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Bacterial infection and lack of bone tissue
integration are two major concerns of orthopedic implants.
In addition, osteoinductivity often decreases and toxicity
may arise when antibacterial agents are introduced to
increase the antibacterial ability. Here hybrid ZnO/
polydopamine (PDA)/arginine-glycine-aspartic acid-cys-
teine (RGDC) nanorod (NR) arrays are designed and
prepared on titanium (Ti) implants to not only enhance the
osteoinductivity but also effectively kill bacteria simulta-
neously, which are ascribed to the selective physical
puncture and the biofunctionalization of ZnO/PDA/
RGDC nanorods during the competition between bacteria
and osteoblasts. That is, owing to the much larger size of
osteoblasts than bacteria, the hybrid NRs can puncture bacteria but not damage osteoblasts. Meanwhile, the
cytocompatibility can be enhanced through the suppression of both reactive oxygen species and higher Zn>* concentration
by the covering of PDA and RGDC. The in vitro results confirm the selective puncture of the bacterial membrane and the
better osteoinductivity. In vivo tests also show much higher antibacterial efficacy of the hybrid NRs with far less amounts of
lobulated neutrophils and adherent bacteria in the surrounding tissues. In addition, the hybrid NRs also accelerate
formation of new bone tissues (20.1% higher than pure Ti) and osteointegration between implants and newly formed
tissues (32.0% higher than pure Ti) even in the presence of injected bacteria. This work provides a surface strategy for
designing implants with desirable ability of osseointegration and infection prevention simultaneously, which will exhibit
tremendous clinical potential in orthopedic and dental applications.
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here are two major postsurgical complications after
orthopedic implantation, namely, infection and in-

sufficient bone tissue integration, and, consequently, August 8, 2017
implant loosening, fracture malunion or nonunion, and failure October 19, 2017
of the implants may result.' > Infection is commonly caused by October 19, 2017
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Scheme 1. Schematic illustration of balancing the bacteria—osteoblast competition on titanium modified with ZnO/PDA/

RGDC hybrid NR arrays in vivo.

bacteria adhesion and biofilm formation on the implant surface.
Being able to resist the host defense and antibiotics,” a mature
bacterial biofilm can render conventional therapies based on
systemic antibiotics ineffective because it has enhanced
tolerance to antibiotics and resists phagocytosis and other
components in the body’s defense system.””® In severe cases, a
second surgery is required to remove the implants, increasing
not only patient trauma but also health costs.”” Therefore, it is
necessary to endow artificial implant materials with effective
self-antibacterial ability, and various strategies such as anti-
biotic-loaded architectures, antimicrobial peptides, silver nano-
particles, and so on have been proposed.””’

Besides bacterial infection, inadequate bone tissue integra-
tion, or osseointegration, is another problem plaguing
orthopedic and dental implants.>'" Bioactive moieties including
growth factors, peptides, proteins, and ions have been used to
modify metallic implants to promote implant—bone inter-
actions by stimulating osteogenic differentiation to accelerate
interfacial bone regeneration.s’ll However, the self-antibacterial
ability and biocompatibility are sometimes contradictory
because cytotoxicity is often associated with the antibacterial
ability. Therefore, the key point is to allow sufficient osteoblast
growth while inhibiting bacteria, that is, balancing the race
between bacteria and osteoblasts. The adhesion of cells and
bacteria can be modulated by surface topography through
different structures.'”"> Because osteoblasts are roughly larger
than bacteria by over an order of magnitude in size, osteoblasts
and bacteria exhibit a great difference in the sensitivity to NR
arrays.

The surface of biomaterial incorporated with proper zinc can
stimulate initial cell adhesion, spreading, proliferation, osteo-
genic differentiation, bone formation, and mineralization in vitro
and in vivo.'"*">* Although it has been reported that
nanostructured ZnO has good antibacterial activity,”~>" there
is obvious cytotoxicity because a large concentration of Zn>*
produces adverse effects on cell growth and tissue formation,
and reactive oxygen species (ROS) can induce cell
apoptosis.””>° Hence, it is critical to control the release of
Zn*" and generation of ROS of nanostructured ZnO to balance
antibacterial activity and cytotoxicity. Polydopamine (PDA), an
important platform and stabilization agent in the fabrication of
diverse organic—inorganic materials with specific function-
alities, has excellent biocompatibility, biodegradation, and
hydrophilicity.””*® In addition, PDA has a strong antioxidant
effect to scavenge reactive free radicals.”® The reaction between
PDA and amine- and/or thiol-containing molecules favors
grafting of bioactive molecules.””** Similar to arginine-glycine-
aspartic acid (RGD), RGD-cysteine (RGDC) is effective in
improving attachment of many types of cells onto different
substrates and can engage and activate integrin adhesion
receptors on cells.*” Therefore, covalent immobilization of
RGDC peptide is a viable strategy to improve cell adhesion and
proliferation to enhance the osteogenic properties.”’™*

Herein, we describe a hybrid of ZnO/PDA/RGDC nanorods
(NRs) that is designed to balance the antibacterial activity and
cytotoxicity of biomedical implants through selective physical
puncture by hybrid ZnO NRs and the biofunctionalization of
ZnO/PDA/RGDC nanorods. The mechanism of balancing the
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Figure 1. (A) Schematic illustration of the fabrication process of the hybrid ZnO/PDA/RGDC NR arrays on Ti; FE-SEM images of (B) Ti-
ZnOs (scale bars = 100 nm), (C) Ti-ZnO, (D)Ti-ZnO/PDA, and (E) Ti-ZnO/PDA/RGDC; (E1) cross-sectional image of Ti-ZnO/PDA/
RGDC; (E2) elemental mapping of Ti-ZnO/PDA/RGDC (scale bars = 100 nm (inset figures = 1 gm)).

bacteria—osteoblast race on Ti modified with ZnO/PDA/
RGDC hybrid NR arrays in vivo is schematically illustrated in
Scheme 1. The ZnO NR arrays are modified by self-
polymerization of dopamine and covalent immobilization of
RGDC peptide, which is shown in Figure 1A, and the details of
sample names are summerized in Table S1. The biocompat-
ibility can be improved by reducing the amount of ROS
produced by ZnO through the radical scavenging of PDA. In
addition, the release concentration of Zn*" can be reduced via
the chelation between PDA and Zn*', further enhancing the
biocompatibility. The in vitro and in vivo results suggest that the
hybrid NR arrays possess effective self-antibacterial activity
against adherent S. aureus and E. coli as well as outstanding
osteogenic properties even in the presence of injected bacteria.

RESULTS AND DISCUSSION

Morphology and Structure. The ZnO seed layer (ZnOs)
prepared by atomic layer deposition (ALD) has uniform and
narrow particles with an average size of 20 nm (Figure 1B), and
the thickness of this layer is approximately 40 nm (Figure S1).
As shown in Figure 1C, the ZnO NRs exhibit a highly uniform
density and even spatial distribution. Most of ZnO NRs grow
along the near-perpendicular direction to the Ti substrate. The
inset image in Figure 1C reveals hexagonal rods (marked by a
red circle) with an average diameter of 100 nm. The deposition
of PDA leads to a relatively rough surface morphology, and the
hexagonal NRs disappear (Figure 1D) since the PDA film
covers the ZnO NRs. After covalent immobilization of RGDC
peptide (Figure 1E), the ZnO/PDA/RGDC NRs have an
average length of approximately 2 uym (Figure 1E1). The
elemental mapping image of Ti-ZnO/PDA/RGDC (Figure
1E2) corresponding to the inset area in Figure 1E shows an

even distribution of sulfur, thereby confirming the uniform
distribution of RGDC on the surface. The typical ZnO NR has
a diameter of about 100 nm and length of 2 um, and the
selected area electron diffraction (SAED) pattern reveals a
single-crystal hexagonal structure (Figure S2A).** The
morphology of Ti-ZnO/PDA and Ti-ZnO/PDA/RGDC is
shown in Figure S2B,C, respectively, the thickness of the PDA
layer is around 7—10 nm after self-polymerization, and the
modified RGDC does not change the thickness of layers.

Figure 2A shows the X-ray diffraction (XRD) patterns of Ti,
Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC.
Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC exhibit
diffraction peaks of (0 02), (10 3), and (2 0 2) in accordance
with the hexagonal wurtzite phase of ZnO.***> The dominant
diffraction peak at 34.4° is indexed to the (0 0 2) plane of the
wurtzite structure of ZnO, suggesting that the ZnO NRs grow
preferentially along the [0001] direction.****~** Ti-ZnO/PDA
and Ti-ZnO/PDA/RGDC show similar XRD patterns to Ti-
ZnO, indicating that grafting of PDA and RGDC does not alter
the phase structure of the ZnO NRs.

Figure 2B shows broad peaks at 3432 and 3363 cm ™' in the
FTIR spectra of Ti-ZnO/PDA and Ti-ZnO/PDA/RGDC
arising from amine N—H and O—H stretching, respectively.*”*’

The peak at 2924 cm™' corresponds to aliphatic C—H
stretching of CH,," and that at 1626 cm™" can be ascribed to
the overlap of C=C resonance vibration in the aromatic ring.
The C—C, C—0, and C—N regions are in the range between
1200 and 1500 cm ™" The characteristics are similar to those
in the spectrum of pure PDA (Figure S3A)."7° After
modification with the RGDC peptide, a broad peak at 1682
cm™! corresponding to the amide bond I of the peptide ligand
appears.”>>® The peak at 2590—2550 cm™' associated with
stretching of the S—H bond disappears, indicating that the
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Figure 2. (A) XRD patterns of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC; (B) FTIR spectra of Ti-ZnO/PDA and Ti-
ZnO/PDA/RGDC; (C) XPS survey spectra of Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC; elemental chemical composition and ratio
and S 2p peak of Ti-ZnO/PDA/RGDC, (C1) C 1s peak of Ti-ZnO/PDA, (C2) C 1s peak of Ti-ZnO/PDA/RGDC; (D) water contact angles
and photographs of water droplets on Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC. The error bars indicate means +

standard deviations: *P < 0.05 and ***P < 0.001 (¢ test).

RGDC molecules (Figure S3B) are covalently grafted onto
PDA because catechols in PDA can react with thiols and
amines in RGDC wvia Michael addition or Schiff base
reactions.””*® These results show that RGDC is immobilized
on the PDA-functionalized ZnO NRs, and the covalent
mechanism is schematically illustrated in Figure S4.

The survey X-ray photoelectron spectroscopy (XPS)
spectrum (Figure 2C) indicates that Ti-ZnO, Ti-ZnO/PDA,
and Ti-ZnO/PDA/RGDC contain Zn, C, N, O, and S (inserted
table). As shown in Figure 2C1,2, the C 1s peaks of Ti-ZnO/
PDA and Ti-ZnO/PDA/RGDC can be deconvoluted into five
subpeaks at 284.1, 284.6, 285.4, 286.3, and 287.7 eV
correspondin§ to C=C, C—C, C—N/C-S, C-0, and C=0,
respectively.”” The PDA-functionalized ZnO NRs show larger
N 1s content from 4.72% to 5.74% and smaller O 1s content
from 40.41% to 25.85% compared to Ti-ZnO (Figure 2C). The
nitrogen-to-carbon (N/C) ratio of 0.093 is close to the
theoretical N/C of 0.125 for dopamine,”””* implying that Ti-
ZnO is modified with PDA. Immobilization of RGDC is
confirmed by the larger N 1s peak from 5.74% to 10.84% and S
content from 0% to 1.19% compared to Ti-ZnO/PDA. Sulfur is
only observed from Ti-ZnO/PDA-RGDC (Figure 2C). The
result reveals that PDA and RGDC are immobilized onto the
Ti-ZnO substrate. Physical adsorption via weak noncovalent
bonds is unable to provide long-term bioactivity, leading to low
stability, molecular leakage, and uncontrolled desorption of

biomolecules in the physiological environment.'"**** In

comparison, strong anchoring of RGDC peptides on the
surface by covalent immobilization is more stable, resulting in
better cell attachment.

As shown in Figure 2D, the polished Ti substrate shows a
contact angle of 783 + 1.1°. It is 80.7 + 1.5° for Ti-ZnOs,
while after hydrothermal growth of the ZnO NR arrays, this
value increases to 140.2 & 1.2°. There are two main factors
regulating the surface wettability of ZnO NR arrays: surface
roughness and surface free energy.’® After coating with PDA,
the contact angle decreases to 89.9 + 3.9°,°% and since RGDC
molecules have a hydrophilic nature,” the contact angle on Ti-
ZnO/PDA/RGDC diminishes to 43.1 + 3.5°. Hence, PDA and
RGDC improve the wettability of the ZnO NRs surface,
converting it from being hydrophobic to being hydrophilic
without altering the morphology of the ZnO NR arrays
significantly. Wettability is an important property of bio-
materials because cell attachment, osteoblast differentiation,
bone formation, and so on are more likely to occur on
hydrophilic surfaces.””>"

In Vitro Zn lon Release Behavior and Related
Mechanisms. As shown in Figure 3A, the trend of Zn*'
released from Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/
RGDC is similar. The release is rapid in the first 9 days and
slows/stabilizes in subsequent months. In fact, Zn** release lasts
up to 90 days without initial burst release. As shown in Figure
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Figure 3. (A) Cumulative zinc ion release curves of Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC after immersion at 37 °C for 90 days;
(A1) short-term release; (B) pH values of the liquids corresponding to Al. Degradation of PDA: (C) UV—vis absorption spectra, (D)
corresponding photograph, (E) chemical degradation pathway of PDA by H,0, (chemical formula of R group presented in Figure SS); (F)
ESR spectra of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC; (G) 'H NMR spectra of PDA and PDA/ZnOj; (H) structure of

the Zn-PDA complex.

3A1, the cumulative released Zn>*" concentrations from Ti-ZnO,
Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC after 9 days are
1.229, 1.5513, and 1.33 mg/L, respectively. Owing to the
modification with PDA and RGDC, Ti-ZnO is expected to
show faster Zn>* release than Ti-ZnO/PDA and Ti-ZnO/PDA/
RGDC, but Ti-ZnO/PDA shows the largest Zn release under
the same conditions during incubation for 90 days, and the
mechanism will be discussed later in the paper.

As aforementioned, PDA has a strong antioxidant effect to
scavenge significantly ROS. Figure 3B shows the pH of the
liquids corresponding to Figure 3Al. As shown in Figure 3A1

and B, the Zn release rate increases with decreasing pH. Hence,
a more acidic condition accelerates the dissolution of ZnO,
inducing faster release of Zn*". The acidity is increased due to
oxidation-induced degradation of PDA, which can be caused by
generation of ROS and formation of carboxylic acid. As shown
in Figure 3C and D, PDA loses its absorbance in the presence
of Ti-ZnO, and this process is accompanied by color fading.
When PDA is treated with 1 mM H,0, as a positive control,
ROS such as *OH can be generated from the surface of ZnO,
and generation of ROS will be discussed in the following
section.”*>* After incubation with H,0, PDA undergoes
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Figure 4. (A) Fluorescent images of stained bacteria after treatment on various surfaces for S. aureus and E. coli (scale bars = 50 ym); (B) FE-
SEM morphology of S. aureus and E. coli seeded on the various surfaces (scale bars = 100 nm). Antibacterial activity of the different samples
through recultivated bacterial colonies on agar culture plates: (C) S. aureus and E. coli seeded on various surfaces at a concentration of 107
CFU/mL; percentage reduction: (D) S. aureus and E. coli recultured on agar after dissociation from the various surfaces. (E) Permeability of
bacterial membrane determined by ONPG hydrolysis assay. (F) Protein leakage analysis and (G) level of ATP from E. coli and S. aureus
treated with different samples. The error bars indicate means + standard deviations: *P < 0.05 and ***P < 0.001 (¢ test).

oxidation-induced degradation, forming carboxylic acid com- ESR (electron spin resonance) with spin trapping is an
pounds as shown in Figure 3E (the chemical formula of the R effective technique to identify and quantify short-lived free
group is presented in Figure S5A).***”% In this process, PDA radicals such as the hydroxyl radical (*OH), which can be used
consumes a part of *OH. to monitor generation of ROS in aqueous suspensions of nano
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Figure S. Antibacterial activity of Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC through percentage reduction: (A) S. aureus and E. coli
recultured on agar after dissociation from the various surfaces. (B) Cumulative zinc ion release curves of Ti-ZnOs/PDA/RGDC and Ti-ZnO/
PDA/RGDC after immersion at 37 °C for 1 day. (C) ESR spectra of Ti, Ti-ZnOs/PDA/RGDC, and Ti-ZnO/PDA/RGDC. (E) TEM images
of ultrathin section (about 70 nm) and the corresponding EDS of S. aureus and E. coli treated with Ti, Ti-ZnOs/PDA/RGDC, and Ti-ZnO/
PDA/RGDC (scale bars = 500 nm). The error bars indicate means + standard deviations: ***P < 0.001 (¢ test).

ZnO. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) is used to
verify generation of *OH and reaction with *OH to produce
DMPO-OH with a characteristic ESR spectrum of four lines of
1:2:2:1.%%% The peak intensity is proportional to the ROS
level, and generation of *OH by the nanometer-scale ZnO can
be ascribed to the high surface-to-volume ratio.”>* The wet
surface on ZnO NRs has numerous defect sites and empty
oxygen sites (oxygen vacancies), which can trap electrons.” As
shown in Figure 3F, Ti-ZnO has the largest number of *OH,
whereas Ti-ZnOs possesses the least number of *OH in the
experimental groups. Surface modification of ZnO NRs with
PDA and RGDC reduces significantly the amount of *OH

compared to Ti-ZnO. The PDA-functionalized ZnO NRs can
form carboxylic acid compounds, and this change consumes a
part of *OH produced by the ZnO NRs. Overproduction of
ROS generation can disrupt the cell membrane and induce
oxidative stress to cause leakage of cytoplasmic contents and
damage DNA as well as cellular proteins, leading to cell
death.*>°" In addition, tiny ROS have no negative effect on
physiological functions of cells.” Therefore, the cytotoxicity of
hybrid NR arrays will be minimized due to the comsuption of
the majority of ROS.

Coordination between Zn** and PDA exists on the hybrid
NR arrays. In order to elucidate the mechanism, the "H NMR
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spectra are shown in Figure 3G. The resonance of protons on
pyrocatechol shifts upfield by about 0.01 ppm (i.c., a, b, c peaks
in Figure 3G), suggesting that coordination occurrs on the
chelated site of pyrocatechol.”> The proposed structure of the
Zn-PDA complex is displayed in Figure 3H (the chemical
formula of the R’ group is presented in Figure SSB). PDA, an
efficient absorbent to remove Zn ions from the environment or
a living body, can bind to Zn®* via chelation. As mentioned
above, a large concentration of Zn>* can produce adverse effects
affecting cell growth and tissue formation.”’™** The bio-
functionalization of ZnO/PDA/RGDC nanorods presents
antibacterial activity and osteogenic properties. In this respect,
chelation can modulate the bioavailability of the released Zn**
to control the biocompatibility of both Ti-ZnO/PDA and Ti-
ZnO/PDA/RGDC.

Antibacterial Activity in Vitro. The bacteria viability is
qualitatively evaluated by the live/dead (green/red) staining
assay, and the corresponding fluorescent images are shown in
Figure 4A. Compared to pure Ti, the surface coverage on the
modified samples is significantly lower, suggesting an
antiadhesion effect of hybrid NRs on S. aureus and E. coli.
Moreover, more red spots can be observed from Ti-ZnOs, Ti-
ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC, indicating
more dead bacteria and fewer living bacteria. Ti-ZnO shows
no green spots and the best antibacterial ability. Furthermore,
the morphology of the adherent S. aureus and E. coli after
incubation for 12 h is examined by field emission scanning
electron microscopy (FE-SEM) in Figure 4B. S. aureus is
spherical on Ti, but irregular or completely lysed on Ti-ZnOs,
Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC surfaces
(red arrow). Similarly, compared to E. coli on Ti, E. coli
becomes corrugated and distorted or is even partly lysed on Ti-
Zn0Os, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC (red
arrow).

The contact-killing antibacterial activity against adherent S.
aureus and E. coli of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and
Ti-ZnO/PDA/RGDC is evaluated by the bacteria counting
method, in which the adherent bacteria are detached from the
samples and recultured on agar plates (Figure 4C). Compared
to pristine Ti, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/
RGDC show inhibited growth of bacteria cells in Figure 4D. Ti-
ZnOs shows the lowest antibacterial activity with antibacterial
rates of 65.5 + 8.3% against S. auerus and 55.4 + 7.3% against
E. coli. After hydrothermal growth of the ZnO NR arrays, Ti-
ZnOs shows the highest antibacterial effects, with antibacterial
rates of 98.7 + 0.1% against S. auerus and 99.9 + 0.1% against
E. coli. Ti-ZnO displays greater bacterial killing effeciency than
Ti-ZnO/PDA (85.6 + 5.4% for S. auerus and 89.6 + 1.4% for E.
coli) and Ti-ZnO/PDA/RGDC (72.2 + 3.2% for S. auerus and
74.7 + 4.8% for E. coli). The results of the bacteria counting
analyses are consistent with live/dead staining discussed above.
The contact-killing of bacteria can be further confirmed
through examining the bacterial membrane penetrability using
o-nitrophenyl-f-p-galactopyranoside (ONPG). ONPG can
penetrate the bacterial membrane and react with the intra-
cellular enzyme p-p-galactosidase to form yellow-colored o-
nitrophenol when the bacterial membrane is damaged.®> The
permeability of the bacterial membrane significantly increases
after exposure to Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/
RGDC (Figure 4E). Simultaneously, the protein leakage and
adenosine triphosphate (ATP) level from bacteria show the
same trendency as the permeability of the bacterial membrane
(Figure 4F and G), indicating that the antibacterial activity of

Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC against S.
aureus and E. coli results from bacterial membrane damage,
protein leakage, and the decrease in ATP level.

Antibacterial Mechanism. The above results reveal that
the contact-killing antibacterial activity of Ti-ZnO/PDA and Ti-
ZnO/PDA/RGDC against adherent bacteria and the anti-
bacterial rate decreases slightly compared to the uncoated ZnO
NRs. The antibacterial mechanisms of ZnO NRs have three
aspects.”*"**** (a) ROS (Figure 3F) such as *OH are
generated and two OH radicals can be recombined to form
hydrogen peroxide (H,0,), which disrupts the cell membrane
(Figure 4E), causing leakage of cytoplasmic contents (Figure
4F and G), DNA damage, and cell death. (b) Zinc ions (Figure
3A) from the ZnO NRs can penetrate cell membranes (Figure
4E) to inhibit active transport and metabolism of sugar and
disrupt metal ion homeostasis and enzyme systems when the
concentration reaches a specific level. (c) ZnO NRs penetrate
the bacterial cell wall, inducing loss of membrane integrity and
subsequent death. The vertically aligned structure of the ZnO
NR arrays with a diameter less than 100 nm provides fewer
anchoring sites and reduces the contact area between the
materials surface. So the cell wall of bacteria can be physically
punctured. However, the PDA-functionalized ZnO NRs can
decrease the amount of *OH compared to Ti-ZnO (Figure 3B
to F). Furthermore, PDA can bind with Zn** (Figure 3G and
H), and the bioavailability of Zn®* can be decreased to reduce
the toxicity. As a result, the antibacterial rate decreases slightly
after surface modification of ZnO NRs with PDA and RGDC,
implying that the physical puncture of bacteria by hybrid NR
arrays should be predominant.

To prove the antibacterial mechanism of hybrid NR arrays,
Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC are com-
pared. The amounts of S. aureus on Ti-ZnOs/PDA/RGDC and
Ti-ZnO/PDA/RGDC are reduced by 25.1 + 1.2% and 72.2 +
3.2%, respectively, and those of E. coli decrease by 26.0 + 2.9%
and 74.7 + 4.8%, respectively (Figure SA and Figure S6).
Furthermore, the trendency of Zn** release (Figure 5SB) and the
generation of ROS (Figure SC) from Ti-ZnOs/PDA/RGDC
and Ti-ZnO/PDA/RGDC are similar, suggesting that Zn>*
release and generation of ROS have small antimicrobial
efficiency, and the physical puncture by the Ti-ZnO/PDA/
RGDC plays a predominant role in contact-killing antibacterial
activity against adherent bacteria, which can be proven by the
section of bacteria cultured on the surface of samples. As shown
in Figure SD, in the case of both Ti and Ti-ZnOs/PDA/RGDC
groups, TEM images show the normal structures of bacteria,
i, regular shapes with intact bacterial membrane. Energy
dispersive spectroscopy (EDS) detection shows no signal of Zn
in bacteria on pure Ti, while a small amount of Zn*" penetrates
into the bacteria on Ti-ZnOs/PDA/RGDC. This is why the
former has no antibacterial activity, while the latter exhibits
antibacterial efficacy of 25.1 + 1.2% and 26.0 & 2.9% against S.
aureus and E. coli, respectively; that is, the released Zn?* can kill
bacteria a little bit. In contrast, the membranes of two kinds of
bacteria on Ti-ZnO/PDA/RGDC are severely damaged and
have obvious cytoplasm leakage, in accordance with quantita-
tive analysis of protein leakage (Figure 4F and G), which is
caused by the direct puncture by needle-like NRs (Figure SD,
red arrows). In addition, EDS spectra show that Zn content in
bacteria on Ti-ZnO/PDA/RGDC is higher than that on Ti-
ZnOs/PDA/RGDC. This is why Ti-ZnO/PDA/RGDC ex-
hibits much higher antibacterial efficacy than Ti-ZnOs/PDA/
RGDC; that is, the synergistic action of both physical puncture
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Figure 6. (A) Fluorescent images of MC3T3-El cells cultured on different samples for 24 h with F-actin stained with FITC (green) and nuclei
stained with DAPI (blue) (scale bars = 50 gm); (B) MTT assay of cell viabilities cultured in the medium with different samples after 1, 3, and
7 days; (C) specific ALP activities of MC3T3-El osteoblasts cultured in the medium with different samples after 1, 3, and 7 days; (D)
quantitative measurement of the Alizarin Red staining after 7 and 14 days; quantification of the osteoblast-related gene expressions of (E)
ALP, (F) RUNX2, and (G) OCN on Ti, Ti-ZnO, and Ti-ZnO/PDA/RGDC using normalization against a ff-actin reference on the 7th and
14th day. The error bars indicate means + standard deviations: *P < 0.05, **P < 0.05, and ***P < 0.001 (¢ test).

by NRs and released Zn*" plays the key role in bacteria-killing.
The SAED patterns obtained from these needle-like NRs
confirm that they are single crystallized ZnO NRs, which is well
in accordance with the pattern shown in Figure S2A. The cross-
sectional view also confirms the physical puncture of bacteria by
ZnO NRs; that is, both S. aureus and E. coli are irregular,
corrugated, and lysed on the Ti-ZnO/PDA/RGDC surface
(Figure S7, red arrows). Osteoblasts and bacteria exhibit a great
difference in the sensitivity to NR arrays because osteoblasts are
roughly over an order of magnitude larger than bacteria in size.
In contrast osteoblasts on Ti-ZnO/PDA/RGDC show excellent
cell adherence and abundant cell spreading from the cross-
sectional view in Figure S8. In vitro cytocompatibility evaluation
will be discussed below in detail.

Cell Morphology. As shown in Figure 6A, the cell
morphology, cell adhesion, and spreading activity are examined
by staining with FITC and DAPI to visualize the F-actin and
nuclei, respectively. After culturing for 1 day, the cells spread
poorly on Ti-ZnOs and Ti-ZnO, exhibiting a spherical
morphology without filopodia extensions. In comparison, Ti-

ZnO/PDA promotes cell extension and Ti-ZnO/PDA/RGDC
shows improved cell spreading. Most of the cells on Ti-ZnO/
PDA/RGDC have a polygonal shape with a large number of
filopodia and lamellipodia, suggesting that Ti-ZnO/PDA/
RGDC favors growth and proliferation of osteoblasts without
appreciable cytotoxicity. Similar to the fluorescent morphology,
Ti-ZnOs and Ti-ZnO have low affinity to osteoblasts and the
osteoblasts show a spherical morphology (Figure S9), while the
attached cells grow well on Ti-ZnO/PDA/RGDC. The
polygonal shape reflects good cell adherence and abundant
cellular extension, indicating that Ti-ZnO/PDA/RGDC can
promote bone cell adhesion and growth.

Cell Viability. Figure 6B shows the viability of MC3T3-E1
osteoblasts on Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-
ZnO/PDA/RGDC. Throughout the incubation periods (1, 3,
and 7 days), Ti-ZnO exhibits the largest cell toxicity with less
than 60% viability compared to pure Ti. With the PDA coating,
the cell toxicity decreases significantly, and after covalent
immobilization of RGDC peptide, the cell viability increases
further to a level much higher than pure Ti. Adhesion and
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Figure 7. H&E staining (scale bars = 50 gm) and Giemsa (scale bars = S gm) staining images showing the infection degree of the soft tissue

and bone after 2 weeks and 4 weeks postsurgery.

proliferation of osteoblasts on the ZnO NRs modified by PDA
and RGDC are improved compared to bare ZnO NR arrays.
After incubation for 3 days, the samples reveal definite cell
toxicity compared to pure Ti. As the incubation time is
increased, the cell toxicity increases slightly in comparison with
the control due to the continuous release of Zn** (Figure 3A1).
In general, Ti-ZnO/PDA/RGDC shows the lowest cell toxicity.
To further investigate the cytotoxicity of Zn®' in this
concentration range, the final extracted liquid after 1 day was
chosen for a control experiment. After 1 day release, the
extracted liquids of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and
Ti-ZnO/PDA/RGDC are cultured with cells for 1 day. As
shown in Figure S12, the cell viabilities of Ti, Ti-ZnOs, Ti-
Zn0O, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC are decreased
compared to the corresponding results shown in Figure 6B
because the final Zn®>" concentration of the extracted liquids
after 1 day release is maximum for another 1 day incubation.
However, the cell viabilities in Ti-ZnO/PDA (82.3%) and Ti-
ZnO/PDA/RGDC (87.4%) are still much higher than that in
Ti-ZnO (49.1%), confirming that the cytotoxicity of Zn*" of Ti-
ZnO can be significantly reduced through combination with
PDA. Generation of ROS and the bioavailability as well as
toxicity of Zn>* impact the cell viability. Since PDA has a strong
antioxidant effect to scavenge significantly ROS, generation of
ROS (Figure 3F) is apparently suppressed, and so the
cytotoxicity of ZnO is decreased after surface modification
with PDA. Moreover, tiny ROS have no negative effect on
physiological functions of cells.”’ In addition, an excess
concentration of Zn** can produce adverse effects on cell
growth and tissue formation, but the coordination between
Zn** and PDA on the chelated sites of pyrocatechol (Figure 3G

and H) can modulate the bioavailability of the released Zn>" to
control the biocompatibility of both Ti-ZnO/PDA and Ti-
ZnO/PDA/RGDC. Namely, PDA binds with Zn** to reduce
bioavailability and toxicity of Zn** (Figure 3G and H), and thus
the biocompatibility is enhanced. Therefore, although the
amounts of released Zn>* from Ti-ZnO/PDA and Ti-ZnO/
PDA/RGDC are larger than that from Ti-ZnO during
phosphate-buffered saline (PBS) immersion (Figure 3A1), the
cell viability of Ti-ZnO/PDA and Ti-ZnO/PDA/RGDC is
much higher than that of Ti-ZnO.

Alkaline Phosphatase (ALP) Activity. Figure 6C presents
the specific ALP activities of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/
PDA, and Ti-ZnO/PDA/RGDC after 3, 7, and 14 days.
Throughout incubation (3, 7, and 14 days), Ti-ZnO exhibits
the lowest ALP activity. After coating with PDA and covalent
immobilization of the RGDC peptide, the ALP activity
increases gradually, and the maximum specific ALP activity of
Ti-ZnO/PDA/RGDC is observed on day 14 (75.0 + 12.0 U/g
protein). In general, the ALP activities of all the samples
increase gradually with time, and Ti-ZnO/PDA/RGDC shows
excellent osteogenic differentiation and improved cell adhesion
and proliferation. Zn-implanted biomaterials can regulate initial
cell adhesion, spreading, proliferation, and osteogenic differ-
entiation to promote new bone formation in vitro and in
vivo."*~** With respect to the hybrid NRs described here, the
appropriate concentration of released Zn>* enhances osteogenic
differentiation for over 90 days without showing initial burst
release (Figure 3A), and PDA can bind with Zn** (Figure 3G
and H). Meanwhile, RGDC is effective in promoting cell
attachment and integration with surrounding tissues to facilitate
cell attachment.*
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Figure 8. (A) Micro-CT 2D and 3D images of new bone formation around the Ti and Ti-ZnO/PDA/RGDC implants in the rabbit femur 4
weeks after implantation; (B) quantitative measurement of micro-CT 3D images of bone remodeling; (C) histological characteristics at the
bone—implant interfaces stained with Van Gieson’s picro fuchsin (scale bars = 200 and 100 gm); (D) new bone area rate and bone—implant
contact from the histomorphometric measurements. The error bars indicate means + standard deviations: *P < 0.05, **P < 0.05, and ***P <

0.001 (t test).

Matrix Mineralization and Osteogenesis-Related
Gene Expression. To further analyze osteogenic differ-
entiation, the extent of extracellular matrix (ECM) mineraliza-
tion is evaluated after 7 and 14 days in osteogenic medium
extracts (Figure S10). The highest level of mineralization is
observed from Ti-ZnO/PDA/RGDC, followed by Ti and Ti-
ZnO/PDA. Quantitative measurement of mineralization
confirms the results (Figure 6D). The real-time quantitative
polymerase chain reaction (RT-QPCR) analysis on the seventh
and 14th day (Figure 6E to G) show that Ti-ZnO/PDA/
RGDC promotes the expression of ALP (marker of osteoblast
differentiation), RUNX2 (master transcription factor for
osteoblast differentiation), and OCN (later marker of
osteoblastic differentiation) compared to pure Ti. Ti-ZnO
exhibits lower gene expressions of ALP, RUNX2, and OCN.
Zn-implanted biomaterials can significantly regulate osteogenic

differentiation and promote new bone formation by enhancing
the gene expressions of ALP, RUNX2, and OCN.*>"** The
results verify further that Ti-ZnO/PDA/RGDC enhances
osteogenic differentiation compared to Ti.

In Vivo Rabbit Femur Implantation Model. According
to the above results of antibacterial activity and outstanding
osteogenic properties in vitro, Ti-ZnO/PDA/RGDC is selected
for the in vivo study. The Ti-based implants are inserted into
the femur of adult male New Zealand white rabbits (Figure
S11A, black arrow) accompanied by injection of S. aureus to
simulate implant-associated infection. The X-ray image (Figure
S11B, black arrow) and photograph (Figure S11C, black arrow)
show the implant position after 4 weeks.

In Vivo Antibacterial Ability. The tissues surrounding the
implants are susceptible to exogenous infection during
perioperation.”* A large number of neutrophils in the soft
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tissue and bone reflects bacterial infection because neutrophils
migrate rapidly from circulating blood to infected sites in
response to infection.”* Many lobulated neutrophils of
hematoxylin and eosin (H&E) staining (red arrow in Figure
7) can be observed from the soft tissue and bone surrounding
the implants of the pure Ti group, indicating severe bacterial
infection. In comparison, the number of neutrophils of Ti-
ZnO/PDA/RGDC is less than that of pure Ti, and the majority
of the cells are normal (Figure 7), suggesting relatively minor
infection and effective antibacterial ability of Ti-ZnO/PDA/
RGDC in vivo. The amounts of adherent bacteria in the soft
tissues and bone around the implants are observed by Giemsa
staining (black arrow in Figure 7). Compared to pure Ti, the
amount of bacteria of Ti-ZnO/PDA/RGDC decreases
significantly to verify the antibacterial ability of Ti-ZnO/
PDA/RGDC in vivo. In conclusion, the in vivo antibacterial
assay is in good agreement with in vitro antibacterial evaluation
(Figure 4).

Micro-CT Evaluation of Bone Formation. The newly
formed bone is monitored by microcomputed tomography
(CT) and histopathological evaluation after 4 weeks. Because
metal CT artifacts may obscure or simulate pathology, three
different cylindrical areas 1.5 mm in diameter and 1 mm thick
on both side of the implant surfaces in contact with cancellous
bone are chosen as the volume of interest and quantitatively
analyzed (Figure 8B) in order to lower the radiation dose and
reduce errors.”” The 2D and 3D images reconstructed by
micro-CT of the newly formed bone on the Ti and Ti-ZnO/
PDA/RGDC implants are presented in Figure 8A. The red
arrow in the 2D image and yellow color in the 3D image mark
new bone formation. Ti-ZnO/PDA/RGDC shows significantly
more newly formed bone tissues (Obj.V (object volume)/TV
(tissue volume) = 36.64 = 3.07%) than Ti (Obj.V/TV = 25.96
+ 0.72%), as shown in Figure 8B.

Histopathological Evaluation. The bone—implant inter-
faces of the histological sections are examined by Van Gieson’s
picro fuchsin staining to study osseointegration through the
mineralized bone tissue (red in color) for bone histology. After
4 weeks, a larger newly formed bone area (red in color) and
bone—implant contact can be observed from Ti-ZnO/PDA/
RGDC (83.5% and 79.6%, respectively) compared to Ti
(63.4% and 47.6%, respectively) (Figure 8C and D), indicating
that Ti-ZnO/PDA/RGDC enhances the bone density and
bone contact to promote rapid osseointegration in the early
stage. Zn-implanted biomaterials have been found to have
superior bone integration in direct contact form and can
accelerate osseointegration.'” ™' Consequently, osteogenesis
and osseointegration at the bone—implant interfaces are
accelerated because Zn>* release from the hybrid NR arrays is
continuous and steady for up to 90 days and plays a crucial role
in the osteogenic properties in vivo (Figure 3A).

In Vivo Toxicology. The in vivo toxicology was examined
by the corresponding histological analyses of major organs
including the liver, spleen, kidney, heart, and lung by H&E
staining and serum aspartate transaminase (AST) and alanine
aminotransferase (ALT) related to live enzyme after 2 weeks.
In Figure S13A, no significant differences in the control (no
treatment), Ti, and Ti-ZnO/PDA/RGDC can be found.
Meanwhile, no sign of organ damage can be observed,
suggesting no apparent histological toxicology. In addition,
the levels of serum AST and ALT related to live enzyme are
within the normal ranges of New Zealand white rabbits.””’
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From the above results, the bone implant of Ti-ZnO/PDA/
RGDC fulfills the following criteria: (a) biocompatibility to
induce cell attachment, differentiation, and proliferation; (b)
osteoconduction and osteoinduction; (c) biodegradability of
modified coatings at an appropriate rate; (d) self-antibacterial
ability to inhibit the growth of pathogens. However,
antibacterial ability and osteogenic differentiation are hard to
achieve together in many strategies of implant surface
modification.*®®” Therefore, balancing the bacteria—osteoblast
competition through selective physical puncture and the
biofunctionalization of ZnO/PDA/RGDC nanorods can allow
sufficient osteoblast growth while inhibiting bacteria, which is
more appropriate for implant surface modification.

CONCLUSION

A simple and effective way to fabricate hybrid ZnO/PDA/
RGDC NRs is described, and the related mechanism is
systematically illustrated in the bacteria—osteoblast “race”
through selective physical puncture and the biofunctionaliza-
tion of ZnO/PDA/RGDC nanorods. The cooperation of
selective physical puncture and zinc ions of the hybrid NRs
results in effective antibacterial activity as well as excellent
osteoinductivity because PDA can bind with Zn** to promote
cytocompatibility and has a strong antioxidant effect to
scavenge significantly ROS to minimize possible cytotoxicity.
The in vitro and in vivo results reveal that the hybrid NRs
possess contact-killing antibacterial activity against adherent S.
aureus and E. coli as well as outstanding osteogenic properties
to enhance the formation of new bone tissues. This platform is
widely applied for not only medical implants but also medical
devices or medical facilities, such as heart valves, artificial knees,
catheters, and vascular grafts to prevent colonization of bacteria
on surfaces. The design of 1D hybrid NRs involved in
antibacterial therapy, osteointegration, and tissue engineering
will bring more insight and understanding to multidisciplinary
applications.
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1. EXPERIMENTAL SECTION

1.1 Materials

The medical pure Ti was purchased from Baosteel Group Corp, Shanghai China. Zinc
nitrate hexahydrate (Zn(NOs),*6H,0), hexamethylenetetramine (HMTA, C¢H;,Ny),
ethanol, and acetone were acquired from Sinopharm Chemical Reagent Co. (China).
Dopamine hydrochloride was bought from Aladdin Industrial Co. (China) and RGDC

peptide from GL Biochem (Shanghai) Ltd.

1.2 Physical polishing treatment of Ti surface

The medical pure Ti with 6 mm diameter and 2 mm thick was employed as substrates.
The substrates were mechanically polished with SiC sandpaper (grain sizes from #240
to #2400) and ultrasonically cleaned for 15 min in acetone, ethanol, and deionized

water sequentially to remove contaminants.

1.3 ZnO seed layer deposition by ALD

The ZnO seed layer with a thickness of about 40 nm was deposited on the Ti substrate
by atomic layer deposition (ALD, F-100-41, MNT Micro and Nanotech Co., LTD,
Wuxi, China) using diethyl zinc (DEZ, (C;Hs),Zn) and H,O as the precursors for zinc
and oxygen, respectively. The substrate temperature was maintained at 100 °C during
deposition. Each cycle consisted of precursor exposure and N, purging following a
sequence of HyO:N;:DEZ:N; with the corresponding duration of 0.1:20:0.1:20 s. The
purging gas was at a pressure of 40 Pa. The reaction was repeated 300 cycles to obtain
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the ZnO films.

1.4 Hydrothermal growth of ZnO NR arrays

After ALD, the seeded Ti substrates were suspended upside down in a Teflon-lined
stainless steel autoclave filled with an equimolar aqueous solution (0.025 M) of
Zn(NO3),*6H,0 and HMTA at 90 °C for 6 h as described previously.'? After the
reaction, the autoclave was cooled down naturally to room temperature and the
substrates were washed repeatedly with deionized water and dried in air at room

temperature.

1.5 PDA coating
The samples of Ti-ZnO were immersed in 2 mg/mL dopamine hydrochloride in 10
mM Tris-HCI buffer (pH 8.5) for 12 h in darkness at room temperature.’ The coated

surfaces were rinsed with deionized water and dried in air at room temperature..

1.6 Covalent immobilization of RGDC peptide
The samples of Ti-ZnO/PDA were immersed in 2 mg/mL RGDC peptide solution in
PBS (pH 7.4) for 12 h at room temperature. The samples of Ti-ZnO/PDA/RGDC were

rinsed repeatedly with deionized water and dried in air at room temperature.

1.7 Surface characterization
The surface morphology and cross-section of the samples were observed by FE-SEM

54



(JSM7100F, JEOL, JP) equipped with energy-dispersive spectroscopy (EDS) and
SEM (JEOL-820 and JSM6510LV). A transmission electron microscope (TEM;
Tecnai G20, FEI, USA) equipped with selected area electron diffraction (SAED) was
employed to examine the microstructure and crystal structure of the ZnO NR. The
crystal structure was investigated by XRD (D/MAX-IIIC, Rigaku) using Cu K,
radiation (A = 0.15406 nm) at 40 kV and 30 mA. The diffraction angle (20) was
ranged from 20° to 80° with a step size of 0.02°. To determine the chemical
composition and functional groups in the coatings, FTIR (Nicolet570) was performed
in the wave number range of 4000-450 cm™'. The powders were scraped with a blade
from the surface of the samples and ground with dehydrated KBr. The mixtures were
squeezed in a mold to produce disks for FTIR analysis. The surface elemental
composition was determined by XPS (Escalab 250Xi). The water contact angles were
measured on a JC2000D contact angle system (POWEREACH, China) at ambient
temperature. Deionized water was utilized as the medium and three samples were

measured for each group for statistical accountability.

1.8 Zn*" release into PBS

Inductively-coupled plasma atomic emission spectrometry (ICP-AES; Optimal 8000,
Perkin Elmer, US) was applied to analyze the release behavior of Zn ion. Three Ti
plates of each experimental group were immersed in 5 mL of PBS at 37 °C in
darkness for 13 weeks and the entire volume was collected at regular time intervals
and 5 mL of fresh PBS were refilled accordingly.
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1.9 UV-vis absorption spectrophotometry

Dopamine hydrochloride in 10 mM Tris-HCI buffer (pH 8.5) was reacted with the
samples of Ti-ZnO or 1 mM H,O; for 12 h in darkness at room temperature. The
UV-vis absorption between 500 nm and 1000 nm was measured on a microplate

reader (SpectraMax I3MD USA).

1.10 Nuclear magnetic resonance (NMR)

NMR was performed in D,O. The sample of Ti-ZnO was immersed in 2 mg/mL
dopamine hydrochloride at pH of 8.5 adjusted by NaHCO; for 12 h in darkness at
room temperature and named ZnO/PDA as the experimental group. 2 mg/mL
dopamine hydrochloride with a pH of 8.5 adjusted by NaHCO; was reacted for 12 h
in darkness at room temperature and named PDA as the control group. The
supernatant was collected and used to the 'HNMR spectra were recorded on a UNITY

INVOA 600 MHz spectrometer (Varian, USA).

1.11 Electron spin resonance (ESR)

The electron spin resonance (ESR) spectra were recorded on a JES-FA200
spectrometer. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) (Sigma) was used for
trapping -OH. The samples of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA,
Ti-ZnO/PDA/RGDC and Ti-ZnOs/PDA/RGDC were immersed in 100 mM DMPO at
ambient temperature without light illumination. The measurements were repeated
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three times for each sample. The ESR measurement was carried out at a frequency of

8.93 GHz, sweeping time of 30 s, time constant of 0.03 sec, and power of 3 mW.

1.12 Evaluation of antibacterial activity in vitro

The in vitro antibacterial activity against gram-positive S. aureus and gram-negative E.
coli was assessed by bacteria counting method, Live/Dead staining and FE-SEM. The
bacteria were cultured in the standard Luria—Bertani (LB) culture medium. The
samples were placed on a 48-well plate and 400 pL of the bacterial suspension (10’
CFU/mL) were added to each well. The samples were incubated in the medium and
placed in an orbital shaker at 200 rpm at 37 °C for 12 h with E. coli or S. aureus.
Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC constituted the
experimental groups and pure Ti was the control group. Three parallel samples from
each group were used in the antibacterial test. In the bacteria counting method, after
incubation at 37 °C for 12 h, the samples were collected and in 1 mL of sterile PBS.
The bacteria adhered to the Ti disks were dislodged by sonication for 1 minute in an
ultrasonic bath operated at 50 Hz. The dissociated bacteria suspension was diluted
10000 times for S. aureus and 100 times for E. coli with sterile PBS. 20 pL of the
diluted bacteria suspension were plated on standard Luriae-Bertani (LB) agar and
incubated at 37 °C for another 24 h. The active bacteria were counted according to the
National Standard of China GB/T 4789.2 protocol and the antibacterial ratio was

calculated by the following formula:

A-B

x100%
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where A is the average number of bacteria colonies on the control group (Ti samples,
CFU/sample) and B is the average number of bacteria colonies on the experimental
samples (CFU/sample).®” Prior to fluorescence observation, the samples were stained
with Live/Dead Bacterial Viability Kit. The bacteria on the samples were qualitatively
examined by FE-SEM. Briefly, after incubation at 37 °C for 12 h, the samples were
collected and immersed in a 2.5% glutaraldehyde solution for 2 h. Afterwards, the
samples were rinsed with sterile PBS twice and serially dehydrated using a series of

ethanol solutions (30, 50, 70, 90 and 100% v/v) for 15 min sequentially.

The permeability of bacterial membrane was defined following the
o-nitrophenyl-B-D-galactosidase (ONPG) assay kit procedure (Cayman Chemical
Company, Ann Arbor, MI). The protein concentration of bacteria was investigated by
an Enhanced BCA Protein Assay Kit (cat# P0010; Beyotime, Jiangsu, China). The
level of bacterial ATP was determined with the firefly luciferase method using an

Enhanced ATP Assay Kit (cat# S0027; Beyotime).

S. aureus and E. coli were inoculated with Ti-ZnOs/PDA/RGDC and
Ti-ZnO/PDA/RGDC at 37 °C for 12 h. The samples were fixed with 2.5%
glutaraldehyde for 2 h and postfixed with 1% of osmic acid at 4 °C for 2 h, and
washed three times with PBS. The samples were dehydrated through a concentration
series of ethanol (50%, 70%, 80%, 90% and 95% for 15 min each, 100% for 15 min
twice). Then, the samples were embedded and cut into ultrathin sections between 60
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nm and 80 nm, and stained with 2% uranium acetate and lead citrate for 15 min each.

After drying, the sections were observed by TEM.

1.13 In vitro cytocompatibility evaluation

1.13.1 Cell morphology

The cell morphology was observed by fluorescence microscopy (IFM, Olympus, 1X73)
and SEM. The samples were placed on a 48-well plate and 400 pL of the cell
suspension (5 x 10* cells/cm?) were added to each well and cultured for 1 day. After
incubation for 1 day, the samples were rinsed with sterile PBS three times and fixed in
4% formaldehyde at room temperature for 10 min, followed by rinsing with sterile
PBS. They were then stained with FITC (YiSen, Shanghai) for 30 min in the dark
environment, rinsed with sterile PBS three times, and further stained with DAPI
(YiSen, Shanghai) for 30 s, rinsed with sterile PBS three times. The same SEM

procedures described above were adopted to observe bacteria by FE-SEM.

1.13.2 In vitro cytotoxicity evaluation

The MTT assay was utilized to determine the cytotoxicity to cells by measuring the
osteoblast viability. 5 x 10* cells/em® MC3T3-E1 pre-osteoblasts were cultured in
dulbecco’s modified eagle medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS), 1% penicillin, and 1% amphotericin at 37 °C in an atmosphere
of 5% CO; and 95% air. The following five groups of samples were tested: Ti,
Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC. The medium was changed
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every three days. The samples were placed on a 48-well plate and 400 uL of the cell
suspension (5 x 10* cells/cmz) were added to each well. After incubation for different
time periods (1 day, 3 days and 7 days), 0.5 mg/mL MTT (Aladdin Reagent Co.,
China) was added. After incubating with MTT for 4 h, the MTT solution was removed
and 200 pL of DMSO were added to dissolve the crystals under vibration for 10 min.
Finally, the absorption at 570 nm was measured on a microplate reader (SpectraMax
I3MD USA) and the cell viability in comparison to the control was determined from
the absorbance readings. The cell viability (%) was calculated by comparing the

absorbance values of the samples with that of the control.

1.13.3 ALP activity

The ALP assay was performed to determine the osteogenic differentiation properties.
Similar to the MTT assay, the samples were placed on a 48-well plate and 400 pL of
the cell suspension (5 X 10* cells/cm?) were added to each well. The culture medium
was cultured for 3, 7 or 14 days and changed every 3 days. After incubation, the cells
were lysed in 1% Triton X-100 dissolved in PBS and stored in 37 °C for 60 min. The

intracellular ALP activity was determined by ALP detection kit.

1.13.4 Matrix mineralization and osteogenesis-related gene expression

The extent of the matrix mineralization was determined by Alizarin Red staining. Five
samples were placed in the cell cultures and then changed to the osteogenic extracts
medium (10® M dexamethasone, 10 mM B-glycerol phosphate, and 50 pg/mL
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ascorbic acid) after incubation for 24 h.® The medium was changed every 3 days.
After 7 and 14 days, the cells were rinsed with PBS 3 times and fixed in 75% ethanol
for 1 h. The fixed cells were stained with 5.55 mM Alizarin Red (pH = 4.2) at room
temperature for 10 min and rinsed in distilled water 3 times. The calcium nodule
staining was photographed on the Nikon ts100. To conduct the quantitative analysis,
the mineralized nodules were dissolved by 10% hexadecylpyridinium chloride and the
OD values of absorbance were obtained at 562 nm. Similarly, after the cells were
cultured for 7 and 14 days on the various samples (20 mm in diameter and 2 mm long)
on 12-well plates, the cellular total RNA was isolated using the Total RNA Kit
(OMEGA) and reversely transcripted to cDNA with a PrimeScript RT Master Mix
(TaKaRa, Japan) according to the manufacturer’s protocols. RT-PCR was performed
on a Bio-Rad real-time PCR system. The gene expression of ALP, RUNX2, and OCN
was analyzed and the gene expression level of f-actin was used as normalization. The
specific forward and reverse primer sequences of the above-mentioned genes are
listed in Table S2. Quantification of the gene expressions was based on the

comparative cycle-threshold method.

1.14 In vivo biological evaluation

1.14.1 Surgical implantation of in vivo animal study

All the animal experiments and procedures were approved by the Department of
Orthopedic Surgery, Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan 430022, People’s Republic of China. Ten adult male
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New Zealand white rabbits weighing between 2.5 and 3 kg were used. The rabbits
were divided into two groups of 5 as follows: Ti and Ti-ZnO/PDA/RGDC. The rabbits
were anaesthetized with 3% pentobarbital (1 mL/kg) prior to surgery and placed on a
sterile drape to provide sterile conditions during surgery. The site of operation was the
right femur and the right leg was shaved, depilated, and disinfected with povidone
iodine. To expose the right femur, a medial skin incision was made and a hole
perpendicular to the long axis of the femur was drilled to access the medullary cavity.
Afterwards, 20 pL of the bacterial suspension with a density of 10° CFU/mL S. aureus
were injected into the implants (6 mm in diameter and 1 mm long) and then the
implants were knocked into the holes. The soft tissue and skin were sutured carefully.

After the surgery, the rabbits were housed in separate cages and fed in the same way.

1.14.2 Sample preparation

Two rabbits from each group were sacrificed after 2 weeks for histological evaluation
to evaluate bacterial infection of the soft tissue and bone around the implants by H&E
and Giemsa staining. In addition, in vivo toxicology of heart, liver, spleen, lung, and
kidney was examined by H&E staining and the levels of serum AST and ALT related
to live enzyme were investigated after 2 weeks. The remaining three rabbits from each
group were sacrificed after 4 weeks and the right femurs with the implants were

examined by X-ray, micro-CT analysis, and histological analysis.

1.14.3 X-ray and micro-CT evaluation
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Radiography was performed for 4 weeks after the rabbits were anaesthetized with 3%
pentobarbital (1 mL/kg). The right femurs with the implants were scanned by
high-resolution micro-computed tomography (micro-CT; SkyScan 1176) at 60 kV and
400 pA with a 1 mm aluminum filter to determine the newly formed bone around the
implants. The 2D and 3D high-resolution reconstructed images were generated by the

software provided by the manufacturer.

1.14.4 Histopathological evaluation

H&E staining and Giemsa staining were used to assess bacterial contamination of soft
tissue and bone around the implants after 2 and 4 weeks.” " The histopathological
analysis was carried out on a fluorescence microscope (IFM, Olympus, IX73) and Van
Gieson's picro fuchsin staining was used to observe and visualize the mineralized
bone tissue (red). The images were captured on a fluorescence microscope (IFM,

Olympus, 1X73).

1.15 Statistical analysis
All the quantitative data were analyzed by the one-way ANOVA and expressed as
means =+ standard deviations with n = 3. P values < 0.05 were considered statistically

significant.
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3. SUPPLEMENTARY FIGURES

Table S1. Abbreviations of different samples.

Sample Abbreviation
Medical pure titanium Ti
ZnO seed layer deposition by ALD on Ti Ti-ZnOs
Hydrothermal growth of ZnO nanorod arrays on Ti Ti-ZnO
Polydopamine coating on Ti-ZnO Ti-ZnO/PDA
Covalent immobilization of RGDC peptide on Ti-ZnO/PDA Ti-ZnO/PDA/RGDC

Table S2. Specific forward and reverse primer sequences of B-actin, ALP, RUNX2,

and OCN genes.
Gene Gene forward primer sequence (5°-3”) Reverse primer sequence (5°-3”)
B-actin
TGCTATCCAGAAAACCCCTCAA GCGGGTGGAACTGTGTTACG
ALP
GCCCTCCAGATCCTGACCAA GCAGAGCCTGCTGGTCCTTA
RUNX2
TGCCCAGGCGTATTTCAG TGCCTGGCTCTTCTTACTGAG

OCN AGCAGCTTGGCCCAGACCTA TAGCGCCGGAGTCTGTTCACTAC
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Figure S1. Cross-sectional view of Ti-ZnOs by SEM (scale bar = 100 nm).

Figure S2. TEM images of (A) individual ZnO NR and corresponding SAED pattern
(scale bars = 200 nm); (B) Ti-ZnO/PDA, (C) Ti-ZnO/PDA/RGDC (scale bars = 50

nm).
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Figure S3. FTIR spectra of (A) PDA and (B) RGDC.
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Figure S4. Covalent binding mechanism pertaining to covalent immobilization of

RGDC peptide onto PDA.
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Figure S5. Chemical formula of (A) R group and (B) R’ group.

Figure S6. Antibacterial activity of Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC
through re-cultivated bacterial colonies on agar culture plates: S. aureus and E. coli

seeded on various surfaces at a concentration of 10" CFU/mL.
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Figure S7. FE-SEM images of S. auwreus and E. coli treated with

Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC (scale bars = 100 nm).

S-19



Figure S8. FE-SEM images of osteoblast treated with Ti-ZnO/PDA/RGDC (scale

bars = 1 um, 100 nm).
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Figure S9. SEM images of MC3T3-E1 cells seeded on (A) Ti, (B) Ti-ZnOs, (C)

Ti-ZnO, (D) Ti-ZnO/PDA, and (E) Ti-ZnO/PDA/RGDC after culturing for 12 h (scale

bars =5 pm).

Figure S10. Alizarin Red staining of Ti, Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and

Ti-ZnO/PDA/RGDC in the osteogenic medium for 7 and 14 days (scale bar = 200

pum).
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Figure S11. (A) Implantation of the Ti implant into the femur of adult male New
Zealand white rabbits; (B) X-rays image; (C) Photograph of femur of rabbits inserted

with the Ti implant 4 weeks after surgery.
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Figure S12. MTT assay of cells cultured in the corresponding extracted liquids of Ti,
Ti-ZnOs, Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC after one day release for
another one day incubation. The error bars indicate means + standard deviations: **P

< 0.05 (t test).
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Figure S13. (A) Corresponding histological analyses of major organs including the
liver, spleen, kidney, heart and lung by H&E staining (scale bar = 100 um). (B) Serum

AST and (C) ALT related to live enzyme after 2 weeks.
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