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Zinc (Zn) alloys have demonstrated significant potential in healing critical-sized bone defects. However, the
clinical application of Zn alloys implants is still hindered by challenges including excessive release of zinc ions
(Zn?"), particularly in the early stage of implantation, and absence of bio-functions related to complex bone
repair processes. Herein, a biodegradable aliphatic polycarbonate drug-eluting coating was fabricated on zinc-
lithium (Zn-Li) alloys to inhibit Zn?" release and enhance the osteogenesis, angiogenesis, and bacteriostasis of
Zn alloys. Specifically, the photo-curable aliphatic polycarbonates were co-assembled with simvastatin and
deposited onto Zn alloys to produce a drug-loaded coating, which was crosslinked by subsequent UV light
irradiation. During the 60 days long-term immersion test, the coating showed distinguished stable drug release
and Zn?* release inhibition properties. Benefiting from the regulated release of Zn®" and simvastatin, the coating
facilitated the adhesion, proliferation, and differentiation of MC3T3-E1 cells, as well as the migration and tube
formation of EA.hy926 cells. Astonishingly, the coating also showed remarkable antibacterial properties against
both S. aureus and E. coli. The in vivo rabbit critical-size femur bone defects model demonstrated that the drug-
eluting coating could efficiently promote new bone formation and the expression of platelet endothelial cell
adhesion molecule-1 (CD31) and osteocalcin (OCN). The enhancement of osteogenesis, angiogenesis, and
bacteriostasis is achieved by precisely controlling of the released Zn?* at an appropriate level, as well as the
stable release profile of simvastatin. This tailored aliphatic polycarbonate drug-eluting coating provides signif-
icant potential for clinical applications of Zn alloys implants.

1. Introduction machinability and biodegradability, significant interest has been paid on

zinc (Zn) and its alloys as materials for bone grafting [3,10,11]. Addi-

For humans, skeletal system plays a pivotal role in providing struc-
tural support, maintaining mineral homeostasis, and protecting soft
tissues and organs [1-3]. Despite the favorable regenerative capabilities
inherent in bone tissue, reconstruction of critical-sized bone defects
resulting from tumor, fractures, and congenital disorders remains a
challenge [4-6]. Bone grafting is an effective treatment for bone defects,
with autogenous bone grafting being widely regarded as the gold stan-
dard [7]. However, it has been gradually replaced by allogeneic bone
grafting due to the discrepancies in donor size and shape, as well as the
additional defects in the donor area [8,9]. Recently, due to the superior
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tionally, Zn alloys exhibit a moderate degradation rate and produce
neutral degradation products in simulated body fluid to prevent pre-
mature loss of mechanical properties required for implantation and
reduce stimulation to surrounding tissue after implantation [12-15].
Among various available Zn alloys, zinc-lithium (Zn-Li) alloy is antici-
pated to provide sufficient mechanical integrity along with improved
cytocompatibility, osteogenesis, and osseointegration during the heal-
ing process of bone fractures [16]. Therefore, Zn-Li alloy is regarded as
one of the most promising materials for orthopedic transplantation [17,
18].
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However, there remain two significant challenges for the clinical
applications of Zn alloys implants. The first challenge is cytotoxicity
arising from the burst release of Zn?* in the early stage of implantation.
The impact of Zn?>" on bone repair is dose-dependent: a low dosage
stimulates osteoblast growth and differentiation, whereas a high dosage
(~0.3 mM) exhibits cytotoxic properties towards osteoblasts [19-22].
Early implant failure can be caused by cytotoxicity and inflammation
triggered by the rapid release of Zn?" [23]. The second issue is the
complex and multi-tiered bone repair processes, which involves hema-
toma formation, fibrocartilaginous callus formation, vascularization,
and bony callus formation. The surface characteristics of Zn alloy are
biologically inert and inadequate for these intricate bone restoration
processes. Additionally, the bone defect healing and bone tissue regen-
eration processes are facilitated by synergistic interaction between
osteogenesis and angiogenesis. Osteogenesis facilitates new bone for-
mation, while vascular tissues can deliver necessary nutrients to bone
tissues and promote the process of bone repair [24]. Both osteogenesis
and angiogenesis contribute to the bone repair process. However,
limited studies have been focused on developing osteogenic and
angiogenic surfaces on Zn alloys [25]. Therefore, control the Zn%*
release dose and offer corresponding biological functions including
antibacterial property to the surface of zinc alloy are crucial for the
clinical application of zinc alloy.

In recent years, varieties of methods have been used in regulating the
performance of Zn and its alloys for biodegradable implant applications.
Zn/nano-SiC biocomposites prepared via pre-oxidation and selective
laser melting exhibited enhanced mechanical properties and favorable
biocompatibility on cell proliferation and adhesion [26]. Synergic con-
trolling between strength and degradation of Zn alloys was well ach-
ieved through fine-grained manufacturing [27]. Besides, due to the
intricately connection between tissues and surface characteristics of
implants, surface modification still plays an important role in adjusting
surface properties of Zn alloys while preserving their inherent bulk
material performance. Recent advances in surface modification for or-
thopedic used Zn alloys included surface coatings [28-31], biomimetic
deposition [32,33], stabilization treatment [34], microarc oxidation
[35], atomic layer deposition [17], magnetron sputtering [36], and
sandblasting [37]. Surface coating modification, especially polymer
drug-eluting coatings, is an effective approach to regulate the degra-
dation behavior of zinc alloys and accelerate the process of fibrocarti-
laginous callus formation and vascularization for medical implant. By
releasing the drugs loaded in polymer coatings, a higher drug concen-
tration at the implant location can be achieved, thereby facilitating the
corresponding biological function post-implantation [38]. It has been
reported that simvastatin (SIM) can increase osteoblast activity and
enhance osteogenesis by upregulating the expression of recombinant
bone morphogenetic protein 2 (BMP-2) in osteoblasts, while simulta-
neously downregulating tartaric acid phosphatase expression. Also, SIM
has the ability to enhance the expression of vascular endothelial growth
factor (VEGF), and promote vascular endothelial cell proliferation, dif-
ferentiation, thereby stimulating angiogenesis [39]. Moreover, SIM ex-
hibits broad-spectrum antibacterial properties [40]. Therefore, SIM is an
ideal drug for drug-eluting coatings that introduce essential biological
functions required for bone repair onto the surface of Zn alloy bone
implants. Currently, most of the commercially available drug-eluting
polymer coatings are based on natural macromolecules and
bulk-eroding polymers, such as collagen [41] and poly(lactide-co-gly-
colide) [42]. The relatively rapid release of the encapsulated drug
associated with multiphasic drug release profiles often limit their
application in bone repair, where a slow and persistent drug release
process is required. In contrast, aliphatic polycarbonates, especially poly
(trimethylene carbonate) (PTMC), based drug-loaded coatings have a
more predictable and controlled drug release profile due to their unique
surface-eroding degradation behaviors, which can provide a sustainable
drug release rate at the implant location [43]. Furthermore, the inherent
hydrophobicity of PTMC and neutral degradation products minimize
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their interference with loaded drugs [44]. Despite the advantages of
PTMC, achieving a tailored aliphatic polycarbonates drug-eroding
coating on Zn alloys with controlled release profiles for both loaded
drugs and Zn?" still remains challenging because of the limited affinity
between commercially available PTMC and Zn?*.

Recently, various types of metal-ligand (M-L) interactions have been
employed for the efficient capture of bioactive metal ions [45,46].
Zn?*-imidazole complexes is one of the widely present M-L complex in
biological systems. It exhibits favorable bonding strength and enhanced
moisture resistance, and can be used for applications in bone repair
[47]. Therefore, the introduction of imidazole as pendant groups on
PTMC to chelate Zn?" is expected to partially inhibit excessive Zn?*
release by decreasing the diffusion rate of Zn?* in the coating [48-50].
Moreover, the poor mechanical properties of PTMC could be overcome
through the formation of cross-linked networks between Zn?* and the
imidazole pendant groups [51]. Therefore, by combining drug-loaded
polycarbonate coatings with surface-eroding behavior, M-L interaction
between imidazole groups and Zn?", and photo-crosslinking strategy,
we envision the construction of mechanically robust drug-eluting coat-
ings on Zn-alloy implants that exhibit consistent and stable corrosion
resistance as well as controlled drug release properties. These coatings
are intended to achieve multiple functions including long-term inhibi-
tion of Zn?* release, promotion of osteogenesis and angiogenesis, and
bacteriostatic effects.

In this study, a novel surface-eroding drug-eluting coating composed
of SIM-loaded aliphatic polycarbonate photocurable coatings was pre-
pared at the surface of Zn alloy. The coating shows enhanced integrity,
sustained release of SIM and Zn®", as well as desirable bioactivities
including osteogenesis promotion, angiogenesis induction, and bacte-
riostatic effects (Scheme 1). Aliphatic polycarbonate with imidazole and
phenyl azido side groups (PTMCIA) was first synthesized, wherein
imidazole and phenyl azido functioned as Zn?* chelating agents and UV
light curable moieties, respectively. Then, colloid particles (CPs) were
prepared by self-assembly of PTMCIA and SIM. The drug loaded coatings
were fabricated by electrophoretic deposition (EPD) of CPs on Zn alloys
with subsequent photo-crosslinking. The chemical composition, surface
morphology and adhesion strength of coatings were systematically
characterized. The long-term immersion test was carried out to confirm
the SIM releasing behavior and coating degradation mechanism. Finally,
the biocompatible, osteogenic, angiogenic and antibacterial properties
of the coatings were comprehensively investigated, and a rabbit critical-
sized defects model was performed to evaluate the in vivo bone regen-
erative properties of the coating. The customized aliphatic poly-
carbonate drug-eluting coating enhanced the bone regeneration
capability of Zn alloys by precisely controlling the release concentration
of Zn?* at an optimal level, while also ensuring a stable and controlled
release of SIM with osteogenic, angiogenic, and antibacterial properties.
This novel and versatile coating drug delivery system holds great po-
tential for medical applications involving biodegradable metal implants.

2. Experimental section
2.1. Materials

Bis(pentafluorophenyl) carbonate (PFC, >98%), simvastatin (SIM,
>97%) were obtained Aladdin Scientific, Ltd. (China). 2,2-Bis(hydroxy-
methyl)propionic acid (bis-MPA, >98%), cesium fluoride (CsF, 99%),
benzyl alcohol (99.5%), N-boc-ethylenediamine (BocEA, >98%), trie-
thylamine (TEA, >99.5%), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC-HCl, 98.5%), triflic acid (98%),
trifluoroacetic acid (TFA, 99%), and 1-(3-aminopropyl)imidazole
(>97%) were purchased from Macklin Scientific, Ltd. (China). 1,3-tri-
methylene carbonate (TMC, >98%) and 4-azidobenzoic acid (AzBA,
>97%) were purchased from J&K Scientific, Ltd. (China). Poly(lactic-co-
glycolic acid) (PLGA, M, = 60000~80000 g mol’l, LA:GA = 50:50) was
obtained from Daigang Biomaterial Co., Ltd. (China). All other chemical
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Scheme 1. Schematic illustration of the fabrication of photo-crosslinked aliphatic polycarbonate drug-eluting coating on Zn alloy. (A) Synthesis of the aliphatic
polycarbonate poly(TMC-co-TMCI-co-TMCA) (PTMCIA). (B) Preparation of photo-crosslinked aliphatic polycarbonate drug-eluting coatings at the surface of Zn alloy.
(C) The degradation and drug release process of polycarbonate coatings together with the osteogenesis, angiogenesis, and bacteriostasis of coated Zn alloy.

reagents were used as received. Zn-Li alloys were donated by the
research group of Prof. Yufeng Zheng (Peking University, Beijing).

2.2. Synthesis of pentafluorophenyl ester functionalized six-membered
cyclic carbonate (TMC-OCgFs)

According to the previous reported procedure (Scheme S1) [52], 100
mL round bottom flask was charged with 2,2-bis(hydroxymethyl)propi-
onic acid (bis-MPA) (3.00 g, 22 mmol), bis-(pentafluorophenyl) car-
bonate (PFC) (21.70 g, 55 mmol, 2.5 eq.), CsF (0.7 g, 4.6 mmol, 0.2 eq.),
and 70 mL anhydrous tetrahydrofuran (THF). After 20 h reaction at
room temperature, solvent in the reaction mixture was removed, and the
residue was dissolved in DCM, extracted and washed with sodium bi-
carbonate solution and deionized water respectively. The organic phase
was then dried with MgSO4 to obtain the crude product solution. After
rotational evaporation, the product was recrystallized in ethyl aceta-
te/hexane mixture solvent to obtain TMC-OCgF5 as a white crystalline
powder. Yield: 4.75 g (64.8% yield). 'H NMR (TMS, CDClg), 6 ppm: 4.85
(2H, -O-CH»-C-), 4.36 (2H, -O-CH,-C-), 1.55 (3H, -CH3).

2.3. Synthesis of the aliphatic polycarbonate copolymer poly(TMC-co-
TMC-OCgF5) (PTMCF)

The synthesis process of PTMCF was carried out according to
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literature procedures and the synthetic process is illustrated in Scheme
S2 [52]. Take TMC-OCg¢F5/TMC feed ratio of 1:4 as an example.
TMC-OCgFs5 (2.608 g, 8 mmol, 20 eq.), TMC (3.264 g, 32 mmol, 80 eq.)
and 8 mL anhydrous DCM were added into a 20 mL Schlenk flask, and
the solution was homogenized by stirring. After three freeze-pump-thaw
cycles, benzyl alcohol (0.8 mL, 0.5 M in DCM, 1 eq.) and triflic acid
(70.76 pL, 0.8 mmol, 2 eq.) was added into the reaction tube under.
After 24 h polymerization at room temperature, the reaction mixture
was precipitated in diethyl ether twice and then dried under reduced
pressure at 40 °C overnight. TH-NMR (400 MHz, CDCly), §: 7.35-7.39
ppm (m, PhCH50), 2.00-2.10 ppm (m, CH3CH>CH, of TMC unit),
4.18-4.27 ppm (td, OCH; of TMC unit), 4.44-4.48 ppm (s, OCH; of
TMC-OCgFs unit), 1.47-1.52 ppm (s, CH3 of TMC-OCgF5 unit). GPC (RI):
M, (PDI) = 8.51 kDa (1.40).

2.4. Synthesis of azide modified molecule N-(2-aminoethyD)-4-
azizanamide (AEAz)

The synthetic process is illustrated in Scheme S3. 4-azidazbenzoic
acid (AzBA, 212.1 mg, 1.3 mmol) and N-tert-butylcarbonyl-ethyl-
enediamine (BocEA, 256.0 mg, 1.6 mmol) were dissolved in 5 mL DCM.
Then 1-(3-dimethylaminopropyl)-3-ethylcarbondiimine hydrochloride
(EDC, 385 mg, 2.0 mmol) and triethylamine (TEA, 405.0 mg, 4.0 mmol)
were added to the solution. After 12 h reaction at room temperature,
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solvent in the reaction mixture was removed. The residue was dissolved
in DCM, extracted with deionized water and dried by MgSO4. After
rotational evaporation, the product was recrystallized in diethyl ether,
and light yellow powder was obtained. The light yellow powder was
then dissolved in the mix solvent dichloromethane/trifluoroacetic acid
(DCM: TFA = 1:1). After 0.5 h reaction, AEAz was obtained through
rotational evaporation. 'H NMR (TMS, CDCly), § ppm: 7.84 (1H, Ph-C
(0)-), 7.04 (1H, Ph-N3), 3.53 and 3.41 (2H, -NH-CH,-CH>-), 1.42 (3H,
—CH3).

2.5. Synthesis of functionalized amphiphilic polycarbonate copolymer
poly(TMC-co-TMI-co-TMCA) (PTMCIA)

First, poly(TMC-co-TMC-OCgFs) (1.7 g, 0.2 mmol) was dissolved in
10 mL anhydrous THF, and then 5 mL THF solution with dissolved AEAz
(129.6 mg, 0.4 mmol, 0.1 eq. of TMC-OC¢F5 unit) and TEA (834 pL, 1.5
eq. of TMC-OCgF5 unit) was added dropwise to the reaction solution in
ice water bath. After that, the ice water bath was removed and the re-
action mixture was reacted at room temperature for 1 h. Then, N-(3-
aminopropyl) imidazole (828 pL, 5 M in THF, 1.15 eq. of residual TMC-
OCgFs5 unit) was added to the reaction mixture in ice water bath. After
that, the ice water bath was removed and the reaction solution was
reacted at room temperature for 2 h. The crude product was purified via
directly repeated precipitation in diethyl ether, and dried under reduced
pressure at 40 °C for 24 h 'H-NMR (400 MHz, CDCls), 5: 7.84-8.00 ppm
(m, TMC-CONHCH3CHoNHCOPhN3), 7.35-7.39 ppm (m, PhCH»0),7.57,
7.13, 6.87 ppm (3 s, TMC-CONHCH,CH,CH; imidazole), 4.18-4.26 ppm
(s, OCH; of TMC-CONHCH,CH;CH, imidazole and TMC-CON-
HCH,CH;NHCOPhN3), 4.10-4.18 ppm (td, OCH; of TMC), 2.00-2.10
ppm (m, CHyCH,CHy; of TMC), 1.04-1.15 ppm (s, CH3 of TMC-
CONHCH,CH,CH; imidazole and TMC-CONHCH,;CH,;NHCOPhN3). GPC
(RI): M,, (PDI) = 12.62 kDa (1.56).

2.6. Preparation and characterization of colloidal particle solution

The acetone solution of PTMCIA at the concentration of 60 mg/mL
was prepared. Then an appropriate amount of glacial acetic acid (the
molar content was 50% of imidazole) was added over a period of 1 h to
the polymer solution under magnetic stirring. After that, certain amount
of SIM was added to the copolymer solution, and the final concentration
of SIM was 1 mg/mL. Ultrapure water was added dropwise to the mix
solution of PTMCIA and SIM to obtain SIM encapsulated colloidal par-
ticles (CP@SIM). Colloidal particles without SIM (CP) were prepared
using the same method. The size and size distribution of CP@SIM and CP
were determined by dynamic light scattering system (DLS), using a
Brookhaven ZetaPALS particle size and zeta potential analyzer (Broo-
khaven Instruments Corp., USA). The morphologies of CP@SIM and CP
were observed by scanning electron microscopy (SEM, Hitachi S-4800).
To determine the SIM loading efficiency of CP@SIM, the colloidal par-
ticles solution was centrifuged under 8000 r min~! for 1 h. After
removing the supernation, the precipitate was dissolved in acetone and
the SIM content was determined by ultraviolet-visible (UV-vis, TU-
1901) spectroscopy at a wavelength of 238 nm. The SIM loading effi-
ciency (LE) was calculated by the following equation:

A — A¢

t

LE= x 100% (€D)]

where the A; is the total SIM amount, and Ay is the free SIM amount.

2.7. Preparation and characterization of CP@SIM coatings

Zn-Li alloy was polished with 1000# SiC sandpaper, and then ul-
trasonically cleaned three times in ethanol/acetone for 5 min. The
CP@SIM dispersion served as the working solution to prepare EPD
coatings. During the cathodic electrodeposition process, the substrate
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was used as cathode and platinum as counter electrode with an electrode
spacing of 20 mm. Wet films of CP@SIM were prepared on Zn alloy by
deposition at 40 V for 4 min. After drying, the CP@SIM films were
irradiated by a 254 nm UV light with a light intensity of 25 mW/cm? for
5 min. The SIM loaded PLGA coating and PTMC coating were prepared
by dip-coating method. In particular, PLGA with hydroxyl groups on
both ends was dissolved in DCM with concentrations of 1% (w/v).
Certain amount of SIM was added to the PLGA solution, and the final
concentration of SIM was 1 mg/mL. After dipping in the solution for 30
s, Zn alloy was withdrawn at a constant speed. This dip coating process
was repeated three times with a 10 min time interval. Finally, the coated
substrates were dried in the vertical position at 37 °C for 12 h to obtain
the thickness-uniform films Zn-PLGA@SIM.

2.8. Characterization of CP@SIM coatings

The chemical composition of EPD coatings were investigated by
attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR, Nicolet iS50) and X-ray photoelectron spectroscopy (XPS,
Kratos Axis supra). The adhesion of coatings on Zn-Li alloy was deter-
mined by the lap-shear teat according to ISO-4587-2003 standard.
Specifically, a pair of samples (60 x 10 x 2 mm?) was stacked with an
overlapped area of 20 x 10 mm? and glued with ergo 1309. The samples
were then pulled in opposite directions at a speed of 1 mm/min until
their detachment. The surface morphology of various samples was
observed by SEM and wettability was determined by water contact an-
gels (WCAs, Datephysics OCA15EC). The pencil hardness and adhesion
strength of EPD coatings on Zn sheets were tested according to ISO 2409-
2013 standard and ISO 14916 standard, respectively. The coating
thickness at different deposition time was measured by an electronic
thickness meter (Elcometer 456, Britain).

2.9. Electrochemical corrosion test and in vitro long-term immersion tests

The potentiodynamic polarization tests was conducted on an elec-
trochemical workstation (CS350, Corrtest) with a typical three-electrode
system. After soaking for 20 min in simulated body fluid (SBF), the
corrosion current (I.o;;) and corrosion potential (E.,,) values were
measured with a scan rate of 1 mV/s and open-circuit potential from
—0.6t0 0.6 V.

The in vitro immersion test was carried out at 37 + 0.5 °C in SBF for
60 days to investigate the degradation and SIM release behavior of Zn-
CP@SIM sample. Specifically, bare Zn alloy, Zn-PLGA@SIM and Zn-
CP@SIM were immersed in 10 mL of SBF solution at pH 7.4. During
the immersion tests, a 3 mL immersion solution from immersion system
was substituted with 3 mL fresh SBF solution in real time. The SIM
concentrations, pH values, and Zn®" concentrations of immersion so-
lution were determined via UV-vis spectroscopy, pH meter (OHAUS
Starter 3100), and flame atomic absorption spectrophotometer (Varian
AA240). After immersing for 0 and, 15, 30, 45, 60 days, the cross-section
morphologies of Zn-CP@SIM samples were observed by SEM to deter-
mine the degradation rate. In particular, at 60 days immersion, the
surface morphologies of bare Zn alloy, Zn-PLGA@SIM, and Zn-CP@SIM,
were observed by SEM.

2.10. In vitro osteogenic activity

Osteoblast culture: Mouse calvaria-derived, pre-osteoblastic MC3T3-
E1l (ATCC, CRL-2594) was used to investigate the cytocompatibility and
osteogenic activity of samples. MC3T3-E1 was cultured in o-minimum
essential medium (a-MEM, Gibco, US) supplemented with 10% fetal
bovine serum (FBS, Gibco, US) and 1% penicillin-streptomycin (Bio-
sharp, China) at a humanized atmosphere (37 °C, 5% CO3). The culture
medium was replaced every 3 days and 0.25% trypsin-
ethylenediaminete-traacetic acid (Gibco, US) was used to cell dissocia-
tion while cells at high confluence (>90%). After centrifuging at 1200
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rpm for 5 min, cells were dispersed in fresh culture medium at an
appropriate concentration for further study, which was divided into
three groups: bare Zn alloy, Zn-CP and, Zn-CP@SIM.

Live/Dead staining assay: Cells with a density of 5 x 10%/mL were
seeded and cultured on the samples directly for 1 day and 3 days. At each
time point, the cells were live/dead stained by FDA/PI, and cell
spreading morphologies were observed with an upright fluorescence
microscope (Nikon 80i, Japan).

Cell morphology: After 3 days of MC3T3-E1 culture, the cell struc-
ture was fixed in 4% (v/v) PFA for 30 min, permeated with 0.1% (v/v)
Triton X-100 (Solarbio, China) for 5 min, then stained with 10 nM FITC-
phalloidin solution (Solarbio, China) for 30 min. After cleaning with PBS
three time, the cells re-stained with 10 pg/mL DAPI (4,6-diamino-2-
phenylalanine, Solarbio, China) for 5 min. Finally, the staining results
were observed using a fluorescence microscope. The live cell number
and total coverage area were counted by Image J. SEM was used to
further observed the cell morphology on different samples surface. The
cells were fixed in 2.5% glutaraldehyde solution and dehydration in 70,
80, 90, and 100% ethanol solution.

Cell proliferation: An indirect cell proliferation test was conducted
using the Cell Counting Kit-8 (CCK-8, MCE, US). Briefly, samples were
soaking in the corresponding culture media at a ratio of 1.25 cm?/mL for
3 days. The extract media was used to culture cells and CCK-8 solution
was added into systems at 1 and 3 days. After incubating at 37 °C for 2 h,
the cell proliferation was measured using a microplate reader (Biotek
synergy H4, US) at a wavelength of 450 nm. Moreover, lactate dehy-
drogenase (LDH) cytotoxicity assay kit (Beyotime, China) was used to
evaluate the cytotoxicity of different samples.

ALP activity and degree of mineralization: To determine the
osteoinductive activity of different samples, MC3T3-E1 cells were
cultured in an osteoinductive a-MEM medium, containing 50 pg/mL of .-
ascorbic acid (Sigma-Aldrich, Germany), 10 mM p-glycerophosphate
(Macklin, China), and 100 nM of dexamethasone (MCE, US). After co-
culture for 7 days, the cells were fixed 4% (v/v) PFA for 30 min, and
then a BCIP/NBT alkaline phosphatase color development kit (Beyo-
time, China). The quantitative date was determined using ALP assay kit
(Beyotime, China). Subsequently, on day 14, the degree of mineraliza-
tion was examined using an Alizarin red S staining (ARS) osteogenesis
assay kit (Beyotime, China). Cetylpyridinium chloride (10%) was used
to dissolve the ARS and measured at 542 nm by a microplate reader.

2.11. Angiogenesis activity

In vitro cell migration and tube formation assays: An indirect assay
was carried out to determine the angiogenesis activity of different
samples. The supernatants of differentiated MC3T3-E1 culture system
from the blank, and bare Zn, Zn-CP, Zn-CP@SIM groups were collected
to culture the human endothelial cell line EA.hy926 (ATCC, CRL-2922)
until reaching about 90% confluence. And then 100 pL pipet tip was
used to create a crack in the middle of the well. The exfoliated cells were
rinsed by PBS three times and the fresh media with free FBS was added.
The cells were photographed at 24 h. Moreover, cell tube formation
assay was carried out according to a classical method. Briefly, 5 x 10*
stimulated EA.hy926 were seeded in a 96-well plate, which have pre-
laid 50 pL of growth factor-depleted Matrigel (ABW, China) and
cured. After incubation for 6 h, the tube formation was observed by an
inverted microscope (ZEISS Axio Vert Al, Japan). The quantitative
analysis was counted by Image J.

In vivo angiogenesis of CAM: A modified chicken chorioallantoic
membrane (CAM) assay was used to evaluate the angiogenesis in vivo.
Specifically, the fertilized eggs were incubated in humanized atmo-
sphere (temperature 37.8 °C, humidity 80%). After incubating for 4
days, a hole was created at the top end of egg, and 3-4 mL albumen was
sucked out. Then the hole was sealed by an adhesive tape. When incu-
bating for 9 days, bare Zn alloy, CP coated Zn alloy, and CP@SIM coated
Zn alloy were implanted. All the procedures were carried out under
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aseptic conditions. On day 12, images were taken and analyzed by Image
J software.

2.12. Invitro antibacterial experiments

The spread plate method S. aureus (Gram-positive, ATCC-6538)) and
E. coli (Gram-negative, ATCC-700926)) as bacterium models was con-
ducted to evaluated the antibacterial activity of the samples. 316L
stainless steel (316L SS) was served as control group. Specifically, 2 mL
of the bacterial solution containing 1 x 10® CFU/mL and samples were
co-incubated in 10 mL 0.9% NaCl solution at 37 °C for 12 h. Then the
samples were rinsed by fresh 0.9% NaCl solution three times to remove
non-adherent bacteria and sonicated in 10 mL 0.9% NacCl solution for 10
min to obtain bacterial suspension. After diluting 1000 times, 100 pL of
the bacterial suspension were uniformly plated onto LB agar plates and
cultured for 12 h at 37 °C. Finally, the number of colonies on the LB agar
plates was counted. And the antibacterial rate was calculated as follows:

CFU¢ — CFU

100%
CFU. 7%

Antibacterial rate (%) = (2)

where CFU¢ and CFU denote the number of colonies of and that of either
bare or coated Zn alloy, respectively.

The SEM was used to examined the morphologies of bare Zn alloy-
treated and CP@SIM coated Zn alloy-treated bacteria. Briefly, bacteria
were incubated with samples for 2 h, and then fixed with 2.5% glutar-
aldehyde for 10 min. Subsequently, the samples were dehydrated with a
graded ethanol series.

2.13. In vivo experiments

All procedures of the experiment were approved and in accordance
with the committee of the Wuxi Experimental Animal Association.
Rabbit critical-size femur bone defects model was performed to verify
the biocompatibility, osteogenesis, and angiogenesis of the samples.
New Zealand white rabbits (2.5-3 kg) were acclimatized for 1 week and
divided into three groups (bare Zn alloy group, Zn-CP group, and Zn-
CP@SIM group, each group had 4 rabbits). After anaesthetizing by ear
vein injection of 2% pentobarbital sodium, a 9 mm depth, 5 mm
diameter of defect was created on the thigh femur with hand drill. The
implant (size: 5 mm x 9 mm) was placed and the wound was carefully
sutured. After 8 weeks, the rabbits were sacrificed. The thigh femur was
removed together with the implant and fixed with 4% (v/v) PFA solution
for subsequent Micro-CT, hematoxylin and eosin (H&E), Masson’s tri-
chrome, and immunohistochemical staining (CD31 and OCN).

3. Results and discussion

3.1. Preparation and characterization of imidazole functionalized photo-
crosslinked CP@SIM coatings

The photo-curable aliphatic polycarbonate (PTMCIA) with dual
functionality of imidazole and phenyl azido was synthesized via orga-
nocatalytic ring-opening polymerization (OROP) of 1,3-trimethylene
carbonate (TMC) and a cyclic carbonate monomer containing an
active pentafluorophenyl ester group (TMC-OCgHs), followed by post-
polymerization functionalization. The resulting PTMCIA comprised a
14 mol% imidazole functionalized moiety and a 6 mol% phenyl azido
functionalized moiety (Scheme 1A). The synthesis details and charac-
terization results are shown in Scheme S1-S3 and Figs. S1-S5. Through
the hydrophobic interactions, SIM loaded PTMCIA colloidal particles
(CP@SIM) were prepared by self-assembly of PTMCIA together with SIM
(Fig. S6). The CP@SIM were spherical with approximately 180 nm
diameter and positive charged surface (Fig. S7). The PTMCIA colloidal
particles (CP) without SIM were prepared as a control.

The CP@SIM coatings at the surface of Zn alloy was prepared by the
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electrophoretic deposition (EPD) method [51], as shown in Fig. 1A. The
thickness of the coatings can be controlled by regulating deposition time
and colloidal concentration (Fig. 1B). As shown in Fig. S8, digital photos
of CP@SIM coated Zn alloys exhibited good uniformity, and the colors of
coatings before and after UV light irradiation was observed, indicating
the photo-crosslinking of phenyl azido groups and formation of amide
bonds [53]. Furthermore, attenuated total reflection Fourier-transform
infrared spectroscopy (ATR-FTIR) was used to monitor the curing pro-
cess of CP@SIM coating under the UV light irradiation (Fig. S9). The
characteristic peak of phenyl azido groups at 2130 cm ' completely
disappear after a 5 min UV light irradiation (Fig. 1C), indicating a
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complete photo-crosslinking of the coatings. The schematic illustration
of a possible mechanism for the photochemical reaction of phenyl azido
groups was shown in Scheme S4 [54]. The basic coating properties of
Zn-PTMC190000, Zn-CP and Zn-CP@SIM was shown in Table S1. 1. The
surfaces of the crosslinked Zn-CP and Zn-CP@SIM samples exhibited
increased hardness compared to the uncross-linked Zn-PTMC sample,
and SIM had no impact on the hardness of the coating.

The insufficient bonding between the metal and polymer coating is
an inherent constraint that may lead to coating delamination. The
optimization of adhesion strength between aliphatic polycarbonate
coatings and Zn alloys was of paramount importance. The adhesion
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Fig. 1. (A) Schematic illustration of electrophoretic deposition of CP@SIM colloidal particles on a Zn alloys substrate. (B) Coating thickness for varying time at a
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spectra of PTMCF, CP, and CP@SIM coated Zn alloys.
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strength of CP@SIM coating was 3.01 MPa, which increased 59.3%
compared to the commercially-available PTMC coating (Fig. 1D). This
was mainly attributed to the application of EPD method together with
photo-crosslinking [51]. On one hand, the high throwing power of EPD
technology enables colloidal particles to effectively fill small pores and
gaps on the substrate surface, creating numerous physical anchoring
points between the coating and the substrate [55]. The crosslinking
process, on the other hand, enhances the cohesion of the coating and
prevents potential damage to its internal structure during testing. The
surface morphology, hydrophilicity and surface chemical composition of
the coatings were further characterized. As shown in Fig. 1E, numerous
scratches caused by polishing were observed at the surface of bare Zn
alloy. In contrast, the surfaces of Zn-CP and Zn-CP@SIM were uniform
and smooth, indicating that coatings on Zn alloys were successfully
prepared through EPD method. Compared with Zn-CP, the contact angle
of drug loaded Zn-CP@SIM significantly increased from 66.5° + 3.1° to
80.5° + 5.6°, due to the present of hydrophobic drug SIM. Surface
elemental analysis by XPS was shown in Fig. 1F. The Zn 2p peaks at
1045 eV and 1022 eV was observed in bare Zn alloy and CP and CP@SIM
coated Zn alloys (Fig. 1G). Due to the uniform coverage of coatings on
the substrate surface, the peak intensity of CP and CP@SIM coated Zn
alloys was significantly reduced. After 3 and 7 day immersion, no
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observable change was detected for the Zn 2p spectra of Zn-CP (Fig. 11).
Compared with aliphatic polycarbonate copolymer poly(TMC-co-TM-
C-OCgFs) (PTMCF) coated Zn alloys, a new peak of N 1s at 399.1 eV was
detected on CP and CP@SIM coated Zn alloys, while the peaks of F 1s at
687.8 and 833.1 eV was disappeared. Specifically, the peaks at 399.7 eV
(C-N, C=N) and 401.6 eV (N-H), corresponding to the imidazole groups
and amido moieties after post-polymerization functionalization, were
observed in N 1s spectra of CP and CP@SIM coatings (Fig. 1J). Signifi-
cantly, in the C 1s spectra of CP@SIM coatings, the peak corresponding
to ester bond (C(0)-O) of SIM molecules at 288.6 eV was detected
(Fig. 1K), indicating the successful loading of drugs. Via calculating
integral area of ester bond, surface SIM content was 2.7 wt%.

3.2. Electrochemical corrosion test and in vitro long-term immersion tests

The polarization curves of bare Zn alloy, Zn-CP, and Zn-CP@SIM in
simulated body fluid (SBF) were tested, and the corrosion potential
(Ecorr) and corrosion current (Ioor) of each sample in the polarization
curves were fitted using the Tafel method (Fig. 2A). The corrosion po-
tential of bare Zn alloy, Zn-CP, and Zn-CP@SIM samples increased while
the corrosion current of those decrease, suggesting an enhancement in
corrosion resistance for all coatings. The Zn-CP@SIM sample exhibited
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the best corrosion resistance, it is because the introduction of hydro-
phobic drug SIM enhanced the hydrophobicity of coatings, and further
reinforced the physical barrier effect of the coating against corrosive
media.

A static immersion test was conducted to determine the drug release
and degradation behavior of CP@SIM coatings. Considering that PLGA
coating has been widely used in orthopedic drug-eluting implant [56], a
SIM -loaded PLGA coating (PLGA@SIM) was prepared on the surface of
Zn alloys as a comparison. The SIM content in the extracts of coated
samples was monitored by UV-vis spectroscopy. The maximum UV
absorption of SIM was 238 nm and the standard curve determined at this
wavelength showed good linearity (Fig. S11). As shown in Fig. 2B,
CP@SIM coated sample showed a two-phase release profile with a burst
release of SIM during the first 3 days, followed by a sustained and slower
drug release in the later 57 days immersion. In comparison, PLGA@SIM
coated Zn alloys exhibited a comparable drug release profile to CP@SIM
coated Zn alloys in first 3 days. However, an abrupt accelerated drug
release occurred from 10 to 20 days, and then drug release significantly
decreased last from 25 to 60 days. Furthermore, the pH values and Zn**
concentrations of immersion solutions were measured by pH meter and
flame atomic absorption spectrophotometer, respectively. According to
previous study [57], the corrosion process of Zn-Li alloy immersed in
SBF solution was shown in S1-S7. Initially, during the early stage of
immersion, the Zn alloy underwent a reaction with oxygen, leading to
the substantial release of Zn?>* and OH™. This process resulted in a swift
elevation of the Zn?' concentration and pH value within the immersion
system, which was also the main reason for the high cytotoxicity of the
Zn alloy. Subsequently, as the pH in the system increased to a specific
value, Zn?>* and OH™ reacted to form the insoluble corrosion products Zn
(OH); and ZnO. The consumption of OH™ caused a certain decrease in
the pH of the system. However, the presence of Cl™ in the immersion
system hindered the reaction, causing the conversion of corrosion
products on the surface of the Zn alloy into soluble ZnCl,. In addition,
Zn%* would also react with HoPO3~ and HCO3 in the solution, resulting
in the formation of insoluble phosphates and carbonates. As shown in
Fig. 2C, both bare and PLGA@SIM coated Zn alloys showed a rapid pH
value increase in the first 10 days due to the rapid degradation of Zn
alloy substrate [58], while relatively lower pH values were observed for
CP@SIM coated Zn alloys. It should be noted that, different form the
bare and CP@SIM coated Zn alloys, PLGA@SIM coated Zn alloys
exhibited a gradual downward pH trend in the subsequent 50 days im-
mersion, which was most probably due to the continuous release of
acidic degradation products from the PLGA coating. Regarding the Zn**
release (Fig. 2D), as expected, coated Zn alloys exhibited a much lower
Zn?* release rate than bare Zn alloy, and the Zn?" release rate of
CP@SIM coated Zn alloys was much lower than PLGA@SIM coated Zn
alloys. The effective barrier provided by the coating against corrosive
media is attributed to the inhibition of Zn alloy degradation. In com-
parison to bulk-eroding PLGA@SIM coating, surface-eroding CP@SIM
coating demonstrateed superior corrosion protection for Zn alloys by
effectively blocking corrosive media. Additionally, the chelation be-
tween Zn?* and imidazole in the CP@SIM coating effectively hindered
the release of Zn?* to a certain extent. The surface and cross-section
morphologies of bare and coated Zn alloys samples before and after
immersion were observed by SEM and presented in Fig. 2E. The surface
of bare Zn alloys was fully covered with corrosion products after 60 days
immersion. The PLGA@SIM coating exhibited numerous hole defects as
a result of the bulk degradation of PLGA and the formation of its acidic
byproducts [59]. The CP@SIM coated Zn alloys, in contrast, maintained
a smooth and uniform surface due to the exceptional adhesion, efficient
photo-crosslinking, predictable degradation behavior of CP@SIM coat-
ings, and the robust chelation interactions between imidazole groups
and released Zn?*. A similar phenomenon was also observed in the
digital photographs of samples after immersion for 60 days. (Fig. 2F).
The cross-section morphologies of CP@SIM coated Zn alloys after im-
mersion for 0, 15, 30, 45 and 60 days were shown in Fig. 2G. At 0-45
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days, the coatings had distinct boundaries and good integrity. However,
as the coating gradually degraded, the integrity and protective capa-
bilities of the coating were progressively compromised. Especially at day
60, the boundaries of the coating became extremely difficult to deter-
mine due to the presence of large amounts of corrosion products and
hollows. As shown in Fig. 2H, the coating thickness decreased from 16.4
to 8.4 pm with an average degradation rate of 0.18 pm per day,
demonstrating the surface-erosion degradation mechanism of CP@SIM
coatings. These results agreed with the envision that imidazole func-
tionalized photo-crosslinked aliphatic polycarbonate drug-eluting
coatings could more efficiently regulate the long-term drug release
compared with PLGA drug-loaded coating. Fig. 2I presented a schematic
illustration of degradation and drug release mechanism of PLGA@SIM
and CP@SIM coatings. Firstly, cracks and micropores were formed in
PLGA coating owing to its self-accelerated bulk degradation, and then
the protective effect of PLGA coating would be destroyed, resulting in
failing to control the drug and Zn?* release. And the released acidic
degradation products like lactic acid would accelerate this process.
Therefore, an accelerated SIM release profile was observed for
PLGA@SIM coatings from 8 to 20 days. Conversely, the distinctive
surface-erosion properties with neutral degradation products allowed
the CP@SIM coating to maintain a long-term barrier effect to the cor-
rosive media, resulting in a well-controlled drug release and outstanding
anti-corrosion performance to the Zn alloy substrate. Moreover, the
imidazole groups in CP@SIM coating could further regulate Zn?* release
by the strong chelation effects.

3.3. In vitro cell viability and cell morphology

The cytocompatibility of Zn alloy implants plays a crucial role in the
process of bone regeneration. Herein, the mouse preosteoblastic cells
MC3T3-E1 were directly cultured at the surface of bare and coated Zn
alloys to assess their cell adhesion and proliferation performance. The
fluorescence micrographs of live/dead staining of MC3T3-E1 cells using
PI and FDA dyes after 1 and 3 days incubation were shown in Fig. 3A.
The green and red fluorescence represented the nuclei of living and dead
cells, respectively. Dead cells on the surface of bare Zn alloys were
observed afterl day culturing, and the number of dead cells increased
after 3 days culturing. In contrast, no dead cells was observed on surface
of the CP and CP@SIM coated Zn alloys. The cell proliferation and
cytotoxicity of CP and CP@SIM coated Zn alloys were quantitatively
determined using the Cell Counting Kit-8 (CCK-8) and lactate dehy-
drogenase (LDH) activity assay, as shown in Fig. 3B and C. As shown in
Fig. 3B, the absorbance at 450 nm of bare Zn alloys group increased from
day 1 to day 3. In contrast, both coated Zn alloys groups exhibited a
significant enhancement, which was consistent with the findings of the
live/dead assay. Furthermore, the LDH activity of both coated Zn alloys
groups displayed a lower cytotoxicity compared to bare Zn alloys group.
The above results demonstrated that the application of aliphatic poly-
carbonate coating effectively reduced the cytotoxicity of Zn alloys,
primarily due to the excellent cytocompatibility of aliphatic poly-
carbonate coatings and the suppression of Zn?" release.

It has been reported that an appropriate amount of Zn?" could pro-
mote the colonization and spread of osteoblasts [20]. However, exces-
sive Zn?* released from bare Zn alloys may inhibit the cell spreading,
and further delay the bone regeneration process [13]. Therefore,
FITC-phalloidin/DAPI fluorescence staining combined with SEM were
applied to observe the morphology of MC3T3-E1 cells after cultured on
bare and coated Zn alloy samples for 3 days. As shown in Fig. 3D and E,
as expected, due to the excessive Zn?* release, MC3T3-E1 cells cultured
on bare Zn alloy exhibited a round and shrunken shape. However, the
cells cultured on coated Zn alloys showed a plump and polygonal
morphology with many cell processes and pseudopodia, suggesting a
further differentiated morphology. Fig. 3F and G were the quantitative
analysis results of phalloidin/DAPI fluorescence photographs. The
CP@SIM coated Zn alloys showed the highest live cell numbers and
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Fig. 3. Viability and morphology of preosteoblast MC3T3-E1 on bare, CP coated, and CP@SIM coated Zn alloys. (A) Live/dead stained fluorescence images for
MC3T3-E1 on different samples after culturing for 1 and 3 days. (B) Cell viability by CCK-8 and (C) LDH activity of MC3T3-E1 incubated in different extracts for 1 and
3 days. (D) Fluorescence images of MC3T3-E1 cultured on different sample surfaces for 3 days with action stained with FITC (green) and nuclei stained with DAPI
(blue). (E) SEM images of MC3T3-E1 cultured on different sample surfaces for 3 days. (F) Total coverage area and (G) number of live cells. *p < 0.05, **p < 0.01,

wxxp < 0.001.

largest coverage. It has been reported that biochemical signals between
osteoblasts and osteocytes could be transferred by their intercellular
connectivity, which would affect the formation of functional syncytial
network by interconnected osteocytes in mature bone [60]. Besides,
compared to CP coatings, CP@SIM coatings not only maintained a lower
level of Zn?* release, but also achieved a stable release of SIM, both of
which combined might enhance cell adhesion, growth, and proliferation
to a certain extent. Therefore, CP@SIM coating could definitely improve
the cytocompatibility of Zn alloys, promote the proliferation and

(A) bare Zn alloy

adhesion of osteoblasts, and be well-suited for bone regeneration.

3.4. In vitro osteogenic ability

After culturing on bare and coated Zn alloys for 7 and 14 days
respectively, the osteogenic potential of Zn alloy samples was evaluated
by measuring the differentiation and mineralization degree of MC3T3-
E1 cells using alkaline phosphatase (ALP) activity assay and alizarin
red staining (ARS). The representative staining photographs of bare, CP
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Fig. 4. Osteogenic activity in vitro of the different Zn alloys. (A) Representative staining photographs and (B) quantification of ALP activity for MC3T3-E1 cultured on
different samples for 7 days. (C) Representative ARS staining photograph and (D) quantification of calcium deposition for MC3T3-E1 cultured on different samples for

14 days. *p < 0.05, **p < 0.01, ***p < 0.001.
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coated, and CP@SIM coated Zn alloys were shown in Fig. 4A and B. After
culturing for 7 days, both the coated Zn alloys, particularly the CP@SIM
coated ones, exhibited a more intense ALP staining compared to the bare
Zn alloys. Furthermore, ARS staining demonstrated the formation of
mineral nodules, where the coated Zn alloys exhibited much denser
calcified nodules after culturing for 14 days, indicating the extracellular
matrix mineralization on coated Zn alloys was significantly greater than
that on bare Zn alloys. The above results were confirmed by quantitative
analyses that both CP and CP@SIM coated samples had a higher ALP
activity and mineralization degree than bare samples, while CP@SIM
coated Zn alloys showed the best in vitro osteogenic performance
(Fig. 4C and D). This was probably because the controlled release of
osteogenic drug SIM combined with relatively low dose of Zn?* could
enhance differentiation of osteoblasts [61].

3.5. Angiogenic ability

During the bone defect healing and bone tissue regeneration,
angiogenesis and osteogenesis were tightly interrelated. And moderate
zinc ion and SIM have been reported that could promote angiogenesis in
bone regeneration [39,62]. Therefore, other than the osteogenic activ-
ity, angiogenic activity of CP@SIM coated Zn alloys were investigated
by migration assay, tube formation assay and in vivo chicken embryo
allantoic membrane (CAM) assay. After a scratch wound was created by
a 100 pL pipette tip, endothelial cells EA.hy926 were cultured in
serum-free medium for 12 h. In Fig. 5A, the photographs of EA.hy926
after culturing for 0 h and 12 h were presented. Comparing with
culturing for 0 h, it was apparent that the gaps were significantly
shrinking at 12 h due to the migration of EA.hy926, especially for Zn-CP
and Zn-CP@SIM group. And the number of endothelial cells migrated
into the scratches to close the gap was counted (Fig. 5B). Obviously,
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more than 160 endothelial cells were counted in Zn-CP@SIM group,
which far more than the number of bare Zn and Zn-CP group. Tube
formation assay as a classic method was used to evaluate the effect of
CP@SIM coated Zn alloys in the angiogenesis of endothelial cells in vitro.
As shown in Fig. 5C, it could be observed that the capillary-like networks
with favorable morphological characteristics of Zn-CP@SIM group was
richer than that of any other groups. The statistical analysis for the
number of tubes was presented in Fig. 5D, which was consistent with the
observations. These results indicated that the Zn-CP@SIM sample could
promote the spontaneous migration and aggregation of EA.hy926 to
form a capillary network with a certain structure, which was conducive
to angiogenesis during bone regeneration. Based on in vitro angiogenic
assay, imidazole functionalized aliphatic polycarbonate coated Zn alloys
were prima facie confirmed to promote angiogenesis, which was greatly
enhanced by the introduction of SIM. Subsequently, in vivo CAM assay
was used to further confirm the angiogenesis of Zn-CP@SIM (Fig. 5E and
F). After co-culturing for 5 days, only limited angiogenesis was observed
in the bare Zn alloy group. This was because the excess Zn>* released by
the bare Zn alloy caused obvious toxicity to the surrounding vascular
tissue, leading to gradual ablation of the vascular tissue. In contrast, the
vascular networks of the coated samples were clearly visible. Blood
vessels could provide nutrients for the survival, growth, and develop-
ment of chicken embryos. It was noteworthy that CP@SIM coated Zn
alloy group showed the richest vascular networks and most intersections
of the neovessel, representing better angiogenesis. Overall, based on the
dually controlled release effect of Zn*" and SIM release control,
CP@SIM coated Zn alloys could infinity eliminate the toxicity of Zn
alloys and promote the angiogenesis in bone repair process, which
would be a promising choice for regeneration of neuro-vascularized
bone tissue.
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Fig. 5. Angiogenic activity of the different Zn alloys samples. (A) Migration assay of EA.hy926 incubated with the extract of different samples after wounding. (B)
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3.6. In vitro antibacterial ability

The recent studies have testified that SIM possess good antibacterial
ability by destroying the functional membrane microdomains of bacteria
to inhibit the bacterial growth and biofilm formation [40]. This may
achieve the enhanced antibacterial effect with Zn?*. Specifically, high
doses of Zn?* had strong antibacterial activity but exhibited significant
cytotoxicity [63]. To balance antibacterial activity and cytocompati-
bility, SIM with broad-spectrum antibacterial properties was introduced
to compensate for the insufficient antibacterial ability of low-dose Zn2".
Therefore, the mechanism of the enhanced antibacterial effect was that
SIM as a potent antibacterial agent combined with low-dose Zn?" with
low antibacterial activity jointly exhibited better antibacterial ability.
To demonstrate the above antibacterial mechanism, the antibacterial
ability of Zn-CP@SIM were evaluated with 316L SS served as positive
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control group. As shown in Fig. 6A-C, due to the antibacterial activity of
Zn?*, the bare Zn alloy exhibited the antibacterial rates of 75.8% and
88.5% against E. coli and S. aureus, respectively. As expect, antibacterial
capacity of Zn-CP was inferior to bare Zn alloy, which was attributed to
the suppressed Zn>" release and low toxicity of coating. In contrast, with
the introduction of SIM, the antibacterial properties of Zn-CP@SIM were
greatly enhanced with antibacterial rates exceeding 95% against to both
E. coli and S. aureus. This could be attributed to the combined antibac-
terial effect of released Zn?>" and SIM. The antibacterial process of the
Zn-CP@SIM samples were further studied by observing the cell mem-
brane integrity and morphology of bacteria (Fig. 6D). The bacteria
adhered to the bare Zn alloy presented normal cellular morphology with
a smooth surface. In contrast, only a few numbers of bacteria adhered on
the surface of CP@SIM coated Zn alloy and the surface morphology of
these bacteria was changed and damaged, which showed a wrinkled and

Zn-CP

Zn-CP@SIM

N

S.aureus
100+

90
80 ~

70+

Antibacterial rate (%

Fig. 6. Antibacterial activity of 316L SS and different Zn alloys samples against E. coli and S. aureus. (A) Photographs of agar plates of colonies of E. coli and S. aureus.
The antibacterial rate of different samples against (B) E. coli and (C) S. aureus. (D) The SEM images of the morphological changes of E. coli and S. aureus after in-

cubation with bare Zn alloy and Zn-CP@SIM samples. *p < 0.05, **p < 0.01.
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distorted surface. This further indicated that the CP@SIM coated Zn
alloy inhibited the bacterial growth and biofilm formation with the
combined antibacterial effect of Zn** and SIM.

3.7. In vivo experiments

To further study the biocompatibility, and in vivo promoting new
bone formation and vascularization functions of the coatings, bare and
coated cylindrical Zn alloys samples were implanted into a rabbit
femoral defect with critical size. The 2D and 3D micro-CT images of the
implants and surrounding bones at 8 weeks after implantation were
analyzed (Fig. 7A). New bone tissue (white) was found on the surface of
all implants (yellow), demonstrating the development of bone regen-
eration. Surprisingly, the bare Zn alloys also showed a bone repair
capability, which to some extent highlighted the advantages of biode-
gradable Zn-Li alloys for utilization as bone implants. As expect, the Zn-
CP@SIM exhibited the best osteogenesis promoting performance that
the Zn-CP@SIM implant was nearly fully covered by the new bone tis-
sue. Quantitative analysis of new bone volume (BV/TV) and new bone
mineral density (BS/TV) calculated from the micro-CT were assessed
(Fig. 7B and C). Compared to bare Zn alloys, coated Zn alloys had more
newborn bone tissue and higher bone mineral density, which was
consistent with the findings from the in vitro osteogenic test. Notably, the
CP@SIM coated Zn alloys exhibited the best bone repair capability
compared to the other two samples, which could be explained by the
following two main reasons. On the one hand, the CP@SIM coating
ensured that the Zn?* concentration at the implant site was not too high
to hinder bone regeneration by inhibiting Zn?* release, which improved
the biocompatibility of the Zn alloy surfaces, providing a microenvi-
ronment conductive to adherence and growth of osteoclasts. On the
other hand, the CP@SIM coating showed a sustained release of osteo-
genic favorably SIM. These two functions synergistically facilitated the
bone repair process.

(A) Bare Zn alloy

Zn-CP

(B) =0
bare Zn alloy
I zn-cP
415] WM zn-CP@SIM

— i

0

(C) 25
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Histological H&E staining and Masson’s trichrome staining were
conducted to further confirm the coating’s performance on in vivo new
bone formation (Fig. 8). The H&E staining images showed the newly
formed tissue in the entire femoral defect after 8 weeks surgery.
Compared with many predominantly fibrous tissues observed in bare Zn
alloy group, Zn-CP@SIM group showed less fibrous tissue and more
dense new bone. As seen in the enlarged images, Zn-CP@SIM group had
significantly more round holes in the new bone tissue than the other two
groups, implying that more vascular tissue (black arrows) was formed.
These results further demonstrated that the combination of low dose of
Zn?* and uniformly release of SIM synergistically promoted new bone
formation and vascularization. Meanwhile, no obverse inflammatory
reaction was found in both coated Zn alloy groups, which indicated the
good in vivo biocompatibility and antibacterial effect of coatings. In
Masson’s trichrome staining, collagen fibers and cartilage appear blue,
while muscle fibers and erythrocytes are red [64]. Like the observation
from the H&E staining, the results of Masson’s trichrome staining
revealed that a large amount of mineralized collagen fibers (blue color)
and conspicuous neovascularization (black arrows) were generated in
Zn-CP@SIM group, reflecting much more collagen deposition and new
blood vessel formation, which further confirmed the excellent osseoin-
tegration of the drug-eluting coating on Zn alloys. The immunohisto-
chemical staining of ossification-related osteocalcin (OCN) and
vascularization-related platelet endothelial cell adhesion molecule-1
(CD31) was conducted to further confirm the coating’s performance
on in vivo new bone formation and vascularization (Fig. 8). OCN is a
highly specific marker for osteoblasts and is commonly used to assess the
extent of bone formation [65]. CD31 is generally regarded as a marker of
endothelial cell lineage, and upregulation of its expression implies an
enhanced angiogenic effect [66]. The expression of OCN and CD31 was
measured by immunohistochemical staining after 8 weeks of implanta-
tion. The OCN- and CD31-positive staining of Zn-CP@SIM group was
more pronounced than Zn-CP and bare Zn alloy groups, reflecting high

Zn-CP@SIM

bare Zn alloy
B zn-cP

201 mm zn-crP@siv
> 151
e I
=
(%9}
@ 10{ gl

0.5

0.0

Fig. 7. Results of the rabbit critical-size femur defect model. (A) 2D and 3D micro-CT images of the implants and surrounding bones. Quantification of (B) new bone
volume and (C) new bone mineral density. *p < 0.05, **p < 0.01, ***p < 0.001.
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H&E
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IHC

10x

Zn-CP bare Zn alloy

Zn-CP@SIM

50%

Fig. 8. Representative photographs of histological staining of H&E and Masson’s trichrome, and immunohistochemical staining of OCN and CD31 after implanting 8
weeks. M = metal; T = tissue; FT = fibrous tissue; NB = newly formed bone; Black arrows = blood vessels.

level of bone formation and vascularization, which was consistent with
the results of H&E and Masson’s trichrome staining. Above findings
demonstrated that CP@SIM coated Zn alloys could efficiently enhance
the biocompatibility, osteogenesis, and angiogenesis of Zn alloys in vivo.

4. Conclusions

In this work, an imidazole functionalized biodegradable aliphatic
polycarbonate drug-eluting coating Zn-CP@SIM was fabricated by EPD
method on Zn-Li alloys to inhibit Zn?" release and enhance the osteo-
genesis, angiogenesis, and bacteriostasis of Zn alloys. Compared with
the commercially available PTMC coating, Zn-CP@SIM coatings had
better mechanical properties. In long-term immersion experiments,
compared with commercially available PLGA coating, Zn-CP@SIM
coatings shows a regulated Zn?" release property and more stable SIM
release curves, maintaining coating integrity even after 60 days of im-
mersion. Zn-CP@SIM coatings could effectively reduce the cytotoxicity
of zinc alloy substrate, and provide a good biological microenvironment
for the adhesion, spread and differentiation of osteoblasts. In addition,
Zn-CP@SIM coatings showed excellent angiogenic and antibacterial
properties, with an antibacterial rates of over 95% against both E.coli
and S.aureus. Finally, in vivo animal studies showed that Zn-CP@SIM
coatings had a less inflammatory response and more collagen deposi-
tion, effectively promoting the expression of platelet-endothelial cell
adhesion molecules (CD31) and osteocalcin (OCN).
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