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Zinc (Zn) alloy porous scaffolds produced by additive manufacturing own customizable structures and biode-
gradable functions, having a great application potential for repairing bone defect. In this work, a hydroxyapatite
(HA)/polydopamine (PDA) composite coating was constructed on the surface of Zn-1Mg porous scaffolds
fabricated by laser powder bed fusion, and was loaded with a bioactive factor BMP2 and an antibacterial drug
vancomycin. The microstructure, degradation behavior, biocompatibility, antibacterial performance and osteo-
genic activities were systematically investigated. Compared with as-built Zn-1Mg scaffolds, the rapid increase of
Zn%*, which resulted to the deteriorated cell viability and osteogenic differentiation, was inhibited due to the
physical barrier of the composite coating. In vitro cellular and bacterial assay indicated that the loaded BMP2 and
vancomycin considerably enhanced the cytocompatibility and antibacterial performance. Significantly improved
osteogenic and antibacterial functions were also observed according to in vivo implantation in the lateral femoral
condyle of rats. The design, influence and mechanism of the composite coating were discussed accordingly. It
was concluded that the additively manufactured Zn-1Mg porous scaffolds together with the composite coating
could modulate biodegradable performance and contribute to effective promotion of bone recovery and anti-
bacterial function.

1. Introduction

Large volume of bone loss caused by trauma, infection, tumor
resection, and other injuries can exceed the body’s self-repair ability and
lead to serious bone defects [1]. Autogenous bone grafting has been the
“gold standard” for repairing bone defects [2,3]. However, autologous
bone grafting inevitably involves pain, infection and hematoma during
bone harvesting at the donor site [4]. Hence, bone repair materials,
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including bioactive ceramics, polymers, biomedical metals and their
composites, have been developed to repair bone defect [5]. Among
them, bioactive ceramics and polymers cannot provide sufficient me-
chanical support for load-bearing applications [6]. Conventional
biomedical metals, such as titanium (Ti), tantalum and stainless steel
can provide stable mechanical support and have been widely used in
clinical applications. However, their non-biodegradable existence as
well as stress-shielding effect inhibits the recovery of natural bone and
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causes many concerns [7].

Biodegradable metals, which own adequate mechanical properties
and can pass through or be metabolized or assimilated by cells and/or
issues through gradual degradation in body fluid, have been investi-
gated as promising candidates for orthopedic implants to repair bone
defect [8-10]. Nevertheless, the modulation of degradable rate and
product has been a critical issue, since the degradation rate should
match the term required for bone reconstruction and the degradation
product should have no negative effect. For instance, Magnesium (Mg)
alloys have been widely studied for biodegradable bone implants,
attributing to their moderate strength, excellent biocompatibility and
osteogenic activity [11-14]. But, the rapid degradation rate and the
release of hydrogen gas significantly limit their applications [15].
Although many measures, such as alloying design, surface modification
and the preparation of Mg matrix composites, have been utilized to
inhibit the degradation, the rapid degradation of Mg has not been
satisfactorily addressed yet [16-20].

In recent years, Zinc (Zn) alloys have attracted widespread attention
as promising alternatives to biodegradable Mg alloys [21-25]. Zn is an
essential life element, and Zn?" can stimulate the proliferation and
differentiation of osteoblast cells by up-regulating runt-related tran-
scription factor 2 (Runx2) expression and alkaline phosphatase (ALP)
activity [26,27]. In vivo animal studies have confirmed that biodegrad-
able Zn implants promoted new bone formation compared with Ti im-
plants [28]. More importantly, compared to Mg, Zn has a moderate
degradation rate and doesn’t produce hydrogen gas [29]. The addition
of various alloying elements has been attempted to increase the me-
chanical strength of Zn alloys [29-35]. Among them, adding Li is the
most effective, followed by adding Mg. Meanwhile, Mg and Li obviously
prompt the proliferation ratio of bone cell, which amazingly reaches
130-180% after 4 days of cultivation [35]. Still, the elastic modulus of
Zn alloys is much higher than that of bone. Direct implantation results to
stress shielding effect. Furthermore, the complete degradation of Zn
alloys is assumed to take 20 months or even longer, which apparently
needs to be accelerated considering that the recovery of bone defects
normally requires 3-6 months [36,37]. Last but not the least, bone is a
hierarchical heterogeneous anisotropic material, whose structure and
properties are closely related to different populations and implant sites.
It is difficult to match the mechanical property and degradation
behavior of Zn alloys to the specific need of patients just by alloying
design.

Porous scaffolds produced by additive manufacturing provide
freedom to modulate mechanical and degradable performance of
biodegradable metal implants [38]. The customized porous structure
fabricated by laser powder bed fusion (L-PBF) endows Zn alloy porous
scaffolds with adjustable strength and rigidity to match bone as well as
accelerated degradation owing to the enlarged surface area and
improved permeability [39]. The interconnected pores provide spaces
for the in-growth of new bone and blood vessels and enhance the
transport of nutrients and metabolic waste [40]. The good fusion quality
and refined grain structure contribute to enhanced strength of Zn alloys
fabricated by L-PBF. Qin and Wen et al. [41,42] reported that the ulti-
mate tensile strength of pure Zn and Zn-1Mg L-PBF bulks reached 133
and 381 MPa, respectively. The compressive strength and elastic
modulus of Zn alloy porous scaffolds were equivalent to those of
cancellous bone when the appropriate porosity was obtained. The
weight loss of Zn-0.7Li porous scaffolds was 2.60%, roughly 4.6 times
that of bulk counterparts after 28-day immersion in Hank’s solution. The
better cell adhesion and viability were found on porous samples in
contrast with bulk samples [39].

Xia et al. [43]. first implanted pure Zn scaffolds fabricated by L-PBF
into rabbit femur to repair bone defect of a critical size. After 24 weeks of
implantation, the residual volume was approximately 91 + 0.68%. New
bone was observed around the porous scaffold, indicating bone
ingrowth and close connection. Qin et al. [42]. used the same animal
model and compared the in vivo behaviors between pure Zn and Zn-1Mg
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porous scaffolds. At week 12 after implantation, the fibrous connective
tissue remained in pure Zn group. While, Zn-1Mg scaffolds were in tight
contact with the surrounding bone, indicating better osseointegration.
However, only the bone ingrowth around scaffolds was observed in both
groups, and the volume of new bone was limited even after 12 or 24
weeks of implantation. Several in vitro studies confirmed that the cell
viability and the early osteogenic ability substantially were related to
the concentration of released Zn>" from implants [28,30]. For example,
when Zn?* concentration was greater than 80 uM/L, prominent toxicity
was found in cultures of mouse fibroblasts and osteosarcoma cells [44].
The addition of Mg improved the biocompatibility of Zn alloys by
inhibiting the release of Zn?" [29]. However, the significantly enlarged
surface of porous scaffolds resulted to an excessive release of Zn2*,
which could be the reason of deteriorated osteoblast functionalization
especially at the early stage of implantation. Therefore, it is crucial to
modulate the degradation and the release of Zn?* for Zn alloy porous
scaffolds.

To date, several surface modification methods have been developed
to improve the biodegradable performance of Zn alloys [45-47]. Yuan
et al. decreased the corrosion rate of Zn-0.1Li alloy by adopting ZrO,
coating, thus enhancing the biocompatibility in vitro and in vivo [46].
Zhuang et al. improved the biocompatibility of Zn-3Cu-1Mg porous
scaffolds by coating brushite [47]. However, it is still a challenge to
prepare uniform and dense coating on the surface of pores for porous
scaffolds. Molecular self-assembly allows polymer molecules to be uni-
formly anchored on the inner and outer surfaces of the porous structure
and forms a self-assembled molecular layer bonded to the substrate [48].
Polydopamine (PDA) is a typical polymer for self-assembled coatings
and can adhere to the surface of most biomaterials, regardless of their
size and shape [49]. Moreover, the PDA coating can act as a bridge to
further react with other compounds to form a composite coating. The
PDA-induced hydroxyapatite (HA) composite coating significantly
reduced the corrosion rate of Mg alloys [50]. Furthermore, both PDA
and HA coating can be used as a carrier of drug delivery system, loaded
with drug molecules, including antibiotics and growth factors, through
chemical bonding or physical adsorption, to customize the biological
function of the coating [49,51]. To the author’ knowledge, there is no
information on the application of drug-loaded composite coatings to Zn
alloys porous scaffolds, although this method can give great flexibility to
modulate the biodegradable performance and biological function.

In this work, Zn-1Mg porous scaffolds were additively manufactured
by a customized L-PBF process, and then were coated with HA/PDA
composite by a molecular self-assembly process. Meanwhile, vancomy-
cin (Van) was anchored by PDA coating to enhance the antibacterial
property, and BMP2 growth factor was to load in HA coating to further
promote the osteogenic activity. The in vitro and in vivo performances,
including biodegradation behaviors, biocompatibility, osteogenesis, and
antibacterial properties of coated Zn-1Mg scaffolds were systematically
studied. By equipping with the drug-loaded composite coating, Zn-1Mg
porous scaffolds were endowed with enhanced osteogenic and antibac-
terial properties, and thus were more promising for the repair of large-
scale bone defect.

2. Materials and methods
2.1. Sample preparation

Cast Zn-1Mg alloy rods (Hunan Institute of Rare Earth Metal Mate-
rials, China) were atomized to powders with nitrogen (Nanoval, Ger-
many). The size distribution of powders was 15-53 pm. The content of
the Mg element in powders was 1.001 + 0.004 wt%, measured by
inductively coupled plasma optical emission spectrometer (ICP-OES,
iCAP6300, USA). The powder morphology and elemental distribution
were observed by scanning electron microscope (SEM, Zeiss, Germany)
equipped with energy dispersive spectrometer (EDS, Ametek, USA). As
shown in Fig. 1a, most of Zn-1Mg powders were spherical, indicating
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Fig. 1. Sample preparation: (a) Morphology and element distribution of Zn-1Mg powder, and the designed porous scaffold model; (b) Schematic diagram of

preparation process; (c) Overview pictures of samples.

good flowability, which was crucial for maintaining the stable formation
quality. Moreover, EDS results shown that Mg element was uniformly
distributed in particles, helpful for obtaining homogeneous micro-
structure. A laboratory L-PBF machine (BLT S210, China) was used to
fabricate porous samples. The designed scaffolds had a pore size of 600
pm, a pore interval of 450 pm and the porosity of 63.55% (Fig. 1a). The
optical system of the machine consisted of a single-mode ytterbium fiber
laser (IPG YLR-500, Germany) with a laser spot diameter of 70 pm at the
wavelength of 1070 nm. The process was performed in an argon-
shielded chamber with an oxygen content less than 100 ppm. The key
parameters in the L-PBF process include laser power Py, scanning speed
Vs, hatching space Hs, and layer thickness Ds. Based on the pre-
experimental results, processing parameters were set as P = 20 W,
Vs = 500 mm/s, Hg = 50 pm, and Dg = 30 pm.

As-built Zn-1Mg samples were ultrasonically cleaned and polished
by chemical methods (H2SO4 3 ml/L, 30% H0» 70 ml/L) to remove
residual powders. Subsequently, samples were placed in a hydrothermal
kettle with 1 M NaOH, and placed in an oven at 120 °C for 4 h. The
obtained samples were recorded as activated Zn-1Mg. The ethanol/ul-
trapure water (30%) solution was utilized to prepare the PDA coating
deposition solution containing Van. The activated Zn-1Mg samples was
suspended in the deposition solution, which was composed of 2 mg/mL
dopamine (DA, Aladdin, China), 2 mg/mL Van hydrochloride (Aladdin,
China) 2 mg/mL, 20 mM 2-Piperidineethanol, and incubated at 37 °C for
24 h. Another deposition of 24 h for scaffolds was adopted in the
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refreshed deposition solution. Then, samples were ultrasonically
cleaned to remove the loosely adhered PDA deposits and dried in vac-
uum. The coated samples were recorded as PV/Zn-1Mg. CaP solution
was prepared to deposit HA coating on PDA coating [52]. The compo-
sition of CaP solution was as follows: 7 mM Ca(NOg3)3-4H30, 4.2 mM
NaH,PO4-2H50, and 2 mM NaHCOs. The PV/Zn-1Mg samples were
immersed in the CaP solution at 37 °C for 12 h. After refreshing CaP
solution, the deposition lasted for another 12 h. Samples were dried in
an oven at 37 °C. Then, the BMP2 solution, with the solvent composition
of 15 mM Tris, 0.5 M Urea, 25 mM Ches, 5% DMF, was diluted with
phosphate-buffered saline (PBS) to 10 pg/mL. The above samples were
incubated aseptically in 2 mL BMP2 solution at 4 °C for 24 h, and dried
on the ultra-clean bench. The samples were recorded as
HB/PV/Zn-1Mg. The preparation process and overview pictures of
samples were shown in Fig. 1b and c.

2.2. Coating characterization

The morphology and element distribution of coatings were observed
by SEM and EDS. An X-ray diffractometry (XRD, Rigaku SmartLab 9 kW,
Japan) and attenuated total reflection-Fourier transform infrared spec-
troscopy (ATR-FTIR, Thermo Scientific Nicolet iS20, USA) were utilized
to identify the composition of coatings. The static water contact angle of
bulk samples was measured by a contact angle meter (Kino SL150E,
USA). To visualize BMP2 on samples, FITC conjugation kit (Sangon
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biotech, China) was utilized. The FITC-labeled BMP2 was immobilized
on the HA coated samples, and then BMP2 was visualized as fluorescent
signals by fluorescence microscope imaging (Olympus, Japan). For
identifying the release behavior of BMP2, HB/PV/Zn-1Mg scaffolds
were incubated in 5 mL PBS solution at 37 °C in a 5% CO5, incubator for
21 days. Atday 1, 3,5, 7, 14, and 21, 1 mL immersion solution was taken
out for analysis and replaced with the same amount of fresh PBS solu-
tion. The enzyme-linked immunosorbent assay kits (ELISA, Abcam, UK)
were used for BMP2 quantification. As for the detection of the release of
Van, samples loaded with Van were immersed in 20 mL PBS solution,
and incubated in a shaking incubator (80 rpm, 37 °C). At specific time
points (30 min, 1 h,2h,4h,8h,16 h,32h,3d,6d,12d, 24 d), 1 mL
immersion solution was taken out for analysis and replaced with the
same amount of fresh PBS solution. The concentration of Van in the PBS
solution was detected by UV/vis spectrophotometer (Ultrospec 1100
pro, USA) at the wavelength of 236 nm.

2.3. Invitro degradation tests

Immersion tests were performed in 40 mL m-SBF solution at 37 °C for
28 days. The m-SBF solution was refreshed every 2 days. After immer-
sion, samples were rinsed using distilled water and dried in an oven at
37 °C, and then weighted. The characterization of surface morphology
and composition was conducted by SEM and EDS. The concentration of
Zn?t was detected by inductively coupled plasma-mass spectrometry
(ICP-MS, Agilent 7700, USA). The electrochemical tests were conducted
with an electrochemical workstation (Autolab, Metrohm, Switzerland)
at 37 °C in the modified simulated body fluid (m-SBF, Table S1). A
standard three-electrode system was utilized with the sample as the
working electrode, a platinum plate as the counter electrode and a
saturated calomel electrode as the reference electrode. The tests were
composed of open circuit potential (OCP) measurements, electro-
chemical impedance spectroscopy (EIS) scan and potentiodynamic po-
larization (PDP) tests. The OCP tests were carried out with a time period
of 3600 s. After OCP, EIS measurements were performed over a fre-
quency range of 1072-10"> Hz with a perturbation of 10 mV. The
equivalent circuits were obtained by NOVA 1.11 software (Autolab,
Metrohm, Switzerland). PDP scan was performed at a scan rate of 1 mV/
s. The corrosion potential (E.,) and corrosion current density (icor)
were analyzed by Tafel extrapolation and linear fit. An average of three
samples were taken for each group. Furthermore, the corrosion rate (CR)
was calculated according to formula 1, where i, was corrosion current
density (pA/cm?), EW represented equivalent metal weight, and p was
density. For Zn-1Mg, as reported in the literature, EW was 32.15, and p
was 7.09 g/cm3 [53].

i EW

CR=327x107? (€))

2.4. In vitro biocompatibility and anti-bacterial activity

2.4.1. Cell viability tests

Mouse osteoblast precursor cells (MC3T3-E1) were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
MC3T3-E1 cells were cultured at 37 °C, 5% CO5 and 95% humidified
atmosphere using o-MEM (Gibco, USA) complete medium containing
10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-
streptomycin solution (Solarbio, China), and sub-cultured when cells
reached 80%-90% confluence. Cells in passages 3-8 were used in this
study. The extracts of samples were obtained according to ISO 10993-5.
All samples were sterilized by Co-60 irradiation. Subsequently, samples
were immersed in a-MEM complete medium for 24 + 0.5h at 37 °Cina
cell incubator, with an extraction ratio of 1.25 cm?/mL. Given the slow
degradation rate of Zn-based BMs in vivo, and the rapid metabolic ex-
change of corrosion products, 1-fold and 2-fold diluted extracts were
used for subsequent in vitro experiments [34]. The Cell Counting Kit-8
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(CCK-8, APExBIO, USA) was used to evaluate the cell viability of
MC3T3-E1. The cells were seeded into a 96-well plate at a density of 2 x
103/well until cells attached to the well bottom. Then, the original
medium was replaced by extracts to continue the culturing for 1, 3 and 5
days. At specific time points, 10 pL. CCK-8 solution was added at 37 °C
for 1 h in the dark. The optical density (OD) value was detected at 450
nm using a microplate reader (Bio-Tek, USA). As for Live/dead staining,
MC3T3-E1 cells were co-cultured with extracts. The cells were stained
with a Live/Dead cell staining kit (Beyotime, China) and observed by a
fluorescence microscope to assess survival and morphology of cells.

2.4.2. Invitro osteogenic differentiation

MC3T3-E1 cells were seeded in a 12-well plate at a density of 2 x
10*/mL, and cultured with osteogenic induction extracts, which con-
tained sample extracts, 10 mM p-glycerophosphate (Sigma, USA), 0.1
mM dexamethasone (Solarbio, China) and 50 pg/mL vitamin C (Solar-
bio, China). After 7 days of incubation, cells were lysed using inhibitor-
free Western and IP cell lysates (Beyotime, China) and total protein was
extracted. The bicinchoninic acid protein assay kit (BCA, Thermo Fisher,
USA) was used to determine the total protein content. The ALP detection
kit (Beyotime, China) was applied to detect the ALP activity of MC3T3-
El. The results were expressed in U per mg of total protein. Moreover,
MC3T3-E1 cells were stained using an ALP staining kit to evaluate the
formation of calcified nodules. Alizarin red (Solarbio, China) was used to
stain MC3T3-E1l after 21 days of culturing. Then, mineralized nodules
were dissolved using 10% of cetylpyridinium chloride (Solarbio, China)
and measured the absorbance at 562 nm.

2.4.3. Osteogenesis-related protein and gene expression

The Western blot was used to evaluate the osteogenesis-related
protein expression. MC3T3-E1 cells were cultured in the osteogenic in-
duction extracts for 7 days, and the cultured cells were lysed by RIPA
buffer (Thermo Fisher, USA). The protein concentration was determined
and normalized by BCA kit. Protein samples were heated at 98 °C for 5
min, and were loaded into SDS-PAGE and transferred to a poly-
vinylidene fluoride (PVDF) membrane. Then, the PVDF membrane was
incubated in a blocking solution (5% BSA) for 2 h. After cleaning, the
PVDF membrane was incubated overnight in the Runx2 and ostopontin
(OPN) antibody solution at 4 °C. Subsequently, PVDF membranes were
incubated with secondary antibody for 2 h. The reaction was performed
with a chemiluminescent reagent, and the PVDF membrane was exposed
and imaged. The Western blot images were semi-quantitatively analyzed
by Image J software.

The expression of osteogenesis-related genes was detected by a real-
time polymerase chain reaction (RT-PCR). The MC3T3-E1 cells were
seeded in a six-well plate and cultured for 7 days with osteogenic in-
duction extracts. The total RNA was extracted using the Trizol reagent
(Ambion, USA). Then, the RNA was reversed and transcribed into
complementary DNA using the Prime Script™ RT reagent kit (Vazyme,
USA). The corresponding forward and reverse primers were shown in
Table S2 B-actin was selected as the internal reference to detect the
expression levels of osteogenesis-related genes. Real-time fluorescence
quantitative PCR instrument (Quant Studio 5, Applied biosystems, USA)
was used to perform real-time PCR assays. QuantStudio™ design &
analysis software v1.4 was utilized for data analysis.

2.4.4. In vitro antibacterial activity

Staphylococcus aureus (S.aureus, ATCC 25923) and escherichia coli
(E.coli, ATCC 25922) purchased from Beijing Microbiological Culture
Collection Center were used to evaluate the in vitro antibacterial activity.
Bacteria were incubated in tryptone soy broth (TSB, Solarbio, China),
and centrifuged, collected, and adjusted to a concentration of 1 x 10°
CFU/mL for further use. Samples were placed in 5 mL bacterial sus-
pension with a concentration of 1 x 10® CFU/mL, and incubated for 24 h
at 37 °C. Then, the bacterial suspension was serially diluted to spread
evenly onto the tryptone soy agar (TSA, Solarbio, China) bacterial
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culture plates, and incubated at 37 °C for 24 h. The number of colonies
formed on the plate was counted to evaluate the antibacterial activity.
Samples co-cultivated with the bacterial suspension for 24 h were
washed with PBS. The bacteria adhered to samples were fixed with 4%
paraformaldehyde, then dehydrated by ethanol (30%, 50%, 70%, 80%,
90%, 95%, 100%, 100%) gradient dehydration, and dried in a vacuum
drying oven. The bacterial morphology was observed using SEM.

2.5. In vivo tests

2.5.1. Surgical procedure

The porous cylindrical samples (® 2.55 mm x 5.7 mm) were used for
in vivo implantation. All animal operations were approved by the Animal
Ethics Committee of the Beijing Keyu Animal Breeding Center
(KYLL0001089). 24 male rats with a weight of 200-250 g were anes-
thetized with an intraperitoneal injection of ketamine (10 mg/kg, Dr.
Ehrenstorfer GmbH, Germany) and 2% xylazine (10 mg/kg, Fluo-
rochem, UK). A longitudinal incision was made lateral to the patellar
ligament to expose the lateral femoral condyle. A bicortical perforating
bone defect model for rat lateral femoral condyle was established via
drilling with a 3 mm drill bit. Samples were implanted into the defect,
and the surgery site was sutured layer by layer. The rats were euthanized
after 4, 8, and 12 weeks of implantation to collect femurs.

2.5.2. Micro-computed tomography (Micro-CT) analysis

The femurs of the rats were collected and fixed with a 10% neutral
formaldehyde fixative. The femur specimens were scanned by a Micro-
CT scanner (Zeiss Xradia 520 Versa, Germany, 120 kV, 66.7 pA).
Then, the three-dimensional (3D) imaging was reconstructed by the 3D
image processing software CTvox 3.0 (Bruker, Germany), and a 0.5 mm
diameter area around the implant was set as the region of interest (ROI)
using CT Analyser 1.15.2.2 software (Bruker, Germany). Histomorpho-
metric indexes, including bone volume fraction (BV/TV), trabecular
numbers (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness
(Tb.Th), were quantitatively analyzed in ROIs.

2.5.3. Histological evaluation

Hard-tissue slicing and staining were conducted on the rat femur.
The femur specimens were rinsed in water, dehydrated in ethanol, and
then cleaned in xylene. Finally, samples were embedded in methyl
methacrylate. Each sample was cut along the horizontal plane of the
femur (parallel to the implant) to obtain 3-4 200 pm-thick slices. Sub-
sequently, the slice of femurs was further ground to 100 pm-thick.
Methylene blue-fuchsin basic staining was performed, and slices were
imaged using a high-resolution microscope. As for the evaluation of
biosafety, the vital organ (heart, liver, spleen, lung and kidney) speci-
mens of rats were collected at week 12 after implantation. All collected
organs were fixed in 10% neutral formaldehyde fixative, and then
dehydrated, embedded, and stained using hematoxylin-eosin (H&E) to
observe possible pathological changes.

2.5.4. In vivo antibacterial activity

After constructing a bicortical perforating bone defect of femoral
condyles in SD rats, 10 uL S. aureus bacterial suspension (1 x 10”7 CFU/
mL) was inoculated into the bone defect. Then, samples were implanted
into the infected bone defect. The rats were euthanized at day 7 after
surgery, and the femur specimens were collected. Ultrasonication was
used to separate the bacteria in the bone tissue and surface of the im-
plants respectively, and the bacteria were cultured on the TSA bacterial
culture plates for 24 h and counted to assess the in vivo antibacterial
activity. In addition, the femur without implants were fixed in 10%
neutral formaldehyde fixative, decalcified in 10% EDTA for 6 weeks,
dehydrated through an ethanol gradient, embedded in paraffin and
sliced along the horizontal plane of the implant. Finally, the H&E
staining was performed, and slices were imaged using a high-resolution
microscope.
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2.6. Statistical analysis

All quantitative data were expressed as Mean + standard deviation
(SD). The SPSS 23.0 statistical software (IBM, USA) was used to assess
the statistical significance of the data by the one-way analysis of vari-
ance (ANOVA). *p < 0.05 or **p < 0.01 were considered statistically
significant.

3. Results
3.1. Coating characterization

As shown in Fig. 2a, after the NaOH heat treatment, a layer
composed of fine hexagonal crystal, which was similar to the hexagonal
wurtzite structure of ZnO, appeared on the surface of activated Zn-1Mg
scaffold with a thickness around 45 pm (Fig. 2b). The EDS results
(Table 1) indicated that the content of O on the surface of activated
Zn-1Mg scaffold was higher compared to that of Zn-1Mg. After PDA
coating immobilization, PV/Zn-1Mg scaffolds showed a typical black
appearance, as shown in Fig. 1c. In SEM images of surface and cross-
section, numerous PDA microspheres were observed to adhere uni-
formly and densely along the hexagonal crystals on the surface of scaf-
folds. The presence of N and Cl element indicated that PDA coating
loaded with Van was successfully immobilized on scaffolds. Further-
more, after the modification of HA coating, HB/PV/Zn-1Mg scaffolds
showed a grayish-black appearance. The typical HA petal-like crystals
were observed adhering to the surface of PDA microspheres. The pres-
ence of Ca and P also indicated the successful preparation of HA coating.

The XRD pattern was shown in Fig. 2c. Powder diffraction file (PDF)
cards were used to detect phases. Strong diffraction peaks corresponding
to Zn (PDF 65-3358) were identified in Zn-1Mg scaffolds. Moreover,
diffraction peaks of secondary phases including MgZn, (PDF 65-2226)
and Mg»2Zn;; (PDF 65-1853) were also found. ZnO (PDF 36-1451) peaks
were detected in activated Zn-1Mg, PV/Zn-1Mg and HB/PV/Zn-1Mg.
However, MgZn, and Mg»,Znj; peaks were scarcely observed in these
samples, indicating that Zn oxides covered the surface of Zn-1Mg
samples. In addition, no diffraction peak of HA was found in XRD pro-
files of HB/PV/Zn-1Mg, mainly attributed to the low HA content. Fig. 2d
showed the ATR-FTIR spectra of samples. In activated Zn-1Mg and PV/
Zn-1Mg scaffolds, the absorption peak at 620 cm ! was corresponding
to the existence of ZnO, confirming that NaOH heat treatment produced
a large number of oxides on the surface of Zn-1Mg. For PV/Zn-1Mg and
HB/PV/Zn-1Mg samples, the characteristic peak of 3255 cm™' was
attributed to the O-H and N-H stretching vibration. Moreover, the
recognition of C=C and C=N bonds at 1640 cm~' and 1476 cm™!
proved the existence of PDA. For HB/PV/Zn-1Mg scaffolds, absorption
peaks at 1022 em !, 600 ecm ™! and 558 cm ™! corresponded to POz~
characteristic bands, and the sharp splitting of the P-O bond indicated
the existence of crystal structure of apatite. Characteristic bands of CO5™
appeared in 822 cm ™!, 1350 em ™! and 1420 cm™?, indicating the ob-
tained HA had low crystallinity and contained trace carbonate, similar
to the composition of natural bone apatite.

As shown in Fig. S1, numerous BMP2 molecules with green fluo-
rescence signal were observed on the surface of HB/PV/Zn-1Mg, with
strong and uniform fluorescence signal, which indicated that plenty of
BMP2 was uniformly loaded. The release profile of BMP2 was detected
by ELISA (Fig. 2e). An initial burst release of BMP2 was observed. The
released BMP2 in day 1 accounted for almost 60% of the total release in
21 days. Subsequently, BMP2 released slowly in day 2-14. In day 14-21,
the release rate of BMP2 suddenly increased, attributed to the peeling of
the coating. As for Van, the release profiles were shown in Fig. 2f and g.
A burst release was also found in the first few hours. The amount of Van
released in first 16 h was about 40-50% of the total release in 24 days,
and then slowly increased to 56-70% in the following 6 days. It was
worth noting that the rapid release of Van was observed in day 6-12,
indicating an earlier coating peeling, attributed to the fact that the test of
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Fig. 2. Coating characterization: Morphology of surface (a) and cross section (b) of coatings; (c) XRD pattern; (d) ATR-FTIR spectra; Release profile of BMP2 (e) and

Van (f ~ g); (h) Static water contact angle evaluation.

Van was performed under shaking. After day 12, the release of Van was
continued at a slow rate. During the test, the cumulative release of Van
of HB/PV/Zn-1Mg was significantly lower than that of PV/Zn-1Mg,
resulted from the loss of Van during the preparation of HA coating.
Fig. 2h showed that the static water contact angle of different sam-
ples. The wetting angle of Zn-1Mg scaffold was 138.4 + 6.7°, showing a
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hydrophobic state. After the NaOH heat treatment, the contact angle of
the activated Zn-1Mg decreased to 23.9 + 5.9°, suggesting ZnO
passivation layer greatly improved the surface hydrophilicity. With the
adhesion of PDA coating, the contact angle of PV/Zn-1Mg increased to
46.9 £ 0.9°. After further immobilizing the HA coating on the surface of
the PDA coating, the contact angle of the HB/PV/Zn-1Mg increased to
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Table 1

Element compositions (in wt.%) of Zn-1Mg, Activated Zn-1Mg, PV/Zn-1Mg and HB/PV/Zn-1Mg.
Samples Elements

C N (0] Zn Mg Cl Ca P

Zn-1Mg 1.93 / 2.58 94.21 1.28 / / /
Activated Zn-1Mg 9.70 / 21.56 67.30 1.44 / / /
PV/Zn-1Mg 11.61 2.84 13.20 71.27 0.60 0.48 / /
HB/PV/Zn-1Mg 4.47 2.73 28.33 45.23 0.32 0.37 8.92 9.64

66.7 + 4.0°.
3.2. Invitro degradation behavior

The results of electrochemical tests were shown in Table S4. As
shown in Fig. S2a, compared with —1.150 Vgcg of Zn-1Mg, PV/Zn-1Mg
and HB/PV/Zn-1Mg showed higher OCP values, —0.934 and —0.830
Vscg respectively, indicating higher corrosion resistance. The results of
EIS measurements were presented in Fig. S2b. Three equivalent circuit
models, as shown in Fig. S3c were utilized for the fitting of EIS, and the
fitting results were listed in Table S3. Ry represented the resistance of m-
SBF solution. R; and CPE; referred to the charge transfer resistance and

a PV/Zn-1Mg

HB/PV/Zn-1Mg

double-layer capacity. Ry, R3 and CPE,, CPE3 were applied for
descripting capacitance and resistance of coatings. The total resistance
R, could be obtained by summing up Ri, Rz, and R3. The R, value of
Zn-1Mg, PV/Zn-1Mg and HB/PV/Zn-1Mg samples was 245, 7619 and
37068 Q cm?, proving the greatly increased corrosion resistance resulted
from coating. PDP curves were shown in Fig. 3¢, and the data calculated
by Tafel fitting were provided in Table S4. The corrosion rates (CR) were
ranked in a descending order: Zn-1Mg > PV/Zn-1Mg > HB/PV/
Zn-1Mg, indicating the improved corrosion resistance of samples with
coating, which was in line with OCP and EIS analysis. Therefore, as
discussed above, coatings greatly decreased the corrosion rate of
Zn-1Mg scaffolds, which may be attributed to the physical barrier effect
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of HA and PDA coatings on corrosive medium. And compared with the
single-layer PDA coating, the HA/PDA composite coating had a more
significant effect on improving the corrosion resistance.

In vitro degradation behavior was further evaluated by immersion
tests. As shown in Fig. 3a, compared with Zn-1Mg and PV/Zn-1Mg,
fewer corrosion products were observed in HB/PV/Zn-1Mg scaffold.
According to Fig. 3b, a large amount of corrosion products blocked the
pores in Zn-1Mg group, and some corrosion products were also observed
in the pores of the PV/Zn-1Mg. However, no obvious corrosion products
were observed in the pores of HB/PV/Zn-1Mg. In the enlarged SEM
image, spherical corrosion products were observed at the surface of
Zn-1Mg. For PV/Zn-1Mg and HB/PV/Zn-1Mg, corrosion products were
evenly distributed on the coating surface, and the amount of corrosion
products was significantly higher in PV/Zn-1Mg. Moreover, a clear
enrichment of Zn, Mg, Ca and P was found at the surface of samples in
EDS results, implying the presence of calciate, phosphates and oxides of
Zn or Mg in corrosion products. The amount of corrosion products was
closely related to the degradation rate of scaffolds. The weight increase
of samples after the immersion was shown in Fig. 3d. The weight in-
creases of PV/Zn-1Mg and HB/PV/Zn-1Mg was significantly lower than
that of the Zn—-1Mg, which could be explained by the higher degradation
rate of Zn-1Mg, thus resulting in more accumulation of corrosion
products. The concentration of Zn?' in the immersion solution was
shown in Fig. 3e. In the initial 4 days, the release of Zn?" in all samples
was rapid. During day 8-28, the release of Zn?" gradually tended to be
stable. The PV/Zn-1Mg and HB/PV/Zn-1Mg showed significantly lower
Zn2" content at all time than that of Zn-1Mg, and the HB/PV/Zn-1Mg
had the lowest Zn?" concentration. The results of immersion test were
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consistent with electrochemical results.

3.3. In vitro biocompatibility and antibacterial activity

3.3.1. Cell viability

MC3T3-E1 cell viability was examined using the CCK-8 method
(Fig. 4a and b). The 1-fold diluted extracts of Zn-1Mg and PV/Zn-1Mg
groups exhibited significant cytotoxicity, and the cell viability decreased
with the extension of culture time. By comparison, the cell viability of
the HB/PV/Zn-1Mg group could reach 120-150% in 1-fold diluted ex-
tracts. For the 2-fold diluted extracts, all sample groups showed
improved cytocompatibility. Among them, HB/PV/Zn-1Mg group
showed the highest cell viability. Fig. 4c showed Zn?* and Mg?* con-
centration in extracts. HB/PV/Zn-1Mg group had significantly lower
Zn?" and Mg?" concentration. There was no significant difference in the
Zn?" concentration between PV/Zn-1Mg and Zn-1Mg groups, but the
Mg>* concentration was significantly lower in the PV/Zn-1Mg group.
The cell viability was further analyzed using Live/dead staining
(Fig. 4d). For 1-fold diluted extracts, Zn-1Mg and PV/Zn-1Mg groups
had sparse green fluorescence in comparison with the negative control
group, and an obvious red fluorescence, representing dead cells, was
observed in Zn-1Mg group. In enlarged images, the morphology of all
cells had a rounded phenotype in Zn-1Mg and PV/Zn-1Mg groups.
While, a large number of viable cells were found in HB/PV/Zn-1Mg
group, and exhibited better spreading morphology. For 2-fold diluted
extracts, the number and morphology of viable cells were similar to
those of negative control group in all sample groups, which was
consistent with the CCK-8 results.
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3.3.2. In vitro osteogenic differentiation

ALP and Alizarin Red staining were performed to detect the osteo-
genic differentiation and mineralization of MC3T3-E1 cells. As shown in
Fig. 5a, cells in Zn-1Mg and PV/Zn-1Mg groups almost died in 1-fold
diluted extracts. However, HB/PV/Zn-1Mg group showed higher ALP
activity than that of negative control group and enhanced extracellular
matrix mineralization. For 2-fold diluted extracts, the osteogenic dif-
ferentiation and mineralization levels ranked as HB/PV/Zn-1Mg > PV/
Zn-1Mg and Zn-1Mg > negative control. Furthermore, the quantitative
and semi-quantitative analysis of ALP activity and mineralization levels
verified these observations (Fig. 5b and c). The expression levels of
osteogenic markers (Runx2 and OPN) were detected to further analyze
the osteogenic differentiation potential. The expression levels of the
osteogenic markers were markedly up-regulated in all sample groups, as
indicated by Western blot analysis (Fig. 5d and e). The Runx2 and OPN
expression levels of the HB/PV/Zn-1Mg group were significantly higher
than Zn-1Mg and PV/Zn-1Mg groups. RT-PCR results (Fig. 5f) exhibited
a similar trend as indicated by Western blot.
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3.3.3. Invitro antibacterial activity

Antibacterial activity was assessed using the spread plate method
(Fig. 6a and b). The Zn-1Mg group showed slight antibacterial activity.
In contrast, the bacteriostatic efficacy of PV/Zn-1Mg and HB/PV/
Zn-1Mg groups was significantly stronger than that of Zn-1Mg group.
Notably no bacterial colonies were visible in the PV/Zn-1Mg group. In
addition, the adhesion morphology of E. coli and S. aureus was also
observed (Fig. 6¢). A large number of bacteria was observed on the
surface of Zn-1Mg scaffolds. In contrast, limited amounts of bacteria
adhered to the surface of PV/Zn-1Mg and HB/PV/Zn-1Mg scaffolds.
More importantly, E. coli and S. aureus on the surface of PV/Zn-1Mg and
HB/PV/Zn-1Mg scaffolds exhibited morphologies of distortion,
shrinkage and even dissolution. Only a little amount of E. coli cell wall
ruptures were observed on the surface of Zn-1Mg scaffolds.
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3.4. In vivo animal experiments

3.4.1. Micro-CT analysis

As shown in Fig. 7a, a small amount of new bone formation was
observed around all scaffolds at week 4 after surgery. After 8 weeks of
the implantation, the new bone around PV/Zn-1Mg and HB/PV/
Zn-1Mg scaffolds was significantly more than that of Zn-1Mg scaffold.
HB/PV/Zn-1Mg showed a better healing status than PV/Zn-1Mg group.
The amount of new bone increased gradually with time passing by. At
week 12 after implantation, the amount of new bone tissue was highest
in HB/PV/Zn-1Mg, followed by PV/Zn-1Mg group. In addition, the
quantitative analysis results in Fig. 7b verified the favorable osteogenic
activity of HB/PV/Zn-1Mg in vivo. Four osteogenic indices obtained
from Micro-CT, including BV/TV, Tb. N, Tb. Th and Tb. Sp, exhibited
significant differences between Zn-1Mg and HB/PV/Zn-1Mg group. The
higher BV/TV, Tb. N, Tb. Th and lower Tb. Sp were found in the HB/PV/
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Zn-1Mg group.

3.4.2. Histological evaluation

Hard tissue sections were shown in Fig. 8, where red areas indicated
regenerated bone. The full-view images of the sections confirmed that
mass of regenerative bone increased over time in all sample groups, and
it was the highest in HB/PV/Zn-1Mg, followed by PV/Zn-1Mg. Many
biodegradable products were observed in the Zn-1Mg scaffold. While,
only a little amount of degradation products was observed in PV/
Zn-1Mg at week 12, and no obvious degradation products were
observed in HB/PV/Zn-1Mg. Overall, the HB/PV/Zn-1Mg scaffold
exhibited the slowest degradation rate in vivo. For enlarged images,
compared with Zn-1Mg scaffolds, better osseointegration and favorable
bone ingrowth were observed in PV/Zn-1Mg and HB/PV/Zn-1Mg, and
significantly more new bone formation was observed in HB/PV/
Zn-1Mg. These observations were consistent with the Micro-CT results.
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Fig. 8. Full-view and enlarged images of hard-tissue slices of Zn-1Mg, PV/Zn-1Mg and HB/PV/Zn-1Mg implanted in vivo.

The H&E staining results of rat vital organ including heart, liver, spleen,
lung, and kidney sections were shown in Fig. S3. No abnormalities or
pathological morphologies were observed in all tissue sections, indi-
cating no abnormality in vital organ function in experimental animals,
and revealing all scaffolds had a good in vivo biosafety.

3.4.3. In vivo antibacterial activity

Bone samples with implants from infected bone defect were har-
vested to evaluate the antibacterial performance both qualitatively and
quantitatively (Fig. 9a and b). Large amounts of bacteria were isolated
from both Zn-1Mg scaffold and surrounding bone tissue, whereas
significantly less bacteria were found in PV/Zn-1Mg and HB/PV/
Zn-1Mg. PV/Zn-1Mg and HB/PV/Zn-1Mg showed significantly stron-
ger antibacterial performance than that of Zn-1Mg. H&E staining sec-
tions of the femoral condyle were performed to further evaluate the
antibacterial performance (Fig. 9¢). A large amount of inflammatory cell
infiltration was found in the infected lesions of Zn-1Mg, and a small
amount of sequestrum was observed. In contrast, S. aureus-induced
infection in PV/Zn-1Mg and HB/PV/Zn-1Mg was controlled, with only
a small amount of inflammatory cell infiltration and no obvious
sequestrum.
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4. Discussion
4.1. Biodegradation behavior

It is of great importance to adjust the degradation behavior of
biodegradable bone implants to match the bone remodeling process. Zn
alloys show a totally different degradation behavior compared with Mg
alloys, which are widely reported in current studies [28-39]. In general,
the degradation rate of Mg alloys is significantly high, leading to the loss
of mechanical integrity in the early stage of bone repair. The degrada-
tion rate of Zn alloy is 1-12 times slower than that of Mg, effectively
avoiding the early failure of implant caused by the fast degradation [35].
In physiological environments, Zn alloys are majorly degraded by
anodic oxidation of Zn to Zn?" and cathodic reduction of oxygen,
resulting in the formation of ZnO and Zn(OH); passivation layers, which
effectively protect the matrix in the further corrosion process [54].
Subsequently, abundant chloride ions in the physiological media destroy
the passivation layer and convert it into soluble salts, such as hydrated
zinc phosphate [55,56], which is confirmed in immersion test in this
study. The corrosion products of porous Zn-1Mg scaffolds were mainly
composed of Zn, Mg, Ca and P, indicating the presence of calciate,
phosphates and oxides of Zn or Mg (Fig. 3b). Different degradation be-
haviors result in the formation of different kinds and amounts of
corrosion products. Corrosion products play an important role in
biocompatibility. The corrosion products of Zn alloys mainly included
Zn?*, hydroxide ions, oxides and Ca/P compounds. Appropriate
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Fig. 9. In vivo antibacterial activity: (a, b) Representative images and number of bacterial colonies of bacterial cultures obtained in the peri-implanted bone tissues
and on the surface of implants; (¢) H&E staining slices of the infected femoral condyle.

concentrations of corrosion products can have beneficial effects on the
host response, whereas excessive concentrations of corrosion products
accumulation may disturb the local physiological equilibrium at the
implantation site, and resulting in adverse effects on the surrounding
tissue [43]. Therefore, the modulation of degradation behavior of Zn
alloys can directly adjust the biocompatibility of Zn-based implants.
Our previous study showed that the degradation rate of AM porous
Zn-Mg alloy increases with the increase of Mg element content [42].
This was attributed to the increase of Mg-rich phases in Zn-Mg alloy.
The preferential degradation of Mg generates corrosion products Mg
(OH), with limited passivation effect, which resulted to a faster degra-
dation and more release of metal ions. Moreover, the high specific area,
resulted from the rough surface and the interconnected pores of AM
porous Zn-Mg scaffolds, also increased the degradation rate due to the
enlarged contact surface exposed to corrosive medium. Considering the
healing time of bones, implants should maintain mechanical integrity
within the body for a period of 3-6 months [57]. Nevertheless, the
complete degradation of Zn alloys in the body takes 20 months or even
longer [36]. Therefore, to accelerate degradation, alloying and porous
structure design can be adopted. However, when the degradation rate is
high, for Zn-Mg alloy orthopedic implants, the excessive release of Zn**
has negative effects on cells and tissues [44]. Hence, in order to avoid
the excessive release of Zn?*, during the stage of bone remodeling, the
degradation rate of the Zn-Mg alloy should be well controlled, so that
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the concentration of Zn2" is within the threshold that is favorable for
bone repair. After the completion of the bone repair, the residual Zn-Mg
implant should be degraded at an accelerated rate to shorten the
retention time of the implant.

Surface coating is an effective strategy to control the early rapid
degradation of bone implants [58]. By physically blocking the corrosive
medium, the coating can significantly decrease the corrosion rate of
substrate and its protective effect disappears after shedding or degra-
dation. PDA and HA have been utilized to deposit barrier layer with
well-defined thickness and uniform conformity on the surface of 3D
porous scaffolds [59]. Lin et al. developed HA/PDA composite coatings
on the surface of Mg alloys by PDA inducing biomimetic mineralization
in CaP solution. The corrosion resistance of modified Mg alloys signifi-
cantly increased, and the modified alloy induce no toxic effects [52]. In
this study, the HA/PDA barrier layer effectively inhibited the direct
contact between corrosion medium and substrate. Therefore, the
corrosion resistance of AM Zn-1Mg porous scaffolds was significantly
improved after being coated with HA/PDA (Fig. 3). With corrosion
proceeding, the corrosion medium gradually permeates through the
nanogaps in the PDA and HA barrier layers and reacts slowly with the
substrate. Finally, PDA and HA coatings will be corroded and damaged,
failing to provide effective protection. The retarding corrosion effect of
the coating offers the possibility for improving the tissue compatibility
of porous Zn-Mg alloy. Otherwise, after the peeling of coating, the high
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surface area of porous Zn-Mg alloy and the micro-galvanic corrosion
between Mg-rich phase and Zn substrate can accelerate the corrosion of
the Zn-Mg alloy, shortening the residence time of the Zn-Mg alloy [29,
39,42]. The degradation behavior of coated scaffolds can be well
controlled by adjusting critical factors of coatings, such as the coating
thickness, structural density of the coating, and its bonding strength
with the matrix, which can be adjusted by processing parameters for
coating preparation. Although this study confirmed the corrosion
retarding effect of HA/PDA composite coating, the precise control of
corrosion behaviors by adjusting critical factors of coatings had not been
investigated. Moreover, the peeling of coating and subsequent acceler-
ated degradation was not observed. Therefore, in the future, more works
need to be done to implement the customization of the degradation
behaviors of Zn-Mg alloy scaffolds during different stages of bone
repair.

4.2. Biocompatibility and osteogenic activity

A biphasic effect of Zn?>" on the MC3T3-E1 cells was observed
(Fig. 4). Low concentrations of Zn** promoted the functionalization of
osteogenic precursor cells. However, high concentrations of Zn2"
exhibited significant cytotoxicity due to stimulated cell injury/death.
Yuan et al. found that Zn?* could stimulate the growth and apoptosis of
osteoblast-like cell simultaneously, and the process of cell apoptosis was
dominant at high Zn?* concentration [37], which was consistent with
the results in our research. Sensi et al. also confirmed that high-dose
Zn?* could reversibly interfere electron transport in uncoupled mito-
chondria, and resulting in cellular damage [60]. Delayed osseointegra-
tion was also observed in vivo, after the implantation of Zn alloy scaffold,
due to the local high concentration of Zn?* [61]. For Zn-Mg alloy, the
concentration of released Mg?" also affected the cytocompatibility. The
concentration threshold of Mg+, causing cytotoxicity, was much higher
than that of Zn?". Reportedly, low-dose Mg?" (<100 pg/ml) showed no
cytotoxicity, and the cell viability was above 80%. While, it could induce
obvious cell death when Mg?" concentration was greater than 300
pg/mL [62]. In this study, the concentration of Mg?" in all sample ex-
tracts was less than 100 pg/mL (Fig. 4c), indicating Mg?" in extracts
induced no cytotoxicity. Hence, the cytotoxicity was resulted from high
concentration Zn?*.

The best biocompatibility was observed in HB/PV/Zn-1Mg. The ef-
fect of Zn?" on cell compatibility is dose-dependent, the low-
concentration release of Zn*" resulted from the HA/PDA composite
coating significantly improves biocompatibility. In addition, the BMP2
loaded by composite coating also plays a vital role in promoting
biocompatibility. BMP2 is a well-characterized cytokin with osteo-
inductive activity, which has been approved by FDA for clinical appli-
cations, and occupies an important position in the field of bone tissue
engineering [63]. The exogenous BMPs can induce osteogenesis through
blood-derived mesenchymal stem cells in vivo. According to Fig. 4c, the
Zn?* concentrations in the extracts of the HB/PV/Zn-1Mg group diluted
1-fold, were similar to those in the extracts of the other two groups of
samples diluted 2-fold. However, a greater improvement of cell viability
and osteogenic differentiation ability were observed in the cells
co-cultured with diluted 1-fold extracts of HB/PV/Zn-1Mg group
(Figs. 4 and 5). This clearly indicated that BMP2 released from the
coatings significantly promoted the cytocompatibility of the coated
Zn-1Mg scaffold. And the released BMP2 has a greater effect on the
improvement of osteogenic capability compared to low concentrations
of Zn?*. Moreover, HA coating can improve the osteo-conductivity, and
Ca, P ions in HA coating are beneficial for bone mineralization [64]. PDA
coating has good biocompatibility and can promote osteoblast adhesion
and proliferation by chelating Ca?" through the catecholamine group,
also increasing ALP activity [65,66].

According to the in vivo investigation, at week 12 after the surgery,
significantly better bone healing and osseointegration were observed in
HB/PV/Zn-1Mg, compared to Zn-1Mg (Figs. 7 and 8). In the early stage
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after implantation, tissue trauma leads to more accumulation of body
fluids. Cells from peripheral and intramedullary blood and bone marrow
cells generate a hematoma, accompanied by an acute inflammatory
response [67]. The degradation rate of Zn-1Mg scaffold is high during
this period, indicating the release of high amount of Zn?*, which is
detrimental to the functionalization of osteoblasts in vivo. For
HB/PV/Zn-1Mg and PV/Zn-1Mg, HA and PDA coatings isolate the
Zn-1Mg matrix from body fluids, thereby delaying the release of Zn2*,
significantly improving the bone repair. Furthermore, physicochemical
properties of the modified Zn-1Mg scaffold surface also have a signifi-
cant impact on the bone generation. After coating treatment, the
improved wettability of the Zn-1Mg scaffold was observed (Fig. 2h). The
surface hydrophilicity of bone repair materials is closely related to their
biocompatibility and cell adhesion. PDA coatings contain a large num-
ber of hydrophilic groups, including hydroxyl and amino groups, which
can bind to hydrophobic surface to improve the hydrophilicity, thus
improving osteoblast adhesion, migration and functionalization in vivo
[68]. In addition, the nanoscale roughness and high hydrophilicity of
HA coatings can also improve the biological activity of implants [69]. To
sum up, the improved biocompatibility of HB/PV/Zn-1Mg can be
explained by the slow release of Zn2+, the existence of HA and PDA, and
the co-stimulation of exogenous BMP2.

4.3. Antibacterial property

For orthopedic implants, biomedical device-associated infections
(BAI) caused by bacteria have always been a significant challenge [70,
71]. Severe BAI is a devastating complication that can lead to pain,
implant repair failure, systemic illness, loss of function and even death
[72]. One of the typical characteristics of Zn alloys is the antibacterial
effect. The antibacterial activity of Zn alloy is resulted from the ability of
Zn?* to induce oxidative stress. Zn?" can interact with the thiol group of
bacterial respiratory enzymes and inhibit their function, generating
reactive oxygen species (ROS) and free radicals, which in turn irre-
versibly damaging bacterial cell walls, DNA and mitochondria, resulting
in the death of bacterial cells [73,74]. High concentrations of Zn%*
indicate strong antibacterial effect but low osteogenic activity. In
addition, when faced with a severe clinical infection, the antibacterial
effect of Zn-based BMs alone is not enough to not completely inhibit
bacterial growth. To enhance the antibacterial properties of Zn alloy
implants, Zn—-Cu or Zn-Ag alloys with strong antibacterial activity have
been developed [75-77]. Through the co-release of Ccu®* or Ag+ with
Zn2", Zn alloys inhibit the biosynthesis of bacterial toxins and the for-
mation of bacterial biofilms. However, the potential cytotoxicity of Cu?*
and Ag+ is a concern for clinical applications [78,79].

The antibacterial functionalization of the implant surface is an
effective strategy to reduce the incidence of BAI [72]. In this study, the
antibacterial drug Van was loaded into PDA coating by in situ
self-assembly. Compared with Zn-1Mg, an enhanced antibacterial effect
on the gram-positive and negative bacteria was observed in PV/Zn-1Mg
and HB/PV/Zn-1Mg (Figs. 6 and 9). The PDA coating loaded with Van
can inhibit the formation of biofilm by killing adherent bacteria on the
surface, and resist infection at the implantation site by sustained local
drug release. Therefore, although the release of Zn?" decreased due to
the existence of coating, the enhanced antibacterial activity was shown
in scaffolds resulted from the loaded antibacterial drug. Furthermore,
the stronger antibacterial activity was observed for PV/Zn-1Mg
compared to HB/PV/Zn-1Mg (Fig. 6a and b). This could be explained by
the fact that during the preparation of HA coatings, the Van loaded by
the PV/Zn-1Mg sample would be partially released into the HA depo-
sition solution, where a part of Van co-deposited with HA and another
part of Van lost. In addition, the HA coating would act as a barrier layer,
causing the slow release of Van from the PDA coating. As shown in
Fig. 2f and g, this reduction in the amount and rate of drug release was
the main reason for the decrease in the antibacterial rate of
HB/PV/Zn-1Mg. Some studies have shown that high concentrations of
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antibiotics can inhibit osteoblast differentiation [80], and induce
cellular mitochondrial dysfunction and oxidative damage, resulting in
toxicity to mammalian cells [81]. The topical application of Van at the
infection site has been shown effective and safe, avoiding potential toxic
systemic effects, and showing less toxic to osteoblasts than other anti-
biotics such as cefazolin [82,83]. The toxicity caused by the drug-loaded
coating, is greatly resulted from the instantaneous high concentration of
antibiotics due to the drug burst release. The sustained and controlled
release strategies for drug-loaded coating are major approaches to solve
this concern. In the present study, PDA coating loaded with Van
exhibited no toxic effects in vitro and in vivo tests, which could be due to
the fact that Van released from PV/Zn-1Mg and HB/PV/Zn-1Mg was
always maintained at a low concentration (Fig. 2f and g).

Overall, this work confirms the feasibility and satisfactory effect of a
multifunctional design of AM Zn-1Mg porous scaffold by drug-loaded
coatings. Meanwhile, the coating also provides greater freedom to
regulate the degradation rate of the Zn-Mg alloy scaffold. However, how
to precisely match the degradation behavior of Zn-Mg alloy porous
scaffolds to match the bone repair needs in the spatio-temporal di-
mensions still needs to be studied in various aspects such as zinc alloy
composition, pore structure design and coating modification. Besides,
longer-term in vivo investigations are also necessary, especially on the
metabolic mechanism of Zn?* in vivo and its affects. Also, more multi-
functional designs should be attempted to be investigated, including
immunomodulation and angiogenesis, because of their important role in
bone repair processes. We will also conduct more investigations on
specific pathological models to facilitate the clinical translation of
porous Zn-Mg alloy scaffolds with multifunctional design.

5. Conclusions

In this study, the HA/PDA composite coating loaded with drugs was
successfully prepared on Zn-1Mg porous scaffold to control biodegra-
dation, and locally deliver antibacterial drug and osteogenic growth
factor to improve antibacterial and osteogenic properties. The degra-
dation behavior, biocompatibility, osteogenic and antibacterial activ-
ities were systematically investigated. The main conclusions were as
follows.

(1) The HA/PDA composite coating immobilized BMP2 and Van
stably and maintained their long-lasting release. The HA/PDA
composite coating retarded the corrosion of porous Zn-1Mg due
to the effect of physical barrier.

The HA/PDA composite coating loaded with BMP2 significantly
improved biocompatibility and osteogenic activity in vitro and in
vivo, which was attributed to the immobilization of BMP2 syn-
ergistically with low concentration of Zn*". Meanwhile, the
change of physicochemical properties on the surface of Zn-1Mg
scaffold also promoted osseointegration in vivo.

The PDA coating loaded with Van showed a high antibacterial
capacity, killed gram-positive and negative bacteria through the
sustained release of Van, and endowed Zn-1Mg scaffolds with
stronger antibacterial activity.

(2

—

3
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