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ARTICLE INFO ABSTRACT

Keywords: Ideal percutaneous titanium implants request both antibacterial ability and soft tissue compatibility. ZnO
Titanium structure constructed on titanium has been widely proved to be helpful to combat pathogen contamination, but
ZnO

the biosafety of ZnO is always questioned. How to maintain the remarkable antibacterial ability of ZnO and
efficiently reduce the corresponding toxicity is still challenging. Herein, a hybrid hydrogel coating was con-
structed on the fabricated ZnO structure of titanium, and the coating was proved to be enzymatically-degradable
when bacteria exist. Then the antibacterial activity of ZnO was presented. When under the normal condition (no
bacteria), the hydrogel coating was stable and tightly adhered to titanium. The toxicity of ZnO was reduced, and
the viability of fibroblasts was largely improved. More importantly, the hydrogel coating provided a good buffer
zone for cell ingrowth and soft tissue integration. The curbed Zn ion release was also proved to be useful to
regulate fibroblast responses such as the expression of CTGF and COL-L. These results were also validated by in
vivo studies. Therefore, this study proposed a valid self-adaptive strategy for ZnO improvement. Under different
conditions, the sample could present different functions, and both the antibacterial ability and soft tissue
compatibility were finely preserved.
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1. Introduction broader applications it has, the more likely titanium will be threatened

by IAI due to the lack of practical self-antibacterial ability.

Generally, implant-associated infections (IAI) can be effectively
prevented by strict operation standards [1-3]. However, in some
exceptional circumstances, such as endogenous pathogens and post-
operative secondary infection, IAI still occurs. Implantable materials
with a large contact area, relatively stable structure, and trophic com-
ponents (such as organic materials) will provide ideal platforms for
bacteria to adhere, proliferate and colonize, which leads to the failure of
implantation and the destruction of natural tissues [4-6]. Medical-used
titanium has been deeply applied in orthopedic replacements, cardio-
vascular stents, and connective tissue integration [7-9]. However, the
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To address this issue, many novel antibacterial surface modifications
of titanium have been developed [10-12]. The construction of different
types of metallic oxides on titanium surfaces is very useful for combating
pathogen contamination [13,14]. Among them, zinc oxide (ZnO) be-
comes very popular due to its potent and broad-spectrum antibacterial
activity, no matter for Gram-positive and negative bacteria or even the
bacteria with drug-resistance property [15-17]. ZnO possesses multiple
antibacterial pathways, including the release of Zn?", the generation of
reactive oxygen species (ROS), and some special topological features
(such as nanorods) [18]. Although the fabrication of ZnO structure on
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titanium has reported some tremendous antibacterial outcomes, a sig-
nificant concern was also brought up: biosafety. The use of ZnO in
biomedicine is a “double-edged sword”, as excessive Zn?" and ROS
release can also bring serious adverse effects to cells and tissues [19,20].
Many improving strategies have been proposed recently, but the nega-
tive influence of ZnO on different cell types was still enormous [21-23].
The balance between antibacterial efficiency and biosafety was also
difficult to be fully achieved. Therefore, how to use tremendous anti-
bacterial activity and maintain relatively low toxicity is an urgent task
for utilizing ZnO structure on titanium.

As a widely-used percutaneous implantable material, titanium al-
ways faces complicated conditions. To achieve an ideal integration with
tissues, titanium needs to get along well with both hard tissues (bone)
and soft tissues (muscle, skin, adipose tissue, etc.) [24-26]. Actually,
solid researches have been published to improve the soft tissue inte-
gration of titanium [27,28]. The strategies which could promote protein
absorption, collagen deposition, and skin forming will hold a great sig-
nificance for titanium improvement, especially in some specific condi-
tions like post-infection reconstruction and wound repair [29,30].

The remarkable mechanical properties endow titanium to be an ideal
orthopedic implant. Still, the relatively rigid and two-dimensional sur-
face makes it difficult to have the comparable ability of soft tissue
integration with other types of implants such as polymeric hydrogels
and scaffolds [31]. Therefore, the combination of polymer materials and
titanium is valuable. On the one hand, constructing a 3D network
structure on titanium will build a special “buffer zone” between titanium
and natural tissues. This buffer zone will induce cell migration and
infiltration in the initial phase of implantation. Accompanied with the
gradual degradation of the polymers, cells will migrate, proliferate,
spread, and secret various proteins to rebuild their own microenviron-
ments and gradually replace the buffer zone to form a good integration
with titanium [32]. On the other hand, the underlying titanium could
also be useful when the upper polymers contact natural tissues. Many
functional ions, proteins, and peptides can be loaded into titanium and
released through the polymer to regulate cell behaviors.

More importantly, constructing polymers (hydrogel coatings) on ti-
tanium can ideally alleviate the potential toxicity after any titanium-
based treatments. For the ZnO structure on titanium, the hydrogel
coatings will control the Zn ion release and reduce the direct contact
between materials and cells. Additionally, the toxicity of metal ions al-
ways presents a dose-dependent manner. High concentrations of Zn ion
will bring detriments to cells, but lower concentrations may be benefi-
cial. Therefore, the hydrogel coatings may provide the possibilities to
alleviate the toxicity of ZnO, and be useful to regulate cell behaviors.

The only challenge is how to balance antibacterial activity and
biosafety. Hydrogel coatings can effectively improve biosafety by con-
trolling the ion release and reducing the direct contact, but the anti-
bacterial activity may also be impaired. Accordingly, both have
antibacterial activity and biosafety requires the hydrogel coatings to be
more “smart”, or have the self-adaptive ability. Self-adaptive ability
means materials could respond to the chemical or physical cues and
make the changes automatically, such as phase transition and the
breakage of chemical bonding. These changes will endow materials with
multiple functions. Herein, we expected that when under bacterial
infection conditions, the hydrogel coatings on titanium can expose the
underlying ZnO structure faster to exert the antibacterial activity. When
under normal conditions, the hydrogel coatings on titanium will be
stable and inhibit the toxicity of ZnO. Previously, inspired by the hyal-
uronidase (HAase) secretion ability of most of the Gram-positive bac-
teria, many studies have been reported to modify materials with
hyaluronic acid to obtain the enzyme-triggered antibacterial ability [33,
34]. Hyaluronic acid is widely distributed in connective tissues of
mammals and is bio-compatible. Hence it is suitable to be used as
building blocks of biomaterials. Therefore, hyaluronic acid and its de-
rivative may be valuable to construct the hydrogel coatings on titanium.
HAase will degrade the coatings when bacteria exist.
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In this study, a hybrid hydrogel coating was prepared by mixing
methacrylated gelatin (GelMA) and methacrylated hyaluronic acid
(HAMA). GelMA could provide excellent bio-compatibility, and the
addition of HAMA will give the enzymatically-degradable ability to the
hydrogel coating when bacteria exist. To stably construct the hydrogel
coating on titanium, we referred to the method reported by Kha-
dembhosseini’s group [35]. To graft catechol motifs on the chains of
GelMA, and it was capable of adhering to titanium surfaces. Then a ZnO
nanoflower-like structure was fabricated on titanium by a hydrothermal
method. The stability of the adhesive hydrogel coating on the ZnO
structure was explored. Next, the enzymatical degradation ability, Zn
ion and ROS release profile, short-term and long-term antibacterial
abilities and cell responses were studied. Based on the self-adaptive
strategy, the fabricated sample presented different functions under
different conditions. When under bacterial infection, the hybrid
hydrogel coating was expected to effectively combat bacterial in-
fections. When under the normal condition, the hydrogel coating was
stable and the toxicity of ZnO can be largely reduced. Furthermore, cell
responses and soft tissue compatibility can also be significantly
improved (Scheme 1).

2. Materials and methods
2.1. Materials

All the experimental titanium samples were commercially-available
pure Ti foils (purity: 99.5%) purchased from Alfa Aesar Co. (Tianjin,
China). Hoechst 33258, rhodamine-conjugated phalloidin, fluorescein
diacetate (FDA), propidium iodide (PI), dopamine hydrochloride, pho-
toinitiator 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-
propan-1-one (Irgacure 2959), gelatin (from porcine skin type A) and
methacrylic anhydride (MA) were purchased from Sigma-Aldrich
Chemical. Co. (St. Louis, MO, USA). N, N-Dimethylformamide (DMF),
Sodium hyaluronate (HA, 200 kDa) and zinc nitrate hexahydrate were
bought from Aladdin Industrial Co. (Shanghai, China). Cell counting kit-
8 (CCK-8) was purchased from Beyotime Biotechnology Co. (Jiangsu,
China). Rabbit polyclonal antibody Collagen I was obtained from BIOSS
(Beijing, China). Mouse CTGF and Collagen I ELISA kits were provided
by ABclonal Biotechnology. Other main reagents were supplied by
Oriental Chemical Co. (Chongging, China).

2.2. Preparation of ZnO nanoflowers on Ti surfaces

Firstly, the commercially pure titanium foils were cleaned under
ultrasonication with acetone, ethanol, and distilled water for 15 min to
remove impurities and contaminants. To prepare the precursor solution
of ZnO, 2 g of zinc nitrate hexahydrate (Zn(NO3),-6H20) was dissolved
in 200 mL distilled water and 6 mL of ammonia solution was added
dropwise. Secondly, to obtain the ZnO seeding layer, the cleaned tita-
nium foils were placed into an autoclave with 40 mL of ZnO precursor
solution. Then the foils were hydrothermally treated at 70 °C for 16 h.
Finally, after removing the excess reaction solution, to obtain a stable
growth of ZnO nanoflowers on titanium foils, the samples were further
annealed at 400 °C for 3 h. Then the resulting samples were thoroughly
cleaned by distilled water and denoted as Ti-ZnO.

2.3. Synthesis of GelMA and HAMA

The synthesis of methacrylated gelatin (GelMA) was according to our
previous works [36]. Briefly, 2 g of gelatin was dissolved in 100 mL of
PBS (pH: 7.4) and stirred at 60 °C for 6 h. After the gelatin was
completely dissolved, methacrylic anhydride (20%, v/v) was added to
the above solution. After stirring and reacting for 6 h, the solution was
diluted with warm PBS (40 °C) and dialyzed against distilled water for 7
days at 40 °C to remove excess methacrylic acid and other impurities.
The obtained methacrylated gelatin solution was stored for further use.
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Scheme 1. Schematic diagram of the self-adaptive strategy of this study.

The synthesis of methacrylated hyaluronic acid (HAMA) was ac-
cording to another study [37]. Briefly, hyaluronic acid was diluted in
distilled water (0.5 w/v, %). Then DMF was added to the solution with
the ratio of DMF: HyO = 2: 3. Then methacrylic anhydride was added
dropwise into the above solution. The pH of the solution was adjusted to
9 by NaOH solution and reacting for 12 h. Finally, the solution was
dialyzed against distilled water for 4 days and stored for further use.

2.4. Synthesis of GelMA-COOH and GelMA-PDA

To modify GeIMA with catechol motifs, the carboxylation reaction of
GelMA was firstly performed according to the study of Prof. Ali Kha-
demhosseini’s group [35]. Briefly, 1 g of GelMA was dissolved in 20 mL
of PBS and stirred at 50 °C. Then 0.5 g of succinic anhydride was dis-
solved in 10 mL of DMSO, and this solution was added to the GelMA
solution. 0.5 mL of triethylamine was added simultaneously. The
mixture was continuously stirred overnight at 50 °C and diluted with
PBS solution to stop the reaction. At last, the mixture was dialyzed
against distilled water for 7 days and stored for further use.

Subsequently, the catechol motifs were conjugated with GelMA-
COOH. Briefly, 1 g of GelMA-COOH was dissolved in 10 mL of MES
buffer (pH: 5). Then 0.3 g of EDC, 0.3 g of NHS and 0.2 g of dopamine
hydrochloride were added in turn, and the mixture was stirred for 12 h
at room temperature. The resulting solution was dialyzed against 0.01 M
HCI solution for 3 days and stored for further use.

2.5. Construction of hybrid hydrogel coatings on titanium

GelMA-PDA was dissolved in PBS solution to achieve a concentration
of 10% (w/v). HAMA was also dissolved in PBS solution to achieve a
concentration of 2.5% (w/v). Then the Ti-ZnO substrates were placed in
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48-well plates. Next, different proportions of GelMA-PDA and HAMA
solution were mixed as 4: 0, 3: 1, 1: 1 and 1: 3 (v/v). The total volume
was 200 pL. Subsequently, the mixture was coated on Ti-ZnO substrates,
and the photoinitiator Irgacure 2959 (0.3%, w/v) was added. Then the
samples were exposed to 365 nm UV for 1 min. After being photo-
crosslinked, the samples were gently washed with PBS. Different
groups of GelMA-PDA and HAMA hybrid hydrogel coatings on Ti-ZnO
were denoted as Ti-ZnO/G, Ti-ZnO/GsH;, Ti-ZnO/G1Hy, and Ti-ZnO/
G1Hs, respectively.

2.6. Sample characterizations

Firstly, the fabrication of ZnO nanoflowers on titanium substrates
was characterized. The surface morphology and elements distribution
were observed by a field emission scanning electron microscopy (SEM)
(FEI Nova 400 Nano SEM, Phillips Co, Holland) and an energy-
dispersive spectrometry (EDS, Zeiss AURIGA FIB, Germany). The sur-
face roughness and surface crystalline phase were detected by atomic
force microscopy (AFM, Dimension, Bruker, Germany) and X-ray
diffraction (D/Max 2500 PC, Rigaku, Japan), respectively.

Secondly, the preparation of GelMA, GelMA-PDA, and HAMA
hydrogels and the hybrid hydrogel coatings on titanium were charac-
terized. The functional molecules of different hydrogels were detected
by a nuclear magnetic resonance (NMR, AV500 MHz, Bruker, Swiss).
The grafting ratios of GelMA-COOH and GelMA-PDA were also
calculated.

2.7. The stability and enzyme-triggered degradation tests

The samples of Ti-ZnO/G, Ti-ZnO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/
G1Hs were immersed in 500 pL of PBS, HAase (0.01, 0.05, 0.5 mg mL™Y)
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and S. aureus solution (5 x 108 CFU) and incubated at 37 °C for 0, 2, 4, 6,
12, 24, 48, 72, 96, 120, 144 h. Thereafter, to calculate the mass remain
of hydrogel coatings, the samples were lyophilized and weighted after
being washed by PBS. The remaining mass was calculated based on the
following formula:

RM = (M, | My) x 100%

where RM means remaining mass. M is the initial weights of samples.
M, is the weights of samples after being incubated for different time
intervals. Three parallel samples of each group were measured.

In addition, after being incubated in PBS, HAase and S. aureus so-
lution for 144 h, the samples were photographed to observe the stability
of different samples. The samples after being immersed in PBS and
HAase solution were also observed by SEM to study the degradation
profile.

2.8. In vitro release of Zn ion

The Zn ion release of each group was studied. The samples were
immersed in 5 mL of PBS and HAase solution (0.5 mg/mL) at 37 °C for 6,
24, 48, 72, 144 h and 28 days. The samples were also incubated with
S. aureus solution (5 x 10% CFU) at 37 °C for 6, 24, 48,72 and 144 h to
observe the Zn ion release after the incubation with bacteria. The
released Zn ion were detected by an inductively coupled plasma-atomic
emission spectrometer (ICP-AES, Vista AX, Varian, USA) and the amount
of each sample was calculated and analyzed. To ensure the accuracy, for
each group, five same samples were incubated together to meet the re-
quirements of ICP test.

2.9. Detection of ROS generation

The ROS generation of different samples was detected by a DCFH
(2,7-Dichloro- fluorescein) probe method [38]. Briefly, 1 mmol L7t of
DCFH-DA in methanol solution and 0.01 mol L™! NaOH solution was
mixed (v: v = 1: 4). Then the mixture was stirred for 30 min in the dark,
and the pH value was adjusted to 7.2. Subsequently, different samples
were immersed in 1 mL of HAase solution (0.5 mg/mL). After different
time intervals (0, 5, 10, 30 min and 2, 6, 24, 96, 144 h), 500 pL of the
mixture was added to the supernatant of each sample. Finally, the
generated ROS would oxidize DCFH to form DCF with fluorescent.
Therefore, the yield of DCF of different samples was measured by a
fluorophotometer (excitation wavelength: 485 nm, emission wave-
length: 525 nm).

2.10. In vitro antibacterial tests

2.10.1. Bacteria culture

The S. aureus (ATCC29213) and E. coli (ATCC25922) were selected as
the representative Gram-positive bacteria and Gram-negative bacteria,
respectively. They were cultured in MHB medium and the bacteria
concentrations were reflected by optical density (OD) at A = 600 nm.

2.10.2. Short-term bacteria survival rates

The bacteria survival rate at the early phase was tested by the plate
counting method. The samples were placed in a 24-well plate and 1 mL
of S. aureus and E. coli suspension (1 X 10° CFU/mL) were added,
respectively. After being incubated at 37 °C for 6 and 24 h, the medium
was discarded, and the samples were rinsed with PBS three times. Then
the samples were immersed with 1 mL of PBS and ultrasonically
detaching for 10 min. The resulting bacteria suspension was diluted
10000-fold and 10 pL of them was distributed evenly onto agar plates.
Then the agar plates were incubated at 37 °C for 20 h. The numbers of
colony-forming units (CFUs) of each group were counted, and the bac-
teria survival rate was calculated based on the following formula:

Bacteria survival rate (%) = CFU of experimental groups/CFU of

4673

Bioactive Materials 6 (2021) 4670-4685

control x 100%

The average CFU was obtained from six independent experiments.

Subsequently, the adhesion of S. aureus and E. coli onto different
samples at the early phase was observed by fluorescence staining.
Briefly, 1 mL of S. aureus and E. coli suspension (1 x 10% CFU/mL) were
incubated with different samples at 37 °C for 24 h. Afterward, the
samples were washed by PBS three times and fixed with glutaraldehyde
solution (4 wt%) at 4 °C overnight. The samples were then stained by
Hoechst 33258 for 10 min and imaged by a confocal laser scanning
microscopy (CLSM, TCS SP8, Leica, Germany).

2.10.3. Long-term antibacterial ability

Firstly, MTT assay was deployed to investigate the long-term anti-
bacterial ability of different samples. In brief, 1 mL of S. aureus and
E. coli suspension (1 x 10® CFU/mL) were cultured with different
samples at 37 °C for 7 days. Then the suspension of different samples
was collected and MTT dye was added according to the proportion of
suspension: MTT dye = 9: 1 (v/v). Meanwhile, the samples were also
gently washed by PBS and the culture medium, and MTT mixture were
added to each well. All the samples were further incubated for 3 h. Next,
the mixture was discarded, and 500 pL of dimethyl sulfoxide (DMSO)
was added to dissolve the sediments. The samples were measured by
using a spectrophotometric microplate reader (Bio-Rad 680) at 490 nm.

Secondly, the biofilm formation of different samples was studied by
live/dead staining. Similarly, 1 mL of S. aureus suspension (1 x 10 CFU/
mL) were cultured with different samples at 37 °C for 7 days. Mixed
SYTO9 and PI dyes (Live/Dead BacLight bacterial viability kit, Invi-
trogen, USA) were used to stain the samples for 20 min. Alive and dead
bacteria were stained green and red, respectively. Then the samples
were observed and captured by CLSM.

Thirdly, the morphology change of S. aureus cultured on different
samples for 7 days was studied. Briefly, 1 mL of S. aureus suspension (1
x 10° CFU/mL) were cultured with different samples at 37 °C for 7 days.
Then the medium was removed and the samples were cleaned by PBS for
three times. After that, the glutaraldehyde solution (4 wt%) was used to
fix the samples for 30 min. Then the samples were dehydrated by a
gradient ethanol solution (20%, 40%, 60%, 80%, and 100%) and
lyophilized. Finally, after being sputter-coated with Au, the samples
were observed and imaged by SEM.

2.10.4. Intracellular components leakage of S. aureus

Intracellular components leakage of S. aureus after being incubated
with different groups was studied. Similarly, 1 mL of S. aureus suspen-
sion (1 x 10° CFU/mL) were cultured with different samples at 37 °C for
6 h, 24 h and 7 days, respectively. Then the ODqgo value of different
groups was detected by an ultraviolet spectral photometer. Next, the
total protein leakage after 7 days was measured by using a micro BCA
Protein Assay Kit (Beyotime Biotechnology, China).

2.10.5. Exploration of antibacterial mechanism

To explore the antibacterial mechanism of ZnO, Vitamin C (10 mM)
was employed as the ROS scavenger to counteract the potential effect of
generated ROSfrom ZnO, and z inc ion standards was used to mimic the
actual release amount of Zn®* from Ti-ZnO/G, Ti-ZnO/G3H;, Ti-ZnO/
G1H;, and Ti-ZnO/G;Hs groups after 7 days. Then 1 mL of S. aureus
suspension (1 x 10% CFU/mL) were cultured with different samples at
37 °Cfor 7 days. The S. aureus viability was measured by MTT assay (the
procedure was same with the above experiments).

2.11. In vitro cytocompatibility assessment

2.11.1. Cell culture

Fibroblast NIH/3T3 cell line (ATCC: CRL-1658) was kindly provided
by Army Medical University (Chongqing, China). Cells were cultured
with DMEM medium (high glucose) and supplemented with 10% of fetal
bovine serum, streptomycin and penicillin. Besides, cells were
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maintained at 37 °C in a constant humidity incubator with 5% CO». The
culture medium was changed every two days.

2.11.2. Cell viability evaluation

The cell viability of NIH/3T3 cells cultured on different samples was
tested by CCK-8 assay and live/dead staining. NIH/3T3 cells with a
density of 2 x 10* cells/cm? were seeded on different samples and
cultured for 1, 4 and 7 days. For the CCK-8 assay, the samples were
slightly washed by PBS, and 10% of CCK-8/culture medium (v/v) was
added into each well. After further incubating for 3 h, the supernatant of
each well was collected and measured by a spectrophotometric micro-
plate reader (Bio-Rad 680) at 450 nm. To evaluate the cell viability of
NIH/3T3 cells on the samples that have been enzymatically degraded,
different groups were incubated with S. aureus suspension (1 x 10° CFU/
mL) for 144 h. Next, the S. aureus suspension was discarded and the
samples were slightly washed by PBS for three times. Then the samples
were treated by the ultraviolet radiation overnight and the NIH/3T3
cells were seeded on different samples for 2 days. The cell viability was
also tested by the CCK-8 assay. For live/dead staining, after being
washed by PBS, FDA/PI mixed solution (10 pg/mL) was added to each
well, and the samples were incubated for 10 min. Then the samples were
observed and imaged by CLSM.

2.11.3. ELISA assay

The contents of intracellular protein collagen I (COL-I) and connec-
tive tissue growth factor (CTGF) of NIH/3T3 cells was studied by ELISA
assay. Briefly, 2 x 10% NIH/3T3 cells were seeded on different samples
and cultured for 1, 4 and 7 days. Then the cells were washed by PBS and
thoroughly lysed by 0.1% of Triton X-100. The content of total protein
was determined by a micro BCA Protein Assay Kit (Beyotime Biotech-
nology, China) and the contents of COL-I and CTGF was determined by
the ELISA Kkits.

2.11.4. Cytoimmunofluorescence staining

After being cultured on different samples, the expression of COL-I of
NIH/3T3 cells was studied by cytoimmunofluorescence staining. Cells
with a density of 2 x 10* were seeded and cultured for 7 days. Next,
different samples were fixed by 4% of paraformaldehyde for 30 min,
permeabilized by 0.2% of Triton X-100 for 5 min, and blocked by 1%
BSA solution for 1 h. Then the samples were treated by primary antibody
at 4 °C overnight. Subsequently, the samples were slightly washed to
remove the primary antibody and coated with Alexa Fluor-488 sec-
ondary antibody for 30 min. The samples were then washed and further
coated by Hoechst 33258 for another 10 min to stain cell nucleus.
Finally, the samples were observed by CLSM.

2.11.5. Cell infiltration observation

The cells with a density of 1 x 10* cells/cm? were seeded on different
samples for 7 days. The samples were then fixed by glutaraldehyde so-
lution at 4 °C for 30 min and permeabilized by 0.2% of Triton X-100
solution for 5 min. Afterward, the samples were stained by Rhodamine-
Phalloidin at 4 °C overnight. Finally, after being treated by Hoechst
33258 for 10 min to stain nuclei, the samples were observed and imaged
by CLSM.

2.12. In vivo studies

2.12.1. Samples implantation and subcutaneous infection model

The animal surgery was operated according to the guidelines of the
Institutional Animal Use Committee of China. The use of six-week-old
male BALB/c mice for in vivo studies was approved by the Animal
Ethics Committee of the Army Medical University (SYXK-PLA-
20120031). The surgery was performed according to the former studies
[39,40]: Briefly, all the BALB/c mice were randomly divided into three
groups: Ti, Ti-ZnO, and Ti-ZnO/G1Hs (n = 4). Then they were anes-
thetized by 2 wt% of pentobarbital sodium solution (intraperitoneal
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injection, 0.3 mL/kg). Next, the back of rats was shaved, and the dorsal
wall skin was exposed. Two incisions were made (about 1.5 cm) along
the sides of the spine to create a subcutaneous pocket model. Two
samples in the same group were placed into the pocket for each mouse.
At the same time, each pocket wound was injected with S. aureus (10°
CFU). Then the subcutaneous tissues and skin were sutured, and the
mice were cultured for 2, 7, 14 days, respectively.

2.12.2. Invivo anti-bacteria tests

To evaluate the anti-bacteria efficiency of different samples after
implantation, the plate counting assay was used. Firstly, after culturing
for 2 and 7 days, the mice were sacrificed and the tissues (contacting
samples) were collected. The tissues were then cultured with 1 mL of
sterile PBS and incubated for a further 12 h at 37 °C. After being diluted
50 times, 100 pL of the solution was used to add onto agar plates, and the
colony number was counted after culturing for 24 h at 37 °C. The bac-
teria survival and inflammatory response of different tissues were also
evaluated by Giemsa and H&E staining.

2.12.3. In vivo soft tissue compatibility tests

To evaluate the soft tissue compatibility of different samples, after
culturing for 7 and 14 days, the mice were sacrificed and Ki67, TUNEL
and Masson’s trichrome staining was used respectively to reflect the cell
proliferation, apoptosis and collagen deposition in the surrounding
tissues.

2.12.4. Evaluation of the biosafety

To evaluate the biosafety of the samples, some important organs such
as the heart, liver, spleen, lungs and kidneys of different groups were
harvested and evaluated by H&E staining.

2.13. Statistical analysis

The immunofluorescence staining images in this study were analyzed
by Image Pro-Plus 6.0. The data were presented as mean + standard
deviation. The statistical analysis were calculated with Origin Pro
(version 8.5) by using Student’s t-test and the confidence levels were set
as: *p < 0.05 and **p < 0.01.

3. Results and discussion
3.1. Characterization of ZnO nanoflowers on titanium

Fig. 1Aexplained the preparation method we used to fabricate ZnO
nanoflowers on Ti surfaces. The ZnO nanoflowers were obtained by
hydrothermal and annealing treatments. SEM images (Fig. 1B) sug-
gested a clear nanoflower-like structure morphology was presented, and
it was very stable since all the samples before SEM observation had been
thoroughly ultrasonic cleaned. The SEM image of the nanoflower-like
structure with a greater magnification (50000x) was shown in
Figure S1. Compared with the direct deposition, this study’s hydro-
thermal method made the ZnO structure more stable and the surface
topography was comparably uniform [15]. EDS analysis in Fig. 1B
illustrated that the chemical composition of the nanoflowers. Ti-ZnO
samples exhibited clear signals of Zn and O, and the content of Ti
decreased significantly. XRD test was further used to figure out the exact
crystal phase of the nanoflowers. As shown in Fig. 1C, the Ti-ZnO group
presented several typical peaks 31.8°, 34.4°, 36.3°, 62.9° and 77.0°,
which corresponding to different crystal planes of ZnO (100), (002),
(101), (103) and (202). Next, AFM analysis was used to reflect the
surface roughness of pure titanium and Ti-ZnO, as shown in Figure S2,
the Ra and Rq value of Ti was 27.4 and 36.8 nm. The Ra and Rq value of
Ti-ZnO was 110 and 136 nm, respectively. The surface roughness of
Ti-ZnO was significantly higher than pure titanium. The topological
features, including roughness and surface morphology, may be useful to
combat bacteria through the penetration of bacteria membrane or
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inhibit the quick colonization. Several studies have reported the fabri-
cation of ZnO structure by using the hydrothermal method [16,41,42].
These structures included nano-needles, nano-rods, or nano-flowers.
These unique structures showed remarkable antibacterial activities
due to the unique morphology. The higher surface area, special topol-
ogy, and significant surface defects would combat pathogens by direct
contact, the generation of ROS, and the release of Zn ions.

3.2. Characterization of hydrogels

The prepared GelMA, HAMA and the modification of catechol motifs
to GelMA were characterized by NMR analysis. As shown in Fig. 1D, all
the NMR spectra of GelMA, GelMA-COOH and GelMA-PDA exhibited
peaks at 5.5 and 5.7 ppm corresponding to the -C=CH,, which meant
the successful methacrylation of gelatin. The peaks around 6.7 ppm of
GelMA-PDA represented the hydrogen peak of phenolic hydroxyl, which
demonstrated the successful addition of the catechol motifs to GelMA.
The grafting ratios of GelMA-COOH and GelMA-PDA were also calcu-
lated based on the NMR results, which were 4.5% and 88.17%, respec-
tively. Fig. 1E showed the NMR spectra of HAMA. Compared with pure
hyaluronic acid, the spectrum of HAMA exhibited clear methacrylate
peaks at 1.9 and 5.6 ppm, suggested the successful preparation of
HAMA. The NMR peaks of GelMA, HAMA and GelMA-PDA was also
consistent with the former studies [37,43].

3.3. Stability and enzyme-triggered degradation tests

Next, we tested the stability and enzyme-triggered degradation of the
prepared GelMA-PDA/HAMA hybrid hydrogel on titanium and studied
the influence of different proportions on the degradation rates. We
prepared four groups: Ti-ZnO/G, Ti-ZnO/GsH;, Ti-ZnO/G1H; and Ti-
Zn0/G1Hs, which represented different volume ratio of GelMA-PDA and
HAMA. Firstly, the microscopic morphology change of the hydrogel
coatings was observed by SEM. The four groups were cultured in PBS,
HAase solution (0.5 mg mL_l) and S. aureus suspension (5 x 108 CFU/
mL) for 144 h and imaged by SEM. As shown in Fig. 2A and Figure. S4,
after being incubated with PBS for 144 h, all the four groups still pre-
sented the typical lyophilized hydrogel morphology. The nanoflower-
structure of ZnO was totally covered. When the groups were incubated
with HAase solution and S. aureus suspension for 144 h, the Ti-ZnO/G
group was still difficult to detect the ZnO structure beneath the
coating. However, all the Ti-ZnO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/GHs
presented clear cavities in the coating, and the ZnO structure was
exposed. Next, the samples after being incubated with PBS (pH: 7.4),
HAase solution (0.5 mg mL~1) and S. aureus solution (5 x 108 CFU) for
144 h was photographed (Figure S3). It was evident that all the hydrogel
coatings were very stable on the titanium surfaces, even being incubated
for 144 h. A tight adhesion was achieved, attributing to the catechol
motifs. Moreover, the four groups in PBS showed unclear appearance
change after 144 h of incubation. However, it was evident that Ti-ZnO/
G3Hj, Ti-ZnO/G1H; and Ti-ZnO/G1Hs had less hydrogel residue than Ti-
ZnO/G group after incubation with HAase or S. aureus solution.

To quantitatively study the enzyme-triggered degradation, different
groups were incubated with PBS, HAase solution (0.01, 0.05, 0.5 mg
mL’l), and the remaining masses were calculated at different time
points. Fig. 2B showed that compared with the Ti-ZnO/G group, all the
groups of Ti-ZnO/GsHj, Ti-ZnO/GiH; and Ti-ZnO/G;Hs exhibited
various degree of accelerated degradation. After incubation of 144 h, the
remaining mass of the groups of Ti-ZnO/G, Ti-ZnO/GsH;, Ti-ZnO/G1H;
and Ti-ZnO/G1H3 was 90.25%, 89.35%, 87.05% and 80.60%. The last
group presented an obvious faster degradation compared with other
groups. Fig. 2C-F exhibited the degradation profile of all the groups in
different concentrations of HAase solution over 144 h. For the Ti-ZnO/G
group, the degradation was slow and the concentrations of HAase also
showed limited effect, as the remaining mass after 144 h was 95.71%,
95.01%, 94.65% and 94.35%. Then for the Ti-ZnO/GsH; group, the
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remaining mass was 95.60%, 83.35%, 82.49% and 81.05%. Compared
with PBS (without HAase), the addition of different concentrations of
HAase showed significant change about the degradation rates. Similarly,
the remaining mass of Ti-ZnO/G;H; group was 90.40%, 79.61%,
78.32% and 77.51%. And for Ti-ZnO/G;Hs group, it was 85.35%,
81.10%, 80.15% and 77.97%. The remaining mass of Ti-ZnO/G;H; and
Ti-ZnO/G1H3 group also exhibited a certain degree of decrease after
being cultured in PBS. The potential explanation was: With the increase
of the proportion of HAMA in the hydrogel coating, the adhesive
property was slightly influenced as the catechol motifs were only
modified on the chains of GeIMA. These results indicated that although
the adhesion of hydrogel coatings on the ZnO surface was stable, after
incubation with HAase and S. aureus solution, the groups of Ti-ZnO/
GsHj, Ti-ZnO/G1H; and Ti-ZnO/G;Hs exhibited significantly acceler-
ated degradation and the Ti-ZnO/G1Hgs had the highest degradation rate.

The enzymatically-degradable property of hyaluronic acid has been
widely reported before [44-46]. Compared with the enzyme secreted by
Gram-negative bacteria, which is periplasmic, the HAase secreted by
most Gram-positive bacteria is more important to play a role in
degrading extracellular matrix and helping bacteria invade tissues.
Various species of Gram-positive bacteria could secret HAase including
Streptococcus, Staphylococcus, Peptostreptococcus, Propionibacterium, and
Streptomyces, etc [47]. In this study, our results showed a clear
HAase-triggered degradation of hydrogel. Compared with PBS solution,
different HAase and S. aureus solution concentrations exhibited clear
effects of accelerating the degradation of hydrogel coatings (except
Ti-ZnO/G group). In addition, the residue of the hydrogel coatings can
still adhere to titanium.

3.4. Release profile of Zn ion

Because of the dose-dependent effect of Zn ion on both cells and
bacteria, the release profile of Zn ion was measured. The samples of Ti-
ZnO, Ti-ZnO/GsH;, Ti-ZnO/G1H; and Ti-ZnO/G;H3 were incubated
with PBS, HAase solution (0.5 mg/mL) and S. aureus solution (5 x 108
CFU) for different durations. The results were shown in Fig. 2G and H
and Figure S5. In the initial 144 h, Zn ion released from Ti-ZnO, Ti-ZnO/
G, Ti-ZnO/GsHy, Ti-ZnO/G1H; and Ti-ZnO/G1Hj3 in HAase solution was
6.63, 3.25, 3.20, 3.68, and 7.87 ppm, respectively. In PBS solution, they
were 5.21, 2.25, 2.46, 2.43, and 2.50 ppm, respectively. After incuba-
tion for 28 days, the Zn ion released from Ti-ZnO, Ti-ZnO/G, Ti-ZnO/
GsHj, Ti-ZnO/G1H; and Ti-ZnO/G1Hs in HAase solution was 9.95, 7.27,
8.14, 8.39 and 9.32 ppm, respectively. In PBS solution, they were 6.56,
4.10, 5.16, 5.18 and 5.67 ppm, respectively. It was worth noting that in
the initial 144 h, the release amount of the Ti-ZnO/G1Hj3 in HAase so-
lution was higher than that of Ti-ZnO group. However, after 28 days, the
total release amount of Ti-ZnO group was higher than the Ti-ZnO/GH3
group. The potential explanation was: the detection of the amount of Zn
ion in supernatant was largely influenced by the degradation of the
hydrogel coatings. A sudden collapse may induce an instant acceleration
of Zn ion release. Next, it was very clear that in PBS, the groups of Ti-
Zn0/G, Ti-ZnO/GsH;, Ti-ZnO/G;H; and Ti-ZnO/G;H3 showed a
limited difference of Zn ion release. The Zn ion released from Ti-ZnO was
much higher than the other four groups. Also, the release rates of these
four groups in the first 14 days were all meager, which was crucial to
improve cell viability. However, when being incubated with HAase so-
lution, the Zn ion release of Ti-ZnO/G;H3 was much higher than Ti-ZnO/
G, Ti-ZnO/GsH; and Ti-ZnO/G1H;, which indicated that in HAase so-
lution, the Zn ion release of Ti-ZnO/G;H3 can be noticeably accelerated.
Moreover, the Zn ion release was further studied by incubating samples
in S. aureus solution. The results (Figure S5) showed that the groups of
Ti-ZnO, Ti-ZnO/G1H; and Ti-ZnO/G1H3 showed a similar trend. The
total release amounts of Ti-ZnO, Ti-ZnO/G1H; and Ti-ZnO/G1H3 group
after 144 h were 6.27, 6.07 and 5.94 ppm, respectively. The Zn ion
released from Ti-ZnO/GsH; and Ti-ZnO/G groups were 4.92 and 4.13
ppm. Compared with the Ti-ZnO/G group, the Zn ion release in the
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groups with the introduction of HAMA was accelerated.
3.5. ROS generation in vitro

The generation of ROS is one of the most important antibacterial
mechanisms of ZnO structure [48]. The higher surface area and signif-
icant surface defects-induced oxygen vacancy would induce the gener-
ation of ROS. Therefore, the in vitro ROS generation of different samples
was detected. As shown in Figure S7, it was clear that except for the Ti
and Ti-ZnO/G groups, all the other groups showed obvious ROS gener-
ation, as the photoluminescence intensity at 525 nm had clear peaks,
especially after 96 and 144 h. The introduction of GelMA hydrogel
clearly inhibit the release of ROS into the supernatant. With the increase
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of the proportion of HAMA, because of the accelerated degradation of
the hydrogel coatings, more released ROS could be detected in the su-
pernatant, especially after 96 and 144 h. Therefore, the release profile of
ROS was similar with that of Zn2".

3.6. Antibacterial activity in vitro

Several in vitro antibacterial tests were performed to understand the
antibacterial efficiency. Firstly, the short term antibacterial ability was
studied. From the quantitative results shown in Fig. 3A-C, the Ti-ZnO
sample exhibited significant efficiency against E. coli and S. aureus
after being incubated for 6 and 24 h. For E. coli, the corresponding
survival rates could reduce to 12.73% and 19.00%, compared with the
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Fig. 3. (A) Representative plates of E. coli and S. aureus colonies after incubating with different groups for 6 and 24 h. (B) and (C) The corresponding quantitative
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groups for 7 days. (G) The live/dead staining of S. aureus after incubating with different groups for 7 days (*p < 0.05, **p < 0.01).

Ti group. For S. aureus, the survival rates could reduce to 16.46% and
13.20%. These results meant the ZnO nanoflowers on titanium surface
had obviously antibacterial ability. However, after introducing different
hydrogel coatings, the survival rates of E. coli and S. aureus of different
groups slightly increased. For the Ti-Zno/G group, the survival rates of
E. coli were 61.60% and 40.79%, the survival rates of S. aureus were
49.69% and 51.29%, respectively. Obviously, for a short-term incuba-
tion, the GelMA coating largely influenced the antibacterial ability of
ZnO. Similarly, for the Ti-ZnO/G3H; group, the survival rates of E. coli
were 49.92% and 34.89%, the survival rates of S. aureus were 38.82%
and 37.89%. However, the groups of Ti-ZnO/G;H; and Ti-ZnO/G;Hs
can restore a good antibacterial ability, especially after 24 h of incu-
bation. For the Ti-ZnO/G1H; group, the survival rates of E. coli were
42.19% and 19.30%, the survival rates of S. aureus were 37.22% and
19.91%, respectively. For the Ti-ZnO/G1H3 group, the survival rates of
E. coli were 34.15% and 13.32%, the survival rates of S. aureus were
29.62% and 13.46%. Immunofluorescence staining was further used to
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study the bacteria adhesion at the initial phase. As shown in Fig. 3D,
after being cultured for 24 h, it was very clear that large number of E. coli
and S. aureus could be found in the groups of Ti and Ti-ZnO/G. In
contrast, fewer colonies were presented in Ti-ZnO/GsH;, Ti-ZnO/G1H;
and Ti-ZnO/G;Hs groups. This tendency was also consistent with the
quantitative results. The above results indicated that for a short-term
incubation (within 24 h), the Ti-ZnO group exhibited obvious antibac-
terial ability against E. coli and S. aureus. The antibacterial ability of Ti-
ZnO/G group was largely limited but with the increase of the proportion
of HAMA, the antibacterial ability was enhanced. However, the results
of the short-term incubation were difficult to know whether the reduced
bacteria colonies were attributed to the direct bacteria killing or the
anti-adhesive ability of hyaluronic acid. Therefore, the long-term anti-
bacterial tests after bacteria were fully colonized were necessary.
Subsequently, the long-term antibacterial tests were further per-
formed. E. coli and S. aureus were cultured for 7 days on different sam-
ples. Firstly, MTT assay was deployed to learn bacteria viability after 7
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days. In addition, to explore whether E. coli and S. aureus can be directly
killed, the bacteria viability both in medium and on the surface of the
samples was tested (Fig. 3E &F). It was worth noting that after 7 days of
incubation, only the Ti-ZnO group showed significant antibacterial
ability against the E. coli in the medium. The E. coli viability in Ti-ZnO/
G, Ti-ZnO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/G1H3 had no statistical dif-
ference with the Ti Group. However, for S. aureus, Ti-ZnO/GsH;, Ti-
Zn0/G1H; and Ti-ZnO/GiHgs groups showed comparable antibacterial
ability with the Ti-ZnO group. The Ti-ZnO/G group had no distinct
antibacterial ability against S. aureus. Next, the bacteria viability on the
sample surfaces was tested. Although Ti-ZnO/G, Ti-ZnO/G3Hj, Ti-ZnO/
G1H; and Ti-ZnO/G;Hjs groups showed a significant decrease of E. coli
viability compared with the Ti group, they were still much higher than
that of the Ti-ZnO group. For S. aureus, all the Ti-ZnO/G, Ti-ZnO/G3H;
and Ti-ZnO/G1H; groups presented reduced viability compared with the
Ti group, but only the Ti-ZnO/G1Hj3 group had the comparable anti-
bacterial ability with the Ti-ZnO group. Furthermore, live/dead staining
was also used to observe bacteria viability visually. Different samples
were incubated with S. aureus over 7 days and stained by live/dead
BacLight bacterial viability kit. Then they were imaged by CLSM. As
shown in Fig. 3G, the result was consistent with MTT assay, Ti-ZnO/
G1Hj3 group showed similar antibacterial ability with Ti-ZnO. Ti-ZnO/G
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group showed limited antibacterial ability. The groups of Ti-ZnO/GsH;
and Ti-ZnO/G;H; could also reduce S. aureus viability, but some alive
bacteria can still be observed (green regions). These results explained
that after a long-term incubation, the antibacterial ability of Ti-ZnO/G,
Ti-ZnO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/G;Hs groups against E. coli was
limited. However, they had better antibacterial ability against S. aureus,
and the Ti-ZnO/G1Hjs group had the most remarkable efficiency.

Next, we used SEM to observe the morphology of samples and
S. aureus after the 7 days of incubation. As shown in Fig. 4A, for the Ti
group, the bacteria colonies were obvious. For the Ti-ZnO group, the
ZnO structure was presented, and the alive bacteria had almost dis-
appeared. We can find the hydrogel coating of the Ti-ZnO/G group was
still very intact, and the adhered S. aureus was also very clear. For the
groups of Ti-ZnO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/G;Hs, the hydrogel
residue was showed and the morphology of S. aureus obviously changed.
The bacteria membrane became wrinkled and incomplete, which indi-
cated the abnormal viability of S. aureus.

At last, the leakage of intracellular components of S. aureus was
studied. S. aureus was incubated with different samples for 6 h, 24 h and
7 days, respectively. ODogo value represented the leakage of nucleic
acid. As shown in Fig. 4B, after 6 h of incubation, the ODyg( value of each
group did not show any statistical difference. However, after 24 h and 7
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days, the groups of Ti-ZnO and Ti-ZnO/G;Hjs presented extremely high
ODg¢0 value and the group of Ti-ZnO/GH; also exhibited significantly
higher ODyg( value than Ti, Ti-ZnO/G and Ti-ZnO/G3H; groups. Sub-
sequently, the protein leakage after 7 days of incubation was also tested.
As shown in Fig. 4C, similar to the result of ODog( value test, the groups
of Ti-ZnO and Ti-ZnO/G1H3 had a significantly higher amount than
other groups.

In this study, firstly, Ti-ZnO exhibited efficient antibacterial ability
against both E. coli and S. aureus. After the introduction of hydrogel
coatings, the samples could maintain a certain degree of antibacterial
ability, and it was enhanced along with the increased proportion of
HAMA, which may be attributed to the anti-adhesive ability of hyal-
uronic acid. However, after a long-term of incubation, the antibacterial
ability against S. aureus was much better than that of E. coli and the
groups of Ti-ZnO/GiHs had the best efficiency. S. aureus can secrete
HAase and the degradation of the hydrogel coating was accelerated. The
Zn ion release could be promoted and more surface regions of ZnO was
exposed to direct contact with bacteria (Fig. 4D). Therefore, the Ti-ZnO/
G1H;3 group showed a remarkable ability against S. aureus.

The antibacterial mechanism of ZnO was complicated. It was certain
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that the fabrication of nano/micro scale of ZnO could bring several
unique properties to present antibacterial activity [49,50]. The higher
surface area and significant surface defects-induced oxygen vacancy
would enhance the release of Zn ions and the generation of ROS. In
addition, the special shape of ZnO could also be useful to penetrate
bacteria membrane or inhibit the colonization. To explore the antibac-
terial mechanism of ZnO, S. aureus was incubated with Ti, Ti-ZnO,
Ti-ZnO + Vitamin C, and different dosages of zinc ion standards which
in accordance with the actual release amount of Zn>* from Ti-ZnO/G,
Ti-ZnO/G3Hj, Ti-ZnO/G1H;i, and Ti-ZnO/G1Hs groups. Vitamin C was
employed as the ROS scavenger to counteract the potential effect of
ROS. As shown in Figure S8, after the addition of Vitamin C, the anti-
bacterial ability of Ti-ZnO was impaired a little, which indicated that the
generated ROS had antibacterial effect. In addition, the actual Zn?*
release amount of Ti-ZnO/G1Hjs group also showed better antibacterial
effect, compared with Ti-ZnO/G, Ti-ZnO/GsH;, and Ti-ZnO/G1H;
groups. This result helped us better understand the potential antibac-
terial mechanism of ZnO. Because the Zn?* release amount of Ti-Z-
n0O/G1Hs group showed comparable antibacterial effect with Ti-ZnO
group, it was reasonable to conclude that Zn?>* had a predominant
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Fig. 5. (A) Cell viability test of NIH/3T3 after incubating with different groups for 1, 4 and 7 days. (B) CTGF expression of NIH/3T3 after incubating with different
groups for 1, 4 and 7 days. (C) COL-I expression of NIH/3T3 after incubating with different groups for 1, 4 and 7 days. (D) Representative fluorescence images of COL-
I expression after incubating with different groups for 7 days. (E) The corresponding quantitative statistics of COL-I expression. (F) 3D cell morphology observation

after incubating with different groups for 7 days (*p < 0.05, **p < 0.01).
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antibacterial role. Moreover, ROS was also helpful to combat bacteria.
3.7. Fibroblast responses in vitro

Cyto-compatibility is important for the development of implantable
biomaterials. Fibroblasts undertake heavy roles in soft-tissue growth.
Accordingly, we focused on the influence of our samples on fibroblast
responses in the normal condition (with no bacterial contamination).
Firstly, the viability of NIH/3T3 cells cultured on different samples was
tested by CCK-8 assay. As shown in Fig. 5A, the Ti-ZnO group showed
the obvious cytotoxicity. After the addition of hydrogel coatings, the cell
viability could be largely improved. Especially after 7 days, the cell
viability of Ti-ZnO/GsH;, Ti-ZnO/G1H; and Ti-ZnO/G;Hs groups were
even significantly higher than that of the Ti group. It was worth noting
that except the Ti group, the cell viability of other groups after 4 days
exhibited a slight dropping compared with that of 1 day. Exactly, ZnO
had a significant negative influence on the cell viability of NIH/3T3 cells
and this negative effect was not fully reflected after 1 day. However, the
cell proliferation was greatly influenced as the cell viability after 4 days
was even lower than that of 1 day. This negative effect could be totally
covered even after 7 days as the cell viability of all groups showed a clear
increase. The cell viability was further directly observed by live/dead
staining. As shown in Figure. S9, the cells in the Ti-ZnO group were
obviously less than other groups and more dead cells were observed. The
other five groups had no clear difference. Although a few dead cells can
be found, the alive cells were still dominated and presented typical
spindle morphology, consistent with the CCK-8 assay.

Zinc is one of the most abundant trace elements in soft tissues and
undertakes pivotal physiological roles to regulate cell behaviors. Ac-
cording to the previous report [51,52], zinc could improve fibroblast
proliferation and participate in various protein synthesis processes. Zinc
is the key component of several functional molecules such as matrix
metalloproteinases, integrins and zinc finger related factors [53]. These
functional molecules are widely involved in physiological behaviors and
therefore, an appropriate concentration of zinc release may be beneficial
for soft tissue regeneration. Therefore, we tested several fibroblast be-
haviors after being incubated with different samples. First of all, we
focused on the expression of two important factors: CTGF and COL I.
CTGF is an important indicator of fibroblast functions (being activated
and participated in wound repair) and COL I secretion is one of the main
roles of fibroblasts. According to ELISA results (Fig. 5B and C), for the
intracellular amount of CTGF, all the CTGF amounts of the Ti-ZnO/G,
Ti-ZnO/G3Hj, Ti-ZnO/G1H; and Ti-ZnO/G;H3 were higher than the Ti
and Ti-ZnO groups after 1, 4, and 7 days, which indicated a clear ten-
dency that after the addition of hydrogel coatings, the expression of
CTGF was improved. Then for COL I, after 1 day, the groups of Ti-Z-
nO/GsHj, Ti-ZnO/G1H; and Ti-ZnO/G1Hs had the higher amounts than
the Ti, Ti-ZnO and Ti-ZnO/G group. After 4 days, only the groups of
Ti-ZnO/GsH;, Ti-ZnO/G1H; had the higher amounts than the Ti and
Ti-ZnO group. Then after 7 days, the COL I amount of the groups of
Ti-ZnO/G3Hj, Ti-ZnO/G1H; and Ti-ZnO/G1H3 were higher than that of
Ti and Ti-ZnO groups. These results indicated that the intracellular
amounts of CTGF and COL I were increased after the introduction of
hydrogel coatings. It was worth noting that although the Ti-ZnO group
presented a low cell viability, the expression of CTGF and COL I was not
significantly influenced. The potential explanation was the total
numbers of CTGF and COL I had been normalized by the amounts of
total protein. Therefore, although the cell viability of the Ti-ZnO group
was low, the expression of CTGF and COL I still showed comparable
results with other groups.

The COL-I expression of different groups was also observed by
immunofluorescence staining. As shown in Fig. 5D, the green region in
images represented the COL-I. According to the quantitative results
(Fig. 5E), The group of Ti-ZnO/G1Hs had the highest amount of COL I,
which was consistent with the result of the ELISA study.

At last, cell migration and infiltration were also significant for soft
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tissue regeneration. The hydrogel coating provides a huge advantage to
titanium in that it allows fibroblast ingrowth. Therefore, we further
explored the cytoskeleton spread and fibroblast ingrowth after being
seeded on different samples for 7 days. The cytoskeleton was stained by
Rhodamine-Phalloidin, and the Z-stack images were captured by CLSM
and remodeled in a 3D volumetric manner. As shown in Fig. 5F, for the
Ti group, the cells presented the typical 2D spread profile, with limited
ingrowth. For the Ti-ZnO group, because of the toxicity, the cytoskeleton
was hard to be observed. For the groups of Ti-ZnO/G, Ti-ZnO/G3sH, Ti-
Zn0/G1H; and Ti-ZnO/G1Hg, the cells showed clear 3D morphology and
the ingrowth depth could achieve 12, 20, 16 and 30 pm, respectively.
The increase proportion of HAMA in hydrogel coating can not only
accelerate its degradation, but also improve cell spread in a 3D manner.

In the normal condition, hydrogel coatings can effectively alleviate
the toxicity of ZnO and improve cell viability by modulating the Zn ion
release and reducing the direct contact between cells and ZnO. With the
proportion of HAMA increases, the degradation was faster and the
fibroblast ingrowth was promoted. In addition, the controlled Zn ion
release may also be helpful for the expression of several key factors of
fibroblasts.

3.8. Fibroblast viability test after the samples incubating with S. Aureus
solution

When S. aureus exists, the hydrogel coating had a higher degradation
rate, and Zn ion release was accelerated. More ZnO structure may also be
exposed. Therefore, it is necessary to validate whether the samples after
incubating with S. aureus are harmful to cell viability. Different samples
were incubated with S. aureus for 144 h firstly, then after being totally
sterilized, NIH/3T3 cells were seeded on the samples and cultured for
another 2 days. The cell viability was tested by CCK-8 assay. As shown in
Figure. S10, after 2 days, the Ti-ZnO group showed a significant lower
value than other groups and all the groups of Ti-ZnO/G, Ti-ZnO/GsH;,
Ti-ZnO/G1H; and Ti-ZnO/G1Hs had no statistical difference with Ti
group. Therefore, the samples after incubating with S. aureus had no
obvious cytotoxicity. We speculated that for the Ti-ZnO/G;H3 group,
most Zn ion and ROS had been already released in the first 7 days and
the surface feature had limited adverse effects on fibroblasts. For the Ti-
Zn0O/G, Ti-ZnO/G3H; and Ti-ZnO/G1H; groups, the Zn ion release was
slow, which also brought little adverse effects to fibroblasts.

3.9. Infection inhibition efficiency in vivo

Bacterial infections can not only induce several diseases, but also
destroy the natural organization of soft tissues and inhibit their regen-
eration. Biomaterials with the ability to inhibit bacterial infections and
improving soft tissue compatibility hold great significance. Therefore,
the infection inhibition efficiency and soft tissue compatibility were
tested in vivo (Fig. 6A). S. aureus was inoculated subcutaneously and the
groups of Ti, Ti-ZnO and Ti-ZnO/G1H3 were selected and placed. The
infection condition was then evaluated by the plate counting method
and histological staining. As shown in Fig. 6B, according to Giemsa
staining, after two days, the stained bacteria (yellow arrows) can be
observed in all three groups, but the amount of Ti-ZnO group was less
than the other two groups. After 7 days, the stained bacteria in all groups
had reduced but compared with Ti group, both the Ti-ZnO and Ti-ZnO/
G1Hj3 groups had the less numbers, indicating an effective antibacterial
ability. The result of H&E staining (Fig. 6B) was consistent with the
Giemsa staining. The inflammatory infiltration was reflected by the
numbers of neutrophils (green arrows). It was clear that after 2 days, a
large number of neutrophils was presented in all three groups, which
indicated the acute inflammatory response after bacterial infection and
sample placement. However, after 7 days, the numbers of neutrophils in
Ti and Ti-ZnO/G;H3 groups were significantly reduced. Massive stained
neutrophils could still be observed in the group of Ti-ZnO. Therefore, the
inflammatory response in the Ti-ZnO group was not well resolved even
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after 7 days.

Next, we quantitatively studied the antibacterial efficiency by
culturing the in vivo S. aureus of different groups on agar plates. As
shown in Fig. 6C and D, firstly, the Ti-ZnO group had a good antibac-
terial activity for both 2 and 7 days, as the S. aureus survival rates were
24.57% and 4.55%, respectively. In contrast, the groups of Ti and Ti-
Zn0/G1H3 did not show clear antibacterial activity after 2 days. How-
ever, after 7 days, the Ti-ZnO/G;H3 group exhibited comparable anti-
bacterial ability with the Ti-ZnO group, as the S. aureus survival rate was
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8.95%. Therefore, it could be speculated that the Ti-ZnO/G;Hs group
can effectively inhibit bacterial infection within 7 days. This result is
reasonable as the hydrogel coating plays a really important role: pos-
sessing the antibacterial ability and curbing inflammatory response
effectively.

3.10. Soft tissue compatibility in vivo

The in vitro experiments proved that the Ti-ZnO/G;Hs can not only
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avoid the toxicity of ZnO, but also positively regulate the fibroblast re-
sponses. Therefore, in animal studies, we hoped that the samples could
also be used to improve soft tissue compatibility. Firstly, the cell pro-
liferation and apoptosis in the surrounding tissues was detected, as both
inflammation and bacterial infection can influence cell growth and
survival. The Ki67 staining was used to reflect cell proliferation
(Fig. 7A). After 7 days, there was no obvious difference among all the
groups, but after 14 days, the stained regions in Ti-ZnO/G;Hj group
were much more than the other two experimental groups and the normal
group, which meant the Ti-ZnO/G1Hs group had a better environment
for cell growth and proliferation. Next, the TUNEL staining was also
deployed to study cell apoptosis. After 7 days, compared with the
normal group, all the experimental groups had many stained regions
because of the bacterial infection and inflammatory response. However,
after 14 days, Ti-ZnO/G1Hgs group was better than Ti and Ti-ZnO groups.
These results proved that compared with Ti and Ti-ZnO groups, the Ti-
Zn0/G1H3 group was more beneficial for cell growth and proliferation
in the surrounding tissues.

Subsequently, because bacterial infection and inflammation can
largely destroy soft tissue structure and collagen organization, collagen
deposition was further explored by Masson’s trichrome staining. As
shown in Fig. 7B, the collagen distribution of the Ti group was similar to
the normal. However, the collagen deposition in the Ti-ZnO group was
much lower than the other groups, which indicated an abnormal

Bioactive Materials 6 (2021) 4670-4685

condition of the tissue. The Ti-ZnO/G1Hj3 group had the best outcome,
which reflected a good soft tissue compatibility.

4. Conclusions

In this study, a nanoflowers-like ZnO structure was constructed on
titanium firstly, and an enzymatically-degradable coating tightly
adhered on it. The fabricated sample exhibited a self-adaptive ability to
possess both of remarkable antibacterial activity and soft tissue
compatibility. Under bacterial infection, the hydrogel coating was
degraded faster because of the HAase secreted by S. aureus. Then the
exposed ZnO presented effective antibacterial ability. Under normal
condition, the hydrogel coating was stable, and the toxicity of ZnO could
be perfectly reduced. The curbed Zn ion release further positively
regulated fibroblast behaviors. The in vivo studies also validated the
remarkable bacterial infection inhibition, and soft tissue compatibility
of the fabricated sample. The described enzymatically-degradable
coating on titanium reported a feasible, effective and potential method
to balance antibacterial activity and biosafety, which may have wider
applications in the future.
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