosen and moved at 4 W (Fig. 7b). The
loose of the cortical locking screws caused rejection reaction and formed
cysts (Fig. S10, Supporting Information). The moved screw with sharp
edges rubbed tissue caused tissue damage, which triggered a more
intense inflammatory response. The mild pyogenic fluids were still
observed at 8 W, indicating that the Ti group might appear chronic
infection (Fig. S9, Supporting Information). When the bone plates were
removed at 8 W, the coatings still firmly combined with the bone plate,
which were transformed from a light brown to bright yellow over time
(marked by red arrows in Fig. S11a, Supporting Information). This result
indicated that the biodegradation time of the coatings was longer than 8
W, which ensure they had long service time. Then, the binding force
between the coating and the substrate was measured by the scratch
testing, which was determined as 9.96 N (Fig. S11b, Supporting Infor-
mation). These results along with the in vitro stability test (Fig. 3e)
verified that the Ti-GOG3 had “long-term” stability, which ensured that
Ti-GOG3 could keep the anti-infection property during the service time
of bone plate. The above results showed that the Ti-GOG3 group had
long lifetime to inhibit infection and avoided the cortical locking screws
appearing loosen and moved phenomenon.

The fracture line healing was observed by X-ray photograph. In Ti
group, enlarged fracture wounds (marked by red dotted frame, Fig. 7c),
multiple fractures, dislocated fractures and bone marrow cavities at both
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Fig. 6. Invivo tissue inflammatory reaction was evaluated by histological analysis. a) Representative images and b) counting of S. aureus colonies in the Ti and
Ti-GOG3 groups at 1, and 4 W after operation; ¢) Histological examination by hematoxylin-eosin (H&E) staining of the tissues around the implants of Ti and Ti-GOG3;

d) relative inflammatory cell number at 1 and 4 W after operation (green arrows indicating inflammatory cells). Data are presented as means + SD (***P < 0.001).
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Fig. 7. Recovery of infected open tibial fracture.
a) Illustration of IAFF animal modal; b) and c) X-ray
images of the fractured bone of Ti and Ti-GOG3 after
1, 4 and 8 W of implantation (the fracture lines are
highlighted by red dotted frame); d) frontal and
transverse views of the 3D-reconstructed images; e)
representative CT images and density mappings of the
section which closest to the fracture line; f) quanti-
tative analysis of BV/TV. Data are presented as means
+ SD (*P < 0.01, **P < 0.05, ***P < 0.001).
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ends of fracture line (marked by red circle, Fig. 7b) were found. The
fracture line healed at 8 W, but the tibia was deformed compared with
the Ti-GOG3 group (Fig. S12, Supporting Information). The severe
infection in Ti group caused screws loosening, and even shedding at 1
and 4 W. Because the complement was activated by severe infection,
inflammatory cells were recruited. Meanwhile, complement activation
would have an impact on local inflammation by attracting phagocytes
[65-68]. Thus, the stability of bone plate fixation was not maintained.
The bone on both sides of the fracture line was misaligned and a large
number of calluses were formed, which resulted in the thickening of
cortical bone and the formation of deformed bone. Therefore, severe
infection delayed fracture healing. In the Ti-GOG3 group, the fracture
line was apparent at 1 W, the individual healed completely at 4 W, and
completely healed at 8 W. The fracture recovered well. There was no
phenomenon of screws migration, fracture wounds enlargement,
chronic infection and tibia deformation in Ti-GOG3 group. These results
indicated that Ti-GOG3 could eliminate infections at early stage of
infected open fracture, which was beneficial for recovery of bone frac-
ture at late stage. The high GS loaded and double cross-linking system

M Ti-GOG3 *k
| |

prolonged the lifetime and stable antibacterial properties of the coating
caused these results.

For the further evaluation of fracture healing quality, micro-CT
analysis was performed (Fig. 7d and e). The sections closest to the
fracture line were selected and processed into pseudocolor images to
identify the differences in density. Native bone and new-formed bone
were represented in blue/white and red/purple. In the Ti group, no new-
formed bone was observed around the fracture line at 1 W (Fig. 7e). A
large number of low-density bones were observed between fracture
spaces at 4 W, indicating more new bones formed. More bones that
represented in yellow/green were observed at 8 W, suggesting the
process of transition from new-formed bone to native bone. In com-
parison with the Ti group, the density mappings showed that less bones
with low density were observed around the fracture line at 1 W, indi-
cating that bacterial infection could hinder the formation of new bone
tissues. More bone tissues with high density were observed at 4 and 8 W,
suggesting that the Ti-GOG3 group formed more new bones as well as
better bone integration. Therefore, compared to Ti, the Ti-GOG3 group
could inhibit bacterial infection by self-adaptively released GS to
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promote the formation of new bone.

To visualize bone regeneration, the fracture sites were three-
dimensionally (3D) reconstructed (Fig. 7d). Multiple fractures of the
fracture line in the Ti group increased the fracture areas and a slight
misalignment of both sides of the fracture line was observed form the
transverse view at 1 W. After 4 W of surgery, the cross section of the tibia
increased significantly. From the transverse view, the two sides of the
bone were completely misplaced, and a large number of new bones were
formed between the native bones. The native bone was squeezed and
distorted, the section of the native bone was significantly reduced and
the deformed bone formed. It suggested that severe infection caused
screws shedding and bone plate losing fixation, and seriously affected
the quality of fracture healing. The fracture line was apparent at 1 W in
the Ti-GOG3 group. But there was no fracture line enlargement and
dislocation growth. The fracture line healed in the Ti-GOG3 group at 4
and 8 W, and in the Ti group at 8 W. These results showed that mild
infection would delay the healing of the fracture line, but severe infec-
tion and infection-associated inflammation would seriously affect the
quality of fracture healing. The bone volume/total volume (BV/TV) was
the index of osteogenic capacity. The new bone formation was evaluated
in the volume of interest (VOI), which was around the fracture line into
the cubes of 1 mm x 1 mm x 1 mm. The values of the BV/TV for the Ti-
GOG3 group were higher than those for the Ti group at each time point
(Fig. 7f), indicating that the osteogenic ability of Ti-GOG3 group was
better. Ti-GOG3 could promote the fracture recovery in the case of

(a) Ti
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infection by inhibiting inflammation and preventing bone resorption
through antibacterial treatment. In addition, Ti-GOG3 could be used
immediately after open fracture because of its high anti-infection
property, which also could improve the recovery of open fracture. The
above results showed that Ti-GOG3 group with high GS loaded could
significantly inhibit mild or severe infection by self-adaptive release,
and further to be beneficial for fracture healing.

After operation, in order to analyze the detailed histological results,
the bone tissues at the fracture site were observed by hematoxylin and
eosin (H&E) staining (Fig. 8a), toluidine blue (Fig. S13, Supporting In-
formation), and Masson’s trichrome staining, respectively (Fig. 8b). At 1
W, a large number of new bones formation were observed at the fracture
line of the Ti-GOG3 group. The fracture line was filled with chon-
drocytes and osteoblasts (marked by red and yellow arrows), forming
cartilage hyperplasia area at 4 W. Both sides of the bone were connected,
and no broken fracture line was observed. The fracture line completely
healed at 8 W. And the cortical bone mineral density was high (marked
by purple arrows), which demonstrating that the fracture recovered
well. No inflammation-associated cells were observed in the Ti-GOG3
group. However, obvious bone nonunion phenomenon and
inflammation-associated cells (highlighted by orange frame) could be
observed in the Ti group at 1 W, suggesting that occurred bacterial
infection. There was no osteoblast at the fracture line. At 4 W, the bone
on both sides of the fracture line was misaligned, resulting in the
enlargement of fracture line. A large number of bone marrow cells were

Ti-GOG3

Fig. 8. Histological analysis of the bone tissues. Histological examination by a) H&E and b) Masson’s trichrome staining of the bone tissues in the fracture site of
Ti and Ti-GOG3 group at 1, 4, and 8 W after surgery (orange arrows, bone marrow cells; yellow arrows, cartilage; red arrows, osteoblasts; blue arrows, low bone
density area; purple, high bone density area; orange frame, inflammation-associated cells; blue frame, tibial deformation zone).
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observed around the fracture line (marked by orange arrows). The
fracture line healed at 8 W, but the cortical bone density was signifi-
cantly lower than that in the Ti-GOG3 group (marked by blue arrows),
demonstrating that the bone recovery was poor. The tibial deformation
zone was highlighted by blue frame. The above results showed that
infection could reduce the healing speed and quality of fracture, the Ti-
GOG3 group could effectively kill bacteria and the group could been
beneficial for fracture healing. The Ti group showed severe infection by
analyzing the wound healing and blood, which delayed the fracture
healing. By self-adaptive antibacterial property, Ti-GOG3 could kill
bacteria efficiently to inhibit infection and infection-associated inflam-
mation, which was beneficial for treatment of IAFF. The in vivo experi-
ments demonstrated that the Ti-GOG3 could be used for orthopedic
implants to treat IAFF.

3. Conclusions

In summary, infection-responsive antibacterial bone plates (Ti-
GOG3) with long-term stability were successfully constructed. GS, one of
the antibiotics in clinical practice, was successfully conjugated via Schiff
base reaction. In vitro studies proved that the Ti-GOG3 had long-term
stability and infection-responsive antibacterial properties, and favor-
able biocompatibility. Moreover, Ti-GOG3 could effectively kill bacteria
and reduce their colonization on the surface. In an in vivo rabbit tibial
infected open fracture model, the anti-infection performances of Ti-
GOG3 were demonstrated. At early stage, because the Schiff base
structure had been broken by the acidic micro-environment produced by
bacterial metabolism, Ti-GOG3 showed self-adaptive release profile of
GS to eliminate infection. At late stage, because infection and infection-
associated inflammation had been inhibited, Ti-GOG3 could promote
the formation of new bone, which was beneficial for recovery of bone
fracture. The present work provides a facile and universal strategy for
the development of various bone implant materials of various shapes
with infection-responsive long-term antibacterial properties, which is
promising for the treatment of IAFF.

4. Experimental section

The detailed experimental methods were described in Supporting
Information.
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