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A B S T R A C T   

Although biodegradable polymer coatings can impede corrosion of magnesium (Mg)-based orthopedic implants, 
they are prone to excessive degradation and accidental scratching in practice. Bone implant-related infection and 
limited osteointegration are other factors that adversely impact clinical application of Mg-based biomedical 
implants. Herein, a self-healing polymeric coating is constructed on the Mg alloy together with incorporation of a 
stimuli-responsive drug delivery nanoplatform by a spin-spray layer-by-layer (SSLbL) assembly technique. The 
nanocontainers are based on simvastatin (SIM)-encapsulated hollow mesoporous silica nanoparticles (S@HMSs) 
modified with polydopamine (PDA) and polycaprolactone diacrylate (PCL-DA) bilayer. Owing to the dynamic 
reversible reactions, the hybrid coating shows a fast, stable, and cyclical water-enabled self-healing capacity. The 
antibacterial assay indicates good bacteria-killing properties under near infrared (NIR) irradiation due to syn
ergistic effects of hyperthermia, reactive oxygens species (ROS), and SIM leaching. In vitro results demonstrate 
that NIR laser irradiation promotes the cytocompatibility, osteogenesis, and angiogenesis. The coating facilitates 
alkaline phosphatase activity and expedites extracellular matrix mineralization as well as expression of 
osteogenesis-related genes. This study reveals a useful strategy to develop multifunctional coatings on bio
absorbable Mg alloys for orthopedic implants.   

1. Introduction 

Musculoskeletal disorders related to age and exercise have increased 
the social and medical burdens [1,2]. Biodegradable metals (BMs) can 
break down during tissue regrowth and therefore are suitable orthopedic 
implant materials [3,4]. Especially, magnesium (Mg) alloys are desir
able temporary materials due to excellent mechanical strength and 
natural biodegradability in physiological environments [5–8]. However, 

the high corrosion rate can cause premature mechanical failure before 
complete healing bone tissues [9–11]. Bacterial infections and limited 
osteointegration are other obstacles hampering clinical adoption of 
Mg-based orthopedic implants [12–14]. 

Several approaches have been developed to address these short
comings, and surface modification and coating treatment are attractive 
for Mg alloys [15–17]. Layer-by-layer (LbL) assembly is one of the 
versatile techniques to prepare coatings composed of polymers, 
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Fig. 1. Schematic illustration of the experimental flow: (A) Fabrication of SHPP nanocontainers, (B) SSLbL assembly, (C) pH- and NIR-triggered drug release assays, 
and (D) Evaluation of self-healing activity, antibacterial Property, osteogenesis, and angiogenesis. 
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nanoparticles, proteins, or DNA [18,19]. LbL assembly is performed by 
alternatively adsorbing oppositely charged materials onto substrate via 
electrostatic interactions, host-guest interaction, as well as hydrogen 
bonds [20–22]. LbL-assembled polymeric coatings can also offer good 
corrosion protection to Mg alloys [23–26]. However, the protective 
surface is temporary and corrosion can be propagated to the substrate 
through physical defects [27], and therefore LbL-assembled thin films 
are sopposed to possess the self-healing ability [28,29]. Generally, 
self-healing behavior involves two strategies. One is the extrinsic heal
ing, scratches are sealed automatically by healable agents such as 
corrosion inhibitors [30–32], and the other is the intrinsic curing, the 
damaged surface is repaired by chain rearrangement of the polymer 
molecules or intramolecular reversible chemical bonds including amide 
bond, disulfide bond, and others [33–36]. An extrinsic healable film 
tends to have a heterogeneous distribution, unstable composition, and 
limited effects, whereas the intrinsic one can cure large scratches of 
several hundred micrometers in size and undergo multiple dam
age/healing cycles under appropriate conditions [37–39]. Therefore, 
this work investigated intrinsic self-healing polyelectrolyte multilayered 
(PEM) coatings fabricated by a spin-spray LbL (SSLbL) assembly tech
nique. The PEM coatings are constructed by strong coupling of branched 
poly (ethylenimine)/poly (acrylic acid) (bPEI/PAA) and can self-heal in 
water due to dynamic reversible reactions of hydrated polymers in 
multilayered coatings [40,41]. 

Osteogenesis is another concern for orthopedic implants and in
fections also pose serious risks and complications after surgery [42–44]. 
Adhesion of osteoblasts and bacteria on implants materials is a 
competitive process between osteogenesis and biofilm formation [45]. 
As the golden standard for bone repair, autografts exhibit positive effects 
but also suffer from limited bone mass and pain after surgery [46–48]. 
Allografts as the substitute are also plagued by infection and immune 
rejection [49,50]. Local drug delivery systems (LDDSs) composed of 
nanocarriers and bone growth factors constitute a novel strategy in or
thopedics but growth factors have poor stability and limited shelf life, 
whereas osteogenic drugs possess positive effects on LDDSs [51,52]. It is 
reported that statins tend to trigger the generation of bone morphoge
netic protein-2 (BMP-2) in osteoblasts and indicate potential promotion 
of anabolic effects in skeletons [53,54]. Simvastatin (SIM), a 
cholesterol-lowering drug that inhibits 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, can sustain the differentiation of 
BMP-induced osteoblasts through restraining the TNF-α-to-MAPK 
pathway, and thus improve BMP-Smad signaling [55–57]. Simvastatin 
accelerates the expression of the vascular endothelial growth factor 
(VEGF) and promotes proliferation and differentiation of vascular 
endothelial cells, thereby enhancing angiogenesis-coupled osteogenesis 
[58,59]. Furthermore, simvastatin reduces systemic and vascular 
inflammation response by inhibiting the leaching of C-Reactive Protein 
(Ls-CRP) [60–62]. 

Antibiotic treatment is the main strategy to improve the bacteria- 
killing effects of bone implants, but due to the abuse of antibiotics, 
bacterial resistance or even superbugs may emerge [63,64]. As an 
alternative method, the photothermal/photodynamic therapies 
(PTT/PDT) can endow specific materials with the high penetration and 
remote-controlled sterilization ability, as well as hyperthermia and 
radical oxygen species (ROS) generated by light irradiation can kill 
bacteria [65,66]. However, photosensitizers-mediated oxygen con
sumption exacerbates tissue hypoxia and then inhibits the PDT effect 
[67]. In PTT, effective bacteria killing requires a relatively high tem
perature, which may cause damage to normal tissues [64,68]. The 
maximum tolerable temperature of human body is 50–60 ◦C which may 
not be sufficient to achieve optimum antibacterial efficiency [69]. 

Owing to the poor chemical stability and low solubility, simvastatin 
must be encapsulated in nanocarriers to prolong the drug release. Hol
low mesoporous silica nanospheres (HMSs) with a mesoporous outer 
shell and an interior hollow interior cavity have been used as nano
structured vehicles to load drugs or reagents, which is an easy-to- 

operate, cost-effective, and controllable method [70–73]. To precisely 
control the leaching of simvastatin from the nanocontainers, polydop
amine (PDA) with abundant amine and catechol bindings is employed in 
surface modification of HMSs as a pH- and NIR-sensitive polymer 
“gatekeeper” [74–76]. We have proposed biodegradable poly (ε-capro
lactone)diacrylate (PCL-DA) as the switching segments to safeguard the 
HMSs-based drug loaded nanocarriers from biodegradation [77–79]. As 
a thermoresponsive shape memory polymer (SMP), PCL-DA molecules 
become malleable when heated and then expand to fill defects and lock 
into a new shape [80]. 

In this work, a novel self-healing coating with the dual pH- and NIR- 
responsive capacities was constructed on the Mg substrate. Drug-loaded 
nanocapsules were introduced to the polymer coating by a SSLbL as
sembly technology. The PAA and bPEI served as the assembly units in 
the self-assembly process to produce the hybrid coating with multiple 
functions including bacteria killing, osteogenesis, and angiogenesis 
(Fig. 1). 

2. Materials and methods 

2.1. Materials 

The as-extruded Mg alloy WE43 was purchased from Suzhou Rong
qian Rare Metal Product Co., Ltd. And the chemical composition was 
shown in Table 1. Polyacrylic acid (PAA, Mw: 3000 g mol− 1, 30%) and 
polycaprolactone-diol (PCL-diol, Mn: ~2000 g mol− 1, 99%) were pur
chased from Shanghai Macklin Biochemical Co., Ltd. And the branched 
polyethyleneimine (bPEI, Mw: 30 k g mol− 1, 99%) and tetraethyl 
orthosilicate (TEOS, Fw: 208.33 g mol− 1, ≥99%) were acquired from 
Shandong Xiya Chemical Technology Co., Ltd. Simvastatin (SIM, Mw: 
418.57 g mol− 1, ≥97%), octadecyltrimethoxysilane (C18TMS, Mw: 
374.67 g mol− 1, 90%), dopamine hydrochloride (Dopa⋅HCl, Mw: 
189.64 g mol− 1, 98%), triethylamine (Et3N, Mw: 101.19 g mol− 1, 
>99.5%), 4-(dimethylamino)pyridine (DMAP, 22.17 g mol− 1, 99%), 
acryloyl chloride (AC, 90.51 g mol− 1, 96%), 2,2-dimethoxy-2-phenyla
cetophenone (DMP, 256.3 g mol− 1, 99%), ethyl acetate (88.105 g 
mol− 1, ≥99.5%), and 1-vinyl-2-pyrrolidinone (NVP, 111.14 g mol− 1, 
99%) were obtained from Shanghai Aladdin Biochemical Technology 
Co., Ltd. The ammonia solution (35.05 g mol− 1, 25–28%), sodium car
bonate (105.99 g mol− 1, ≥99.8%), potassium carbonate (138.206 g 
mol− 1, ≥98.0%), anhydrous magnesium sulfate (120.37 g mol− 1, 
≥97.0%) and dichloromethane (DCM, 84.933 g mol− 1, ≥99.5%) were 
bought from Sinopharm Chemical Reagent Co., Ltd. All the reagents 
were used without purification and ultrapure (UP) water was produced 
by a Milli-Q water system. 

2.2. Synthesis of HMSs 

The monodispersed HMSs were synthesized by the combination of 
the modified Stöber and sol-gel methods. Briefly, 71.4 mL of ethanol, 10 
mL of UP water, and 1.57 mL of the ammonia solution were mixed at 30 
◦

C and then 3.5 mL of TEOS was quickly injected and stirred for 2 h. A 
mixture containing 2.5 mL of TEOS and 1 mL of C18TMS was added to 
the above solution and mixed for another 1 h to obtain the solid silica 
core/mesoporous silica shell nanospheres (designated as “sSiO2@m
SiO2”), which was dispersed in a 0.3 M of sodium carbonate aqueous 
solution at 85 

◦

C and stirred for 0.5 h. The products were collected by 
centrifugation (8000 rpm for 30 min), washed with ethanol and UP 
water three times, and dried under vacuum overnight. The HMSs were 
formed by calcination at 813.15 K for 6 h at a heating rate of 1 K min− 1. 

Table 1 
Chemical composition of WE43 Mg alloy (wt.%).  

Mg Y Nb Gd Zr Cu Ni Fe 

Balance 4.05 2.47 1.17 0.52 0.013 0.001 0.001  
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2.3. Synthesis of PCL-DA 

The PCL-DA as a shape memory polymer was synthesized according 
to an established protocol including acylation reaction and purification 
of the crude product [77]. In Brief, 0.17 g mL− 1 of PCL-diol (Mn: ~2000 
g mol− 1) was dissolved in DCM solvent and stirred at 300 rpm for 1 h, 
and 0.055 mg mL− 1 of DMAP was added to the solution and mixed for 5 
min. Then, 0.033 mM of Et3N and 0.067 mM of acryloyl chloride were 
added dropwise to the mixture and the reactor was transferred to an oil 
bath and incubated overnight. The DCM solvent was removed using a 
rotary evaporator to obtain the crude PCL-DA. To purify the product, the 
crude PCL-DA was dissolved in 135 mL of ethyl acetate. Gravity filtra
tion was adopted to remove impurities and ethyl acetate was dislodged 
by rotation. The as-prepared PCL-DA was dissolved in 140 mL of DCM, 
and 13.5 mL of 2 M K2CO3 was added. The organic layer on the bottom 
was collected and 5 g of MgSO4 was mixed. Finally, the DCM solvent was 
removed under vacuum and the obtained PCL-DA was kept away from 
light. 

2.4. Preparation of SHPP nanocontainers 

Simvastatin was directly loaded into the synthesized HMSs. Briefly, 
500 mg of HMSs were added to 50 mL of the SIM solution (10, 20 and 50 
mM in ethanol) and incubated for 1, 2, 4, 8, and 12 h. The SIM-loaded 
HMSs (S@HMSs, SH) were collected by centrifugation (6000 rpm for 
15 min), washed three times, and dried at 37.5 

◦

C overnight. Afterward, 
the S@HMSs were coated with Dopa⋅HCl in Tris buffer (10 mM, pH 8.5). 
Specifically, 500 mg of S@HMSs were added to 100 mL of the dopamine 
solution with different concentrations (1, 2 and 5 mg mL− 1) in the dark 
for 1, 3 and 6 h, respectively. After the centrifugation-washing-drying 
cycling, the polydopamine coated S@HMSs (S@HMSs-PDA, SHP) were 
obtained. The PCL-DA was used in surface modification of SHP. 200 mg 
of SHP were added to the PCL-DA solution (1 mM in 30 mL of DCM 
solvent) and mixed for 4 h. The suspension was centrifuged, washed, and 
dried to obtain the PCL-DA modified S@HMSs-PDA (S@HMSs-PDA-PCL- 
DA, SHPP) nanocontainers. 

2.5. Fabrication of PAA/bPEI-SHPP hybrid coatings 

The bPEI-SHPP assembly unit was prepared by chemical cross- 
linking. Briefly, 1 mg mL− 1 of SHPP, 10 mg mL− 1 of bPEI, 4 mg mL− 1 

of EDC, and 1 mg mL− 1 of NHS were added to water (pH 9.5) and mixed 
for 2 h in the dark to obtain the bPEI-SHPP materials. Before preparing 
the coating, WE43 Mg alloy with dimensions of 20 mm × 20 mm × 5 mm 
was polished up to 3000 grit, rinsed, and dried in warm air. The Mg 
samples were alkalized with sodium hydroxide for 20 min. In SSLbL 
assembly process, Mg substrate was spin-coated with 0.5 mL of bPEI 
solution (10 mg mL− 1, pH 9.5) to fabricate a precursor layer and then 
deposited with 0.3 mL of PAA (10 mg mL− 1, pH 7.0) and 0.3 mL of bPEI- 
SHPP separately by the SSLbL assembly at 3000 rpm for 10 s. By 
repeating the alternatively depositing process, the (PAA/bPEI-SHPP)n 
hybrid coating designed with different assembly cycles (n) was prepared 
on Mg alloy. At the same time, the (PAA/bPEI)n coating as a contrast was 
fabricated by the same assembly process. 

2.6. Materials characterization 

Transmission electron microscopy (TEM, Talos F200X S/TEM, USA) 
and scanning electron microscopy (SEM, Nova Nano SEM450, USA) 
were used to examine the nanostructure and morphology of HMSs, SHP, 
and SHPP nanoparticles. Small-angle X-ray scattering (SAXS, Anton Paar 
SAXSpoint, Australia) was carried out to evaluate the phase of specimen. 
X-ray diffraction (XRD, Bruker D8-Discover, Germany), Fourier trans
form infrared spectroscopy (FT-IR, Thermo Scientific Nicolet iS10, 
USA), and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K- 
Alpha, USA) were performed to determine the chemical and phase 

compositions of materials. The average size and size distribution of the 
nanoparticles were analyzed by using a Malvern Zetasizer Nano ZS90 
Dynamic Light Scattering (DLS) system. The N2 adsorption-desorption 
isotherms were determined on the Quanta chrome Nova 4000e Micro
metric apparatus at 77.35 K. The specific surface area was calculated by 
the BET method, and the pore size and pore volume were calculated by 
BJH method using the light of the adsorption branch of isotherms. Dif
ferential scanning calorimetry (DSC, TA Q2000, USA) was used to 
confirm the melting temperature of samples and the Zeta potential was 
determined by the Dispersion DT310 Zeta Potential Analyzer. The 
adhesion strength of the hybrid coatings was investigated on the WS- 
2005 scratch system and by a tape peeling-off method according to 
ASTM D3359-09. 

2.7. Corrosion tests 

2.7.1. Electrochemical behavior 
The electrochemical workstation PARSTAT 3000 manufactured by 

Princeton Applied Research was employed to evaluate the electro
chemical corrosion process in Hank’s balanced salt solution (HBSS). A 
three-electrode system was used in the electrochemical experiments. 
The potentiodynamic polarization (PDP) curve was monitored from the 
cathode to anode at a scanning rate of 1 mV s− 1 in the potential range 
from − 2.5 to − 1.0 V SCE− 1. The corrosion current density (icorr, μA 
cm− 2) and potential (Ecorr, V/SCE) were acquired by Tafel extrapolation 
of the polarization curve. Electrochemical impedance spectroscopy (EIS) 
was conducted at the open circuit potential (OCP) with an applied AC 
amplitude 10 mV from 100 kHz to 0.1 Hz. The equivalent circuits (ECs) 
were obtained by simulating the EIS data. The name of software used for 
EIS analyses is ZSimpWin. 

2.7.2. Mass loss test 
In general, mass monitoring is the simplest and most accurate 

method for corrosion rate calculation, which represents the average 
measurement over the entire exposure in a corrosive medium. The ratio 
of HBSS volume to surface area of Mg-based samples was 100 mL cm− 2. 
Specimens were taken out after 1, 3, 7, 14 and 21 days of immersion, and 
then dipped into a chromate acid solution (200 g L− 1 of CrO3 solution 
saturated with 10 g L− 1 of AgNO3) to remove the corrosion products, 
followed with ultrasonic cleaning. The corrosion rate (CR, mm y− 1) 
estimated from mass loss was calculated by formula (1) [81,82]: 

CR=
8.76 × 104 × Δm

A × t × ρ , (1)  

where Δm is the mass loss (g), A is the exposed surface area (cm2), t is the 
total immersion time (h), as well as ρ is the alloy density (g cm− 3). 

2.7.3. Hydrogen evolution test 
The hydrogen evolution experiment was carried out as previously 

reported [83,84]. The burette-funnel apparatus was used to hold the 
specimen and the hydrogen level in the burette was recorded. The 
hydrogen evolution rate (vH, mL cm− 2 h− 1) was calculated by the 
following formula (2): 

vH =
V
st
, (2)  

where V is the cumulative hydrogen volume (mL), s is the exposed 
surface area (cm2), and t is the immersion time (h). 

To estimate the long-term durability of the samples, three specimens 
were immersed in HBSS at 37.5 

◦

C for 1, 3 and 10 d, respectively, to 
detect the extent of corrosion and pH variation. SEM equipped with an 
energy-dispersive X-ray spectrometry (EDS) was used to observe the 
morphology and detect the composition of the coating surface after 
immersion. The composition of the corrosion product was determined 
by FT-IR, XRD, and XPS. 
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2.8. Self-healing activity 

To evaluate self-healing abilities of samples, the cut-through scratch 
method was used to imitate the damage caused by long usage of the 
corrosion-resistant materials. The scratched specimens were immersed 
in PBS at room temperature, and SEM was performed to observe the 
scratch-then-healing behavior. The healed region of the scratched 
coatings was analyzed by EDS and XPS, and EIS was utilized to inves
tigate the changes of the impedance modulus in the low frequency re
gion for several damage-healing cycles. The variation of the water 
contact angles (CAs) on the coatings after the scratch and healing cycles 
was monitored. Confocal laser scanning microscopy (CLSM, Olympus 
LEXT OLS5000 3D, Japan) was used to observe the depth of the 
scratched coatings in real time. All the coating scratches with widths of 
25 and 50 μm were made by a scalpel. The self-healing efficiency (ηt, %) 
at different immersion time was calculated by formula (3): 

ηt (%)=
d0 − dt

d0
× 100%, (3)  

where d0 is the initial scratch depth and dt is the scratch depth at time t. 

2.9. Simvastatin loading and controlled release assays 

The absorbance of simvastatin was monitored by a dual-beam 
ultraviolet–visible spectrophotometry (UV–vis, Beijing General Analyt
ical TU-1901, China). The drug loading amount was calculated by the 
subtraction of free SIM in the washing from the initial amount. The drug 
loading efficiency (DLE, %) was calculated according to equation (4): 

DLE (%)=
W0 − W

W1
× 100%, (4)  

where W0 and W are the initial weight and free weight of SIM, as well as 
W1 is the total mass of S@HMSs. 

pH-triggered cumulative release from SHPP nanocontainers loaded 
with 50 mM of SIM was investigated at different pH (5.5, 7.4). 5 mg of 
SH, SHP, and SHPP were packed into dialysis bags (cut-off molecular 
weight, MW: 500 Da) with 1 mL of PBS and then transferred to centri
fuge tubes containing 9 mL of PBS (pH 5.5, 7.4). To monitor drug 
leaking, 5 mL of PBS containing SIM was removed and replaced with 5 
mL of fresh PBS. The collected solution was analyzed by UV–vis spec
trophotometry and the data were recorded at predetermined time in
tervals. The amount of released SIM was plotted against time according 
to a premeasured standard curve of SIM. To evaluate the NIR-responsive 
release behavior, near infrared lasers with different power densities 
(0.5, 1.0, and 2.0 W cm− 2) were used at specific time points to treat the 
samples immersed in PBS under different pH conditions and cultured at 
37 

◦

C. The collection and replacement process of PBS was carried out as 
aforementioned. The cumulative drug release rate (DRR, %) was 
calculated by equation (5): 

DDR (%)=
Ct

C0
× 100%, (5)  

where Ct and C0 are the concentrations of the leached and initially 
loaded SIM at time t. 

2.10. Antibacterial assay 

The antibacterial effects against Gram-positive S. aureus and Gram- 
negative E. coli were evaluated using a spread plate-counting method. 
The bacterial suspensions were incubated at 37 

◦

C overnight using a 
shaking incubator and diluted to 107 CFU mL− 1 with a 0.9% of NaCl 
solution. After incubation for 15 h, the bacteria mixture was added to a 
cuvette and immersed for 4 and 12 h, respectively. 100 μL of the bacteria 
(105 CFU mL− 1) were spread on agar plates and incubated at 37 

◦

C for 
15 h. The bacteria-containing plates were photographed and the number 

of new bacteria colonies was counted. 

2.11. Cell culture 

Mouse bone marrow mesenchymal stem cells (mBMSCs) were used 
for cell culture. The cells were cultured in Dulbecco’s modified Eagle’s 
medium/F12 medium (DMEM, Gibco, USA) supplemented with 10% of 
fetal bovine serum and 1% of penicillin streptomycin in the standard 
culture condition (at 37 

◦

C in 5% CO2/95% air of humid environment). 
The culture medium was changed every 48 h throughout incubation. 
Moreover, human umbilical vein endothelial cells (HUVECs) were 
cultured according to the manufacturer’s protocol to passage 5 in the 
complete Endothelial Cell Growth Medium-2 (EGMTM-2) medium 
under the standard cell culture conditions (37 

◦

C, 5%/95% CO2/air, 
sterile, humidified environment). The cell morphology was observed at 
each passage by an optical microscope to ensure that the HUVECs were 
normal and healthy. 

2.12. Cell proliferation and viability 

Cell proliferation was monitored using a Cell Counting Kit 8 (CCK-8, 
Dojindo, Kumamoto, Japan). Before incubation, the Mg-based samples 
were sterilized with ultraviolet irradiation for 4 h on each side. The 
extract medium was obtained by incubating specimens in the complete 
DMEM media with a ratio of 1.25 cm2 mL− 1 for 3 days. The mBMSCs and 
HUVECs were separately incubated on 24-well plates and incubated for 
1 day. The medium was renewed with 100 μL of the control group of 
DMEM or different extract media. After incubation for 1, 3, and 5 days, 
the extra media were rinsed with PBS and cultured in 10% of CCK-8 
solution at 37 

◦

C for 4 h. The absorbance of both cells at 450 nm was 
measured by a spectrophotometer. The live/dead staining assay was 
used to determine the cell viability towards the extract of various 
samples. 

2.13. Flow cytometry of apoptotic cells 

The effects of extracts on mBMSCs and HUVECs were evaluated by a 
Annexin V-FITC apoptosis detection kit. The cells were seeded on a 24- 
well plate (2 × 105) and cultured with DMEM for 1 day. After rinsing 
with PBS three times, the cells in extracts were cultured for 1 day, 
digested, and centrifuged. They were resuspended in 195 μL of V-FITC 
Annexin binding solution to which 5 μL of V-FITC was added. After 
incubating for 10 min, flow cytometry was performed to evaluate the 
apoptosis level. 

2.14. Surface roughness of coatings and cell morphology observation 

The average surface roughness (Ra) of Mg-based samples was 
measured using the atomic force microscope (AFM, Bruker Dimension 
ICON, Germany). For direct cell adhesion, the mBMSCs cells were 
seeded on sterilized samples in 24-well TCPS and cultured for 24 h. 
Before SEM observation, the specimens were rinsed with sterile PBS 
three times, and then fixed with 2.5% glutaraldehyde for 2 h. The cell- 
material constructs were direct mounted without spray gold treatment 
for SEM investigation using the Zeiss Crossbeam350 FIB-SEM at 1.0 kV. 

2.15. Macrophage polarization in vitro 

In this study, RAW264.7 mouse macrophage was donated from the 
Medical Research Center of Guangdong Provincial People’s Hospital. 
Macrophages were incubated in the culture medium (DMEM-F12k 1: 1 
with 10% PBS and 1% antibiotics) under the humidified atmosphere 
with 5% CO2 at 37 ◦C. The culture medium was refreshed every two days 
throughout the whole incubation period. The inflammation-related gene 
expressions of the macrophages, cultured with the extracts of the three 
different materials for 3 days, were quantified by RT-PCR. The total RNA 
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was isolated by the TRizol reagent, which was then reversed transcribed 
into complementary DNA using the First Strand cDNA Synthesis Kit. The 
mRNA expression of M1-related genes (TNF-α, IL-6, and IL-1β) and M2- 
realated genes (CD206, Arg, and IL-10) in RAW264.7 cells were 
performed. 

2.16. Osteogenic differentiation 

The alkaline phosphatase (ALP) activity assay was used to evaluate 
osteogenic differentiation of mBMSCs. The cells were seeded on 24-well 
plates (5 × 103). The Mg-based materials were co-cultured for 24 h with 
the medium and osteogenic induction solution including ascorbic acid 
(50 μg mL− 1), β-glycerophosphate (10 mM), and examethasone (10 
mM), and then the supernatant was got out and cultured with osteo
blasts. The supernatant extracted for 24 h was selected for cell co- 
culture. After incubation for 7 and 14 days respectively in the osteo
genic induction medium, the ALP activity of Mg-based samples was 
analyzed qualitatively by staining the cells with a BCIP/NBT ALP 
Chromogenic kit. The optical results were also recorded. The intracel
lular total protein concentration and ALP were detected by a BCA pro
tein assay kit (Pierce, Thermo Fisher Scientific, USA) and ALP assay kit 
(Beyotime Biotechnology, China). The enzyme activity (U mg− 1) was 
calculated by normalizing ALP to the protein content. The collagen 
secretion and ECM mineralization assays were measured by a Alizarin 
Red S Staining Quantification Assay. After incubation for 7 and 14 days 
in an osteogenic induction medium, the mBMSCs were fixed with 4% 
paraformaldehyde and stained with 1% Alizarin Red S (pH 4.2) for 10 
min at 4 

◦

C. The Mg-based samples were rinsed with PBS and the staining 
photos of ECM and calcium nodules were observed by a phase-contrast 
inverted optical microscope (Olympus, Japan). In the quantitative 
analysis, 10% of cetylpyridinium chloride was added to the bonded dye 
and the OD values at 620 nm was recorded by a microplate reader. 

2.17. Real-time polymerase chain reaction 

The mBMSCs (1 × 105) in the second passage were seeded on 6-well 
plates. After incubation for 7 and 14 days separately with an osteogenic 
differentiation medium, the total RNA extracted via TRIzol reagent 
(Invitrogen, USA) was applied to synthesize the complementary DNA 
(cDNA). The osteogenic-related genes (Runx2, ALP, OCN, OPN and COL 
I) expressions were analyzed quantitatively using a real-time quantita
tive polymerase chain reaction (qRT-PCR, PerfectStart Green qPCR 
SuperMix (Trans), China). The primers of the related genes were listed in 
Table 2. 

2.18. Wound healing and angiogenesis assays 

A scarification method was applied to measure the migration of 
HUVECs. The cells were spread on the Mg-based samples (1 × 105) and 
incubated at 37 

◦

C for 4 h. The culture media were removed and straight 
lines were made on the surface with a pipet tip. 1 mL of the fresh culture 
medium was added and cultured for 8 h. The cells were stained with 
green live cell dye and cell migration was investigated by a fluorescent 

microscopy. The angiogenic-related genes (VEGF and HIF-α) expressions 
were analyzed by qRT-PCR. 

2.19. In vivo experiments 

Eighteen New Zealand white rabbits weighing 1500–2000g were 
purchased from the Medical Experimental Animal Center of Jiang Su 
Province. The animals were randomly divided into Mg, PAA/bPEI, PAA/ 
bPEI-SHPP (NIR+) groups. All surgical steps and postoperative treat
ments were approved by the Guidelines for Care and Use of Laboratory 
Animals of Nanjing Medical University and the Animal Ethics Commit
tee of Jin Ling Hospital (2022DZGKJDWLS_0024). Before surgery, ani
mals were shaved, and the surgical site was disinfected. After 
anesthetization, an incision was made around the knee, which exposed 
the lateral femoral condyle. A 4 mm-diameter hole was made using a 
drill through the lateral femoral condyles. The cylinder sample (4 mm in 
diameter, 10 mm in length) was pressed into the hole, and then the 
wound was disinfected and gently closed. 4 weeks after surgery, all 
animals were sacrificed by an overdose of pentobarbitone. A micro-CT 
scanner (mCT80; Scanco Medical AG, Bruttisellen, Switzerland) was 
used to analyze the femurs with implants. Furthermore, 3D recon
struction was preformed with Scanco Medical software. For cylindrical 
implant areas, the following data were analyzed by the software: bone 
volume/tissue volume (BV/TV), bone mineral density (BMD), trabecular 
thickness (Tb.th) and trabecular separation (Tb.sp). 

Subsequently, the femurs with implants were collected and fixed in 
4% paraformaldehyde. After gradient dehydration and embedding in 
polymethylmethacrylate, tissues were cut into sections by a saw 
microtome (EXAKT Apparatebau, Germany). Then, VG staining was 
performed on the sections polished to about 50 μm, and the represen
tative pictures were acquired using a microscope (Olympus, Japan). The 
osseous tissues were decalcified in EDTA decalcifying solution for 4 
weeks, and then, the implants were removed gently from the femurs. 
The decalcified femurs were then dehydrated, embedded, and cut into 5 
μm thick slices. Afterward, the obtained sections were dewaxed in 
xylene and hydrated in gradient ethanol. Through antigen retrieval and 
blocking, the sections were incubated with primary antibodies (VEGF, 
OCN; Servicebio, China) and the goat anti-rabbit IgG secondary anti
body (InvivoGen, USA). Finally, the positive protein expression was 
detected by 3,3′-diaminobenzidine solution (Dako, Denmark) and the 
hematoxylin counterstaining process and examined using a microscope. 

2.20. Statistical analysis 

The data were expressed as mean ± standard deviation (SD). Dif
ferences among groups were analyzed by the two-way analysis of vari
ance followed by the SNK test using SPSS20.0 software. The statistical 
significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001. 

Table 2 
Primer sequences used for real-time PCR amplification.  

Gene name Forward sequence Reverse sequence 

GAPDH (human) 
GAPDH (mouse) 

CAAGAGCACAAGAGGAAGAGG 
TTCCAGGAGCGAGACCCCACTA 

CTACATGGCAACTGTGAGGAG 
GGGCGGAGATGATGACCCTTTT 

HIF-α TCTACCAGTTGCAGCCTGAC GTTCCCTTCCTCCTTGATTT 
VEGF CAGGACATTGCTGTGCTTTG CTCAGAAGCAGGTGAGAGTAAG 
Runx2 

ALP 
OCN 
COL-1 
OPN 

GACTGTGGTTACCGTCATGGC 
TCCGTGGGCATTGTGACTAC 
GGTAGTGAACAGACTCCGGC 
GCTCCTCTTAGGGGCCACT 
TTCTGAGGGACTAACTACGACC 

ACTTGGTTTTTCATAACAGCGGA 
TGGTGGCATCTCGTTATCCG 
GGCGGTCTTCAAGCCATACT 
ATTGGGGACCCTTAGGCCAT 
GGCTGTAAAGCTTCTTCTCCTCG   
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Fig. 2. Characterization of the nanoparticles: TEM images of (A) HMSs and (B) SHPP. SEM morphologies of (C) HMSs and (D) SHPP. DLS analysis of (E) HMSs and (F) 
SHPP. (G) SAXS patterns of SHPP. (H) FT-IR spectra of materials. (I) N2 adsorption-desorption isotherms. (J) Pore size distributions calculated by the DFT method. (K) 
Surface area and pore volume. (L) DSC curves of PCL-DA and SHPP. (M) Photothermal plots of HMSs, SH and SHPP upon laser light irradiation (808 nm, 2.0 W cm− 2) 
for 4 min. (N) Cyclic irradiation profile of SHPP under laser irradiation (808 nm, 2.0 W cm− 2) for five on/off cycles. (O) Infrared thermography of SHPP preincubated 
for different time upon 808 nm laser irradiation with different power densities (0.5, 1.0, and 2.0 W cm− 2). 
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Fig. 3. Characterization of the coatings: SEM morphologies of (A) Bare Mg substrate, (B) (PAA/bPEI)5 coating, and (C) (PAA/bPEI-SHPP)5 coating. (D) Zeta po
tentials of PAA, bPEI and bPEI-SHPP. (E–G) FT-IR spectra of the PAA/bPEI film, PAA/bPEI-SHPP coating, and pure PAA. (H) XPS survey spectrum. (I) Scratch tests of 
the (PAA/bPEI)5 multilayer and (PAA/bPEI-SHPP)5 coating. (J) Thickness of the PAA/bPEI-SHPP coating with increasing number of bilayers. (K) Infrared ther
mography of the PAA/bPEI-SHPP and PAA/bPEI coatings. 
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3. Results and discussion 

3.1. Nanoparticle characterization 

The HMSs nanocarriers are synthesized in a weak alkaline alcohol- 
water solvent by combining the modified Stöber and sol-gel methods. 
Considering the permeability of mesoporous shells and the compatibility 
between the monodispersed HMSs and PDA/PCL-DA bilayer, both the 
particle size and shell thickness are tailored precisely. In Fig. 2A, the 
TEM image of HMSs displays a hierarchical hollow mesoporous struc
ture with a hollow cavity (42.5 nm in diameter) and mesoporous shell 
(43.2 nm of thickness). A crude PDA/PCL-DA layer is coated on the shell 
surface of HMSs and the cavity becomes smaller after SIM encapsulating 
(Fig. 2B). Both the HMSs and SHPP nanoparticles (Fig. 2C and D) are 
monodisperse spheres and the diameter of SHPP is larger than that of 
HMSs. The DLS test discloses that the average diameters of bare HMSs 
(Fig. 2E) and SHPP (Fig. 2F) are 126.08 and 148.54 nm, respectively, 
suggesting that the thickness of PDA/PCL-DA layer on HMSs is about 
22.46 nm. The SAXS pattern (Fig. 2G) of SHPP shows two diffraction 
peaks from the (211) and (220) planes, indicating a mesoscopic ordering 
in the shell. In Fig. 2H, the pure HMSs constitute the control group 
showing Si–O–Si vibration and surface silanol bond at 953 and 788 
cm− 1, separately. As for S@HMSs, the ester C––O stretch is detected at 
1708 cm− 1. The lactone and ester C–O–C peaks at 1277 and 1164 cm− 1 

and secondary alcohol C–O stretching mode at 1072 cm− 1 confirm the 
successful encapsulation of SIM in HMSs [85,86]. After coating PDA on 
S@HMSs, two new peaks emerge at 1383 and 1451 cm− 1 representing 
C–N vibration and N–H stretching, respectively. The band at 1708 cm− 1 

from SHPP represents the stretching of carbonyl in the PCL-DA 

molecules. The N2 adsorption-desorption isotherms (Fig. 2I) of HMSs 
and SHPP show the same type IV curves with hysteresis loops, sug
gesting that mesopores exist on the shell surface of HMSs-based nano
particles. Fig. 2J shows that the pore size distributions (PSDs) of both 
nanoparticles are narrow and that of HMSs (3.27 nm) becomes smaller 
after PDA and PCL-DA coating. The BET surface area and pore volume of 
the bare HMSs (1098.73 m2 g-1, 0.32 cm3 g− 1) diminish to 187.99 m2 g-1 

and 0.24 cm3 g− 1 in Fig. 2K. Hence, the HMSs as drug nanocarriers have 
a high loading capacity due to the hollow core/mesoporous shell 
architecture. 

3.2. Photothermal properties of nanocontainers 

DSC analysis (Fig. 2L) reveals the effects of PCL-DA on the thermo
physical activity of the nanocapsules. The SHPP nanocontainers exhibit 
an endothermic peak around 56.61 

◦

C, which is lower than the melting 
point of PCL-DA (62.17 

◦

C) due to the decreasing crystalline nature of 
the hybrid materials. Fig. 2M shows that upon 808 nm NIR irradiation 
(2.0 W cm− 2) for 4 h, the temperature of SHPP increases from 27.1 to 
79.0 

◦

C. In contrast, the temperature of HMSs and SH remains almost 
constant after irradiation. The temperature cycling profiles of SHPP 
infer the photothermal stability of PDA, which are independent of other 
materials in SHPP (Fig. 2N). The corresponding infrared thermography 
of SHPP irradiated for 4 h with different power densities are presented in 
Fig. 2O. The surface temperature of SHPP at the same power density 
increases rapidly with the extension of irradiation time. After 4 min of 
irradiation, the temperature of SHPP irradiated with power of 2.0, 1.0 
and 0.5 W cm− 2 reaches 79.0, 52.3 and 43.1 

◦

C, respectively. Therefore, 
the SHPP nanocontainers have efficient photothermal conversion 

Fig. 4. Electrochemical behavior and mass loss: (A) OCP curves. (B) Polarization curves. (C) Icorr and Ecorr. (D) Nyquist plots. (E) Bode plots. (F) Bode plots of phase 
angle vs. frequency. (G) ECs of the Mg substrate (left), PAA/bPEI and PAA/bPEI-SHPP coatings (right). (H) Weight loss and (I) corrosion rate of samples during 21 
days of immersion in HBSS. 
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capacity and superior photostability. 

3.3. Coating characterization 

The PAA/bPEI-SHPP coating is fabricated on Mg substrate by a 
SSLbL assembly method. The micro-nano surface structure of WE43 Mg 

alloy (Fig. 3A) shows a random network due to natural oxidation in air. 
After the deposition of PAA/bPEI coating, the surface becomes relatively 
flat (Fig. 3B). In Fig. 3C, the PAA/bPEI-SHPP hybrid coating has a 
defect-free and smooth surface, indicating that the addition of SHPP 
improves the physical barrier quality of the SSLbL assembled polymer 
surface on Mg substrate. The zeta potentials are measured and displayed 

Table 3 
Fitted electrochemical parameters obtained by EIS simulation.  

Samples Rs (Ω⋅cm2) Q1 (Ω− 1 sn cm− 2) n1 Rc1 (Ω cm2) Q2 (Ω− 1 sn cm− 2) n2 Rct (Ω cm2) C (F cm2) Rc2 (Ω cm2) 

Mg alloy 93.73 1.26 × 10− 5 0.80 – – – 998 4.55 × 10− 4 2554 
PAA/bPEI 88.71 9.48 × 10− 7 0.85 3.20 9.52 × 10− 6 0.88 3008 1.30 × 10− 4 8345 
PAA/bPEI-SHPP 89.33 1.07 × 10− 6 0.85 3.62 1.01 × 10− 5 0.82 4245 2.45 × 10− 4 10,000  

Fig. 5. Immersion measurements during 240 h in HBSS: (A) Hydrogen evolution, (B) FT-IR spectra, (C) XRD patterns of Mg substrate, PAA/bPEI coating, and PAA/ 
bPEI-SHPP coating. SEM morphologies of (D) Mg substrate, (E) PAA/bPEI coating, and (F) PAA/bPEI-SHPP coating. (G) Elements composition of Mg substrate, PAA/ 
bPEI coating, and PAA/bPEI-SHPP coating. (H) XPS spectra of PAA/bPEI-SHPP coating. 
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in Fig. 3D. The potential of PAA is negative (− 111.5 mV) but those of 
bPEI (+69.87 mV) and bPEI-SHPP (+57.40 mV) are positive. The 
oppositely charged polyelectrolytes generate electrostatic attraction 
between each other during the self-healing process. Fig. 3E shows a peak 
at 2967 cm− 1 stemming from the stretching of –CH group. The absorp
tion bands at 1,567, 1,454, and 1383 cm− 1 arise from bending of N–H in 
primary and secondary amines, respectively (Fig. 3F). To evaluate the 
interactions between PAA and bPEI-SHPP, FT-IR is conducted on pure 
PAA as the control group. The absorption peak at 1718 cm− 1 is attrib
uted to stretching of carbonyl in pure PAA (Fig. 3G). The peaks of –C––O 
in the PAA/bPEI and PAA/bPEI-SHPP coatings appear at 1704 and 1706 
cm− 1, respectively, which exhibit red-shifts by 14 and 12 cm− 1 

compared to pure PAA. Hence, hydrogen and amide bonds are formed 
between PAA and bPEI-SHPP during SSLbL assembly process. The 
elemental composition and chemical states of PAA/bPEI-SHPP coating 
are investigated by XPS. Fig. 3H discloses that the hybrid coating con
tains Mg, O, N, C, and Si. The adhesion strength of PAA/bPEI and PAA/ 
bPEI-SHPP coatings is evaluated by scratch tests and Fig. 3I shows the 
relationship between critical load (L) and sliding distance. The L values 
of PAA/bPEI and PAA/bPEI-SHPP films are 3279 and 3028 mN, 
respectively, demonstrating that incorporating SHPP nanocontainers 
into the hybrid coating hardly affects the adhesion strength of the PAA/ 
bPEI samples. The thickness of (PAA/bPEI-SHPP)n coating increases 
almost linearly with a slope of 191.57 nm per bilayer and reaches 951.76 
± 15.56 nm after five deposition cycles (n = 5). Under 2.0 W cm− 2 of 
NIR laser illumination, the temperature of PAA/bPEI-SHPP coating in
creases rapidly reaching a turning point at about 49.3 

◦

C within 2 min 
and then stabilizes at 55.7 

◦

C for the remaining 2 min. The temperature 
of SHPP-incorporated coating is lower than that of the raw SHPP 
nanoparticles under the same irradiation conditions due to the different 
densities of SHPP nanoparticles. By comparison, the photothermal 
properties of PAA/bPEI sample are unstable. 

3.4. Corrosion tests 

The corrosion properties of samples in HBSS are evaluated by elec
trochemical test. In OCP curves (Fig. 4A), the potentials (E) exhibit a 
decreasing trend: EPAA/bPEI-SHPP > EPAA/bPEI > EMg alloy, indicating that 
the PAA/bPEI-SHPP coating reduces the susceptibility of Mg in HBSS. In 
PDP plots (Fig. 4B), the values of icorr and Ecorr are calculated by 
extrapolation and listed in Fig. 4C. The icorr of the (PAA/bPEI-SHPP)5 
coating (9.87 × 10− 7 A cm− 2) is smaller than those of WE43 alloy (3.18 
× 10− 5 A cm− 2) and (PAA/bPEI)5 coating (1.95 × 10− 6 A cm− 2), which 
demonstrates an excellent corrosion protection for Mg alloy. The Ecorr of 
the SHPP-incorporated coating increases by 60 mV SCE− 1 in the positive 
potential compared with the bare Mg and the PAA/bPEI coating. From 
the viewpoint of thermodynamics, the corrosion initiation tendency is 
upward. In addition, both PAA/bPEI and PAA/bPEI-SHPP coatings show 
the same breakdown potentials, implying that dissolution is inhibited 
due to self-healing activity. 

In Nyquist plots (Fig. 4D), the capacitive loop diameter in the PAA/ 
bPEI-SHPP coating is larger than those of bare Mg and PAA/bPEI 
coating, which reflectes a good corrosion resistance. From Bode plots 
(Fig. 4E), the nanocapsules-containing coating shows a higher low- 
frequency platform than the other samples, consistent with Nyquist 
plots. After coating PAA and bPEI-SHPP, the phase angle (Fig. 4F) be
comes wider and loftier. Hence, the surface of the PAA/bPEI-SHPP 
coating is dense and uniform, consistant with SEM. EIS suggests that 
incorporation of SHPP nanocontainers improves the anti-corrosion 
capability of PAA/bPEI coating and bare Mg. 

To further explore the corrosion mechanism of samples in HBSS, two 
equivalent circuits (ECs) are adopted to fit the EIS data in Fig. 4G and the 
corresponding parameters are listed in Table 3. The bare Mg substrate 
fits the EC in Fig. 4G (left) showing two time constants for Rs 
(Q1(Rf(CRct))), where Rs, Rf, and Rct are the solution resistance of 
specimen-to-electrode, the resistance of corrosion products film, and the 

resistance of electron transfer across the surface, as well as Q1 and C are 
the double layer capacitance and constant phase element (CPE, YCPE(ω) 
= 1/ZCPE = Qa (jω)n). Both the (PAA/bPEI)5 and (PAA/bPEI-SHPP)5 
coatings show the same ECs in Fig. 4G (right). The electric double layer 
contains CPE and Rct in series for the high frequency circuit. Degradation 
of the PAA/bPEI-SHPP coating is reflected by the intermediate fre
quency loop with Rc2 and Q2, and the low frequency loop (Rc1 and Q1) 
presents the corrosion resistance of corrosion product. The additive time 
constant of the (PAA/bPEI-SHPP)5 coating means a better corrosion 
protection. The mass loss tests of specimens after 1, 3, 7, 14 and 21 days 
of immersion in corrosive medium are also executed. The mass loss 
(Fig. 4H) of all bare and coated Mg increases with time. In the three 
groups, the degradation rates (Fig. 4I) fluctuate throughout the whole 
immersion process. The average corrosion rate at 21 days shows a 
decreasing sequence: Mg substrate (0.474 ± 0.064 mm y− 1) > PAA/ 
bPEI coating (0.128 ± 0.001 mm y− 1) > PAA/bPEI-SHPP coating (0.048 
± 0.011 mm y− 1). It indicates that the PAA/bPEI-SHPP coating can 
reduce the corrosion rate of bare Mg up to ten times. 

Immersion experiments are performed to determine the long-term 
corrosion resistance in Fig. 5. The hydrogen evolution tests are carried 
out during 240 h of immersion in HBSS in Fig. 5A. The HER curves of the 
three specimens exhibit the same two stages. In the initial 48 h, 
hydrogen emission from the three samples decreases rapidly due to the 
outside-to-inside corrosion of Mg substrate. Thereafter, the corrosion 
rate slows until reaching a steady state. The average hydrogen evolution 
rates exhibit the following order: PAA/bPEI-SHPP coating (0.014 ±
0.001 mL cm− 2 d− 1) < PAA/bPEI coating (0.017 ± 0.003 mL cm− 2 d− 1) 
< Mg substrate (0.049 ± 0.009 mL cm− 2 d− 1). The results confirm that a 
defect-free SHPP-incorporated coating has long-term corrosion resis
tance in corrosive media. 

In order to determine the composition of corrosion products, FT-IR 
and XRD are conducted after 240 h of immersion in HBSS. In Fig. 5B, 
the band at 1042 cm− 1 represents the stretching of phosphate and those 
at 612 and 563 cm− 1 are the bending modes of PO4

3− . The peak of hy
droxyl group is appeared at 3432 cm− 1. The results show that the PAA/ 
bPEI-SHPP coating promotes the formation of phosphate during corro
sion process. In Fig. 5C, the appearance of hydroxyapatite (HAp) con
firms that the PAA/bPEI-SHPP coating induces crystallization of HAp in 
HBSS. 

The morphology of samples immersed in HBSS is observed by SEM. 
There are corrosion pits and large defects on the corroded Mg alloys 
(Fig. 5D) and the PAA/bPEI coating (Fig. 5E) shows some cracks rather 
than a few pits and corrosion products. However, micro defects and 
products appear from the surface of the PAA/bPEI-SHPP coating 
(Fig. 5F). Fig. 5G shows that both the coated and bare Mg alloys contain 
Mg, C, O, Ca, and P, consistent with FT-IR and XRD. Particularly, the 
PAA/bPEI-SHPP coating exhibits a higher content of P element than 
bare Mg after 240 h of immersion. Besides, the calculated Ca/P ratios of 
the PAA/bPEI-SHPP coating and the PAA/bPEI coating are 0.28 and 
0.70, respectively, both lower than 1.67. It indicates that a calcium- 
deficient (Ca-def) HAp coating is formed on the substrate surface dur
ing immersion [87,88]. The reasonable explanation is that due to the 
high ionization tendency of magnesium, Mg alloy will be corroded by 
water, and the released Mg2+ ions can replace the Ca2+ ions in the HAp 
architecture [89,90]. 

The chemical states of corrosion products on the PAA/bPEI-SHPP 
coating are evaluated by XPS and the Mg 1s, O 1s, N 1s, Ca 2p, C 1s, P 
2p and Si 2p spectra are depicted in Fig. 5H. The C 1s spectrum exhibits 
peaks at 289.48, 287.58, 286.08, and 284.48 eV, representing C–O 
(CO3

2− ), C––O, C–H, and C–C groups, respectively. The O 1s spectrum of 
hybrid coating shows C––O/C–O (532.48 eV), MgO (531.88 eV) and 
–OH (530.98 eV) groups. The detected C–NH–C (399.88 eV) and tertiary 
amine (400.68 eV) confirm the bPEI-assembled coating, and the C–NH2 
peak (398.98 eV) of PDA indicates a compact and defect-free hybrid 
coating after the immersion in corrosive medium. The P element is 
observed from the coating due to the formation of the corrosion-induced 
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Fig. 6. Self-healing activity and mechanism: SEM morphology: (A) Scratched PAA/bPEI coating before (left) and after (right) 5-h immersion in the aqueous solution 
at RT. (B) Scratched PAA/bPEI-SHPP hybrid coating before (left) and after (right) 5-h immersion in water at RT. (C) EDS maps of the healed PAA/bPEI-SHPP coating 
showing Mg, O, C, Si, and N. (D) XPS spectra acquired from the healed region of the PAA/bPEI-SHPP coating. (E) Changes of the impedance modulus of the PAA/ 
bPEI-SHPP coating in the low frequency region for the damage-healing cycles. (F) Variations of the water contact angles on the PAA/bPEI-SHPP coating after 
repeated artificial scratching and self-healing. (G) Dynamic reversible reaction between the PAA and bPEI molecules driving self-healing. (H) Water-enabled self- 
healing mechanism of the PAA/bPEI-SHPP coating. 
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Fig. 7. CLSM assay: CLSM images and depth plots of scratches on (A) PAA/bPEI and (C) PAA/bPEI-SHPP coatings as well as healed (B) PAA/bPEI and (D) PAA/bPEI- 
SHPP coatings. 
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CaP layer. Hence, the hybrid coating has significant effects on the 
corrosion resistance of Mg alloy. 

3.5. Self-healing activity 

The self-assembled coating is scratched and the exposed region after 
soaking in the aqueous solution for 5 h is observed by SEM. In Fig. 6A 
and B, the initial scratch widths on both the PAA/bPEI and PAA/bPEI- 
SHPP coatings are about 25 μm for ease of comparison. The scratches 
on the PAA/bPEI coating can be cured to some extent of immersion for 5 
h (Fig. 6A (right)), whereas the PAA/bPEI-SHPP coating is completely 
healed in Fig. 6B (right). It can be inferred that the PAA and bPEI form a 
barrier coating with self-healing capability and the SHPP nano
containers also boost the recovering efficiency. To evaluate the self- 
healing effects, the exposed area on the scratched-and-healed PAA/ 
bPEI-SHPP coating is analyzed by EDS. Fig. 6C shows a strong Mg signal 
and the O, C, and N peaks stem from the polymer. Si in the HMSs-based 
materials migrates or moves to the scratched region after immersion. 
XPS is also used to determine the chemical composition of the water- 

enabled self-healing region of PAA/bPEI-SHPP coating. In Fig. 6D, the 
Mg 1s spectrum exhibits Mg–O (1308.88 eV) and Mg–OH (1305.68 eV). 
The O 1s spectrum of the hybrid coating dispalys C––O/C–O (532.48 
eV), Mg–O (531.88 eV), and –OH (530.98 eV), the C 1s spectrum 
manifests O––C–OH (287.68 eV), C–H (285.68 eV), and C–C (284.18 
eV), the Si 2p spectrum reveals Si–C (101.78 eV) and Si–O/Si–OH 
(99.88 eV), and the N 1s spectrum exhibits C–NH3

+ (eV), C–NH–C (eV), 
and C–NH2 (eV). These findings confirm that the PAA-bPEI-SHPP 
framework is reconstructed in the scratched area due to self-healing 
activity. 

The cyclic water-enabled self-healing properties of PAA/bPEI-SHPP 
coating are characterized by varying the impedance modulus at low 
frequencies and water contact angle plots. Artificial scratches are 
created by a scalpel and the damage which penetrate to the Mg substrate 
and coating is exposed in Fig. 6B (right). The width of the scratch is 
about 25 μm. Fig. 6E shows the low frequency modulus impedance (| 
Z|0.1Hz) changes of the hybrid coating immersed in 0.01 M sodium 
chloride upon repeated damage-and-heal cycles. When the coating is 
scratched, the modulus impedance at 0.1 Hz reduces by one order of 

Fig. 8. Drug loading, release profiles, and mechanism: (A) UV–vis spectra. (B) UV–vis plots of the SHPP dispersion with different concentrations. (C) Cumulative 
loading profiles versus incubation time and concentration of SIM into HMSs. (D) Release profiles of SIM from the SH and SHPP dispersions at pH of 5.5 and 7.4. (E) 
SIM release profile from SHPP under 808 nm NIR irradiation (0.5, 1.0, and 2.0 W cm− 2) in PBS at pH of 7.4. (F) SIM-release profile of SHPP upon 808 nm NIR 
irradiation (0.5, 1.0 and 2.0 W cm− 2) in PBS at pH 5.5. (G) Schematic illustration of pH- and NIR-triggered drug release from the SHPP nanocontainers. 
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Fig. 9. Antibacterial assay and mechanism: (A) Spread plates of bacterial colonies of S. aureus and E. coli cultured in extracts for 4 and 12 h together with the blank, 
bare Mg alloy, PAA/bPEI coating, and NIR-irradiated PAA/bPEI-SHPP coating. (B) Antibacterial mechanism. 
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Fig. 10. In vitro cytocompatibility: (A) Cell proliferation evaluated by the CCK-8 assay for 1, 3 and 5 days. (B) Fluoroscopy images of live/dead (green/red) stained 
mBMSC and HUVEC treated with various samples. (C) mBMSC and (D) HUVEC apoptosis verified by Annexin V-FITC/7-AAD double staining and flow cytometry. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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magnitude decreasing from 14.86 to 6.97 kΩ cm2. The wave diagrams of 
the EIS modulus impedance are acquired from ten repeated scratching 
and healing cycles. In EIS variation plot, each magnitude changes by 
more than one order of magnitude and |Z|0.1Hz still reaches 11.21 kΩ 
cm2 after ten self-recovering steps. Hence, the PAA/bPEI-SHPP hybrid 
coating maintains eminent self-repairing properties and corrosion pro
tection after several rounds of physical damage. The switchable damage- 
repair process ocurrs ten times in Fig. 6F. The water contact angle (CA) 
decreases slightly with increasing scratching-healing cycles, but still 
excceds 60

◦

. After being covered with the nanocapsules-incorporated 
polymeric hybrid coating, the Mg/PAA/bPEI-SHPP coating shows 
water-enabled self-healing properties governed by the molecular 
mobility and chemical composition. 

The self-healing mechanism of the scratched PAA/bPEI-SHPP 
coating is proposed and schematically illustrated in Fig. 6G and H. 
The PAA and bPEI molecules are employed as weak polyelectrolytes in 
the SSLbL assembly coating. Diffusion of the polyelectrolyte prompts the 
polymers in the self-assembled films to move quickly in response to 
environmental stimuli, thus polymer complexation in the coating may 
be suppressed [91,92]. The high mobility of polymer molecules leads to 
the formation of the polyelectrolyte multilayers (PEMs) with low 
hydrogen bonding and facilitates molecular diffusion in the formed 
PEMs. In Fig. 6G, the dynamic reversible chemical reactions between 
PAA and bPEI polyelectrolytes promote self-healing process when the 
LbL-assembled coating is immersed in an aqueous solution. In Fig. 6H, 
the water-enabled self-healing mechanism of the PAA/bPEI-SHPP 
hybrid coating includes two steps: (i) defect closure and (ii) defect 
sealing. Most of the large artificial scratches are closed by strong 
hydrogen and weak hydrogen is rebuilt between the broken PAA and 
bPEI molecules. The subtle cracks formed before are then sealed by the 
reversible amide reaction, restoring the original structure and functions 
of the polymeric hybrid coating. 

The self-healing efficiency of the coated samples with 50 μm of wider 
scratches is evaluated by CLSM (Fig. 7), which can characterize the ul
timate self-healing (USH) performance based on the changes of the 
scratched depth. The self-healing efficiency is calculated by the varia
tion of the cutting depth. For the PAA/bPEI coating, the scratch is 
repaired after 5 h of immersion and the scratch depth decreases from 
51.683 to 17.387 μm. The self-healing efficiency (η5h) is about 66%. 
After healing on the PAA/bPEI-SHPP coating, the 56.928 μm deep 
scratch is filled with the coating materials to reach 11.559 μm, indi
cating that η5h is about 80%. Therefore, the results indicate that the 
PAA/bPEI-SHPP coating possesses capacity to repair larger defects on 
Mg substrate. 

3.6. Drug loading and release profiles 

UV–vis spectrophotometry is utilized to measure the loading and 
leaching characteristics of SIM from the SHPP nanocontainers. The pure 
materials (SIM) and final products (SH, SHP and SHPP) are dispersed in 
homogeneous solutions in Fig. 8A. The UV–vis spectra display strong 
and broad absorbance of SHPP at 220–250 nm, suggesting its high po
tential as a photothermal agent. The typical absorbance peaks at 231, 
239, and 248 nm are consistent with the absorption bands of free SIM at 
230, 238, and 246 nm, respectively. The redshift arises from the for
mation of SIM dimers or oligomers, also known as J-aggregates. The 
extract of SHPP shows a positive correlation between absorbance and 
concentration, reflecting good dispersibility (Fig. 8B). The HMSs 
encapsulated with SIM exhibit the time- and dose-dependent cumulative 
drug loading behavior in Fig. 8C. By extending the incubation time from 
2 to 12 h, the cumulative loading doses of SIM at 10, 20 and 50 mM 
significantly increase. The HMSs treated with 50 mM of SIM for 12 h 
have a maximum drug loading efficiency (DLE) of 44.01 ± 1.74% (p <
0.05) and this protocol is implemented throughout the experiments. 
Precise control and rapid response of drug release are crucial to anti
bacterial activity and bone regeneration. Controlled release of SIM from 

SHPP is particularly challenging in terms of the relatively low solubility 
in aqueous solutions and therefore the drug-loaded HMSs are func
tionalized with PDA and PCL-DA to improve the pH- and NIR-triggered 
drug-release mechanism. 

Fig. 8D shows the drug release plots of SIM from the SH and SHPP 
dispersion at different pH values. When the pH of PBS is 7.4, the SHPP 
nanocapsules show only 8.30% drug release in the initial 12 h and then 
20.55% and 44.59% SIM release in the 1st and 7th days. When the pH 
decreases to 5.5, the drug release rate increases significantly at all time, 
illustrating that the acid-triggered boost release of SIM from SHPP stems 
from the pH-responsive nature of PDA. The release rate of SIM from the 
SH dispersion at pH 5.5 or 7.4 is still higher than that from SHPP after 
incubation for 168 h, while about 82.52% SIM leaches from SH at pH 
5.5. It may be caused by direct release of drugs from SH and rapid 
degradation of HMSs under acidic conditions. To visualize the light- 
triggered release mechanism, the SHPP extracts are illuminated by a 
808 nm NIR laser with different densities (0.5, 1.0, and 2.0 W cm− 2) for 
5 min at time points of 0, 1, 3, and 5 days, repsectively. The drug leached 
solutions are collected and irradiated for 1 h (NIR-remote period). 
Fig. 8E and F presents the NIR-triggered drug release behavior at pH 7.4 
and 5.5 for different irradiation intensities. The release plots show 
obvious acceleration of SIM release at both pH values upon NIR illu
mination. Therefore, the SHPP nanocontainers prolong release of SIM 
and it can be controlled by the adjustment of pH and NIR (Fig. 8G). 

3.7. Antibacterial assay 

Given the sensitivity of the PAA/bPEI-SHPP hybrid coating, a 808 
nm NIR laser is utilized to kill bacteria. The antibacterial capaticity is 
evaluated by culturing two types of pathogenic bacteria (S. aureus and 
E. coli) for 4 and 12 h, separately, and analyzed by a spread plate- 
counting method. After 4 h of incubation (Fig. 9A), the NIR-treated 
PAA/bPEI-SHPP coating shows higher antibacterial efficiency than 
that of the PAA/bPEI coating, indicating good inhibition effects against 
S. aureus and E. coli. The bacteria colonies on the bare Mg decrease 
sharply due to the released Mg2+ and increased pH during corrosion 
process. Compared to bare Mg, the PAA/bPEI coating demonstrates 
poorer antibacterial property but it offers a better barrier to Mg alloy. 
After 12 h of incubation, there are almost no live bacteria in these groups 
confirming the long-term antibacterial activity against S. aureus and 
E. coli. 

In Fig. 9B, after the 808 nm NIR laser treatment, the PAA/bPEI-SHPP 
coating shows excellent bacteria-killing effects due to hyperthermia, 
reactive oxygen species (ROS), and the leached SIM (used as the ster
ilant). Under NIR laser irradiation, the PAA/bPEI-SHPP coating gener
ates ROS and heat. It has been reported that both PTT and PDT can 
inhibit live gram positive and negative bacteria. In particular, thermo
therapy destroys biofilms due to the generation of ROS and hyperther
mia, thereby promoting carrier migration. ROS react with membranes 
through various mechanisms, producing membrane rupture, protein 
leaching, and even damage of DNA and organelles. Meanwhile, ther
mally triggered release of SIM from the PAA/bPEI-SHPP coating can 
inhibit bacterial infections. 

3.8. Cytocompatibility 

The in vitro cytocompatibility of bare Mg, the PAA/bPEI and PAA/ 
bPEI-SHPP coatings incubated with mBMSC and HUVEC is assessed by 
CCK-8 assay, live/dead staining, and flow cytometry. The viability of 
both cells enhances with incubation time (Fig. 10A) indicating that the 
NIR-treated PAA/bPEI-SHPP coating is noncytotoxic and even helps to 
promote cell proliferation of mBMSC in vitro. HUVECs have the potential 
of stem cells and have been confirmed to secrete BMP, which can 
motivate osteogenic differentiation and stimulate osteoblasts and pre
cursor cells to secrete VEGF. The BMP-2 and VEGF are essential for new 
bone formation in addition to fast endothelization for cytocompatibility 
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Fig. 11. In vitro evaluation of osteogenesis: (A) ALP and Alizarin Red staining of mBMSC cultured in extracts of the various samples for 7 and 14 days. (B) Qualitative 
ALP activities. (C) Quantitative ECM mineralization of mBMSC. *p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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in vitro. After 1, 3 and 5 days of culture in extracts of Mg alloy, PAA/ 
bPEI, and PAA/bPEI-SHPP (NIR+), proliferation of HUVECs on these 
samples is evaluated and the results reveal little difference in the 
viability of HUVECs. 

The cell viability on all the specimens increases with time. In 
Fig. 10B, the live/dead cell stained images of mBMSC and HUVEC show 
no obvious dead cells. The typical stem cell morphology is observed and 
the distribution is uniform and healthy. Therefore, SHPP incorporation 
and NIR irradiation hardly influence the compatibility between PAA/ 
bPEI-SHPP hybrid coating and mBMSC/HUVEC cells. Flow cytometry 
is conducted to further evaluate the effects of the PAA/bPEI-SHPP 
coating on cell apoptosis. In Fig. 10C, the ratio of mBMSC cells in the 
Q3 area of the PAA/bPEI-SHPP coating reaches 90.6%, which is 0.6% 
and 2.6% higher than those of bare Mg and the PAA/bPEI coating. 
Moreover, the ratios of normal HUVEC living cells (Fig. 10D) of the three 
samples are higher than 96%, so that cells can grow adequately in the 
extracts. The results prove that the NIR-treated PAA/bPEI-SHPP coating 
has negative effects on cell apoptosis and good cytocompatibility in vitro. 

3.9. Osteogenesis assay 

Osteogenesis determines the potential therapeutic outcome after 
implant surgery. Alkaline phosphatase (ALP) as the residual product of 
osteoblast activity is considered an initial indicator of osteogenic dif
ferentiation and a higher APL level reflects the formation of bioactive 
bone. Among the three specimens, the NIR-irradiated PAA/bPEI-SHPP 
coating shows the highest and most compact ALP positive staining 
(Fig. 11A) for the enhanced ALP activity (Fig. 11B) after being cultured 
for 7 and 14 days, respectively. ECM mineralization is important to 
osteogenic differentiation in the final stage and mainly mediated by 
osteoblasts. Alizarin red staining of mBMSCs indicates that the miner
alization level of ECM in the NIR-irradiated PAA/bPEI-SHPP coating is 
higher than that of the other specimens. According to the quantitative 
results (Fig. 11C), formation of mineralized nodules in the SHPP- 
incorporated polymeric coating (NIR+) is about 1.4 and 2.1 times 
greater than those on the bare Mg alloy and PAA/bPEI coating, and the 

difference is actually significant (p < 0.001). Hence, the NIR-irradiated 
PAA/bPEI-SHPP coating accelerates osteogenic differentiation of 
mBMSCs by promoting the cells to a mature phenotype and expediting 
ECM mineralization giving rise to the pronounced improvements in vitro. 

After incubation for 7 and 14 days, the expression levels of 
osteogenic-related genes in the mBMSC cells are evaluated by RT-PCR. 
In Fig. 12, the mBMSC cells cultured on the PAA/bPEI-SHPP (NIR+) 
specimen exhibit the highest expression of Runx2, ALP, COL I and OPN 
on the 7th and 14th day. The relative expression levels of ALP, COL I and 
OPN of the PAA/bPEI-SHPP coating increase by several dozen times 
compared to the control (Mg alloy) after 14 days. The mRNA levels of 
Runx2 and OCN in the SHPP-contained hybrid coating are 4.2 and 6.18 
folds higher than in Mg substrate after 14 days, demonstrating that the 
NIR-treated PAA/bPEI-SHPP coating is favorable to cell proliferation, 
osteogenesis, and differentiation of osteoblasts. 

3.10. Effect of surface roughness on osteoblasts 

The surface characteristics of implants are key factors in bone 
response to metallic bone implants [93]. Studies have confirmed that the 
surface roughness of biomaterials plays a key role in the early adhesion 
and differentiation of osteoblasts [94–97]. In Fig. 13A and B, the surface 
of the bare Mg showes a nanoscale roughness with a Ra value of 40.3 
nm, while the values of PAA/bPEI and PAA/bPEI-SHPP (NIR+) are 19.5 
and 21.7 nm, respectively, demonstrating that the surface modification 
can significantly improve the surface roughness of bare Mg substrate. 
We further investigates the cell-scaffold integration behaviors after 24 h 
of culture by using SEM analysis in Fig. 13C. The well-expanded cyto
skeleton of mBMSCs cells on the three different surfaces, the formation 
of pseudopodia, and the pronounced spreading on the sample surfaces 
indicates that the osteoblasts are tightly attached. The mBMSCs possess 
both two- and three-dimensional structures, with numerous cell-to-cell 
interactions able to be clearly visualized. However, different coverage 
percentages and distribution characteristics of cells are observed on the 
three sample surfaces. Compared with the bare Mg, the two coated 
samples with lower surface roughness have a bigger cell coverage area. 

Fig. 12. Relative mRNA expression. Some osteogenic differentiation genes Runx2, ALP, OCN, COL I and OPN of the mBMSCs were cultured on the various samples 
for 7 and 14 days. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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Especially on the surface of PAA/bPEI-SHPP (NIR+) group, the mBMSCs 
have more prominent protrusions and circular nuclei. Therefore, the 
surface modification could reduce the surface roughness of bare Mg, 
thus effectively boosting the cell adhesion and osteogenic 
differentiation. 

3.11. Macrophage polarization in vitro 

The polarization behaviors of RAW264.7 macrophages are measured 
in this study. After 3 days of incubation, the total RNA is extracted for 
reverse transcription, and qPCR is used to detect relative genes in 
macrophages. Studies proposed that M1 can promote the increase of 
osteoclast precursors or directly facilitate the differentiation of 
macrophage-induced osteoclast precursors into osteoclasts by secreting 
a variety of cytokines (such as TNF-α, IL-6, and IL-1β) [98–101]. This 
study shows that the PAA/PEI-SHPP (NIR+) group (Fig. 13D) can inhibit 
the release of TNF-α, IL-6 and IL-1β from M1 cells and the differentiation 
of macrophages into osteoclasts, and thus promote osteogenesis through 
co-culture of extract solution. Macrophage M2 features the high 
expression of CD206 and secretion of anti-inflammatory cytokines, such 
as IL-10, Arg-1, and TGF-β1, inhibites the development of inflammation, 
and promotes inflammation regression and tissue repair [102]. The 
IL-10 is a potent anti-inflammatory factor produced primarily by M2 
that inhinites osteoclast differentiation in the early stage of osteoclast 
formation [100]. The results in Fig. 13E suggest that the secretion of 
CD206, Arg, and IL-10 in M2 cells are significantly increased, thus 

PAA/bPEI-SHPP (NIR+) coating has the potential to induce bone im
munity and promote tissue repair. 

3.12. Angiogenesis assay 

HUVEC Migration is essential for recovery after vascular injury and 
cell recruitment is performed by the scratch test and transwell assay in 
vitro. The number of migrated HUVECs in the PAA/bPEI-SHPP (NIR+) 
group increases significantly in the wound healing assay (Fig. 14A and 
C). In the transwell assays (Fig. 14B and D), the SHPP-incorporated 
hybrid coating also shows a higher number of traversing cells than the 
other groups in vitro. The vascular endothelial growth factor (VEGF) is 
an important cytokine for the vascular network and the expression of 
VEGF in the HUVEC cells is shown in Fig. 14E. Compared with the other 
groups, the PAA/bPEI-SHPP (NIR+) sample increases VEGF protein 
production on day 1 and 3. VEGF shows high specificity to HUVECs and 
its continuous secretion improves the angiogenesis activity of endothe
lial cells. The hypoxia inducible factor α (HIF-α) regulates the expression 
of VEGF at the genetic level and is also a considerable regulator of 
angiogenesis. In Fig. 14F, the expression of HIF-α increases significantly 
in the PAA/bPEI-SHPP (NIR+) group compared with other specimens. 

3.13. In vivo experiments 

In this study, a bone-implant model with femoral condylar defects is 
constructed to further validate the osteointegration capacity in vivo. The 

Fig. 13. Relationship between surface roughness and osteogenesis activity, and relative RNA expression of immune-related genes. (A) AFM images of different 
samples. (B) The corresponding surface roughness of materials in Fig. A. (C) SEM morphologies of mBMSCs on different samples after incubation for 24 h. (D) M1- 
type macrophages polarization-related genes (TNF-α, IL-6, and IL-1β) and (E) M2-type macrophages polarization-related genes (CD206, Arg, and IL-10) were cultured 
with the various specimens for 3 days. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Fig. 14. Angiogenic ability of HUVECs: (A) Migration of HUVECs cultured for 8 and 24 h with the quantitative results shown in (C); (B) Stained migrating HUVCEs 
cultured for 12 h in the transwell assay with the number of invading cells shown in (D). Relative mRNA expression of angiogenic-related genes: (E) VEGF and (F) HIF- 
α for HUVEC cultured in the extracts of various samples for 1 and 3 days. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Fig. 15. In vivo evaluation of osteogenesis. (A) Micro-CT evaluation of bone regeneration of the femoral condyle defects after implantation for 4 weeks. (B) 
Quantitative analysis of osteogenesis effect of samples 4 weeks after operation from BV/TV, BMD, TB. th, and TB. sp. (C) VG, VEGF, and OCN immunostaining of the 
specimens after femur implantation for 4 weeks. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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same standard-sized pillars are used as implants in rabbit femurs. At 
week 4 after implantation with the three different columns, the bone 
tissue with the implant is harvested. The micro-CT is performed to es
timate the osteogenesis property (Fig. 15A). The coronal plane of the 
femoral condyle is investigated, and three-dimensional reconstruction is 
performed to evaluate the healing process and new bone volume. The 
osteogenesis of the PAA/bPEI-SHPP (NIR+) group is better than the bare 
Mg and PAA/bPEI groups. For cylindrical implant areas, the BV/TV, 
BMD, Tb. th, and Tb. sp data of the three different materials are analyzed 
and compared as shown in Fig. 15B. The PAA/bPEI-SHPP (NIR+) group 
shows the highest BV/TV, BMD, and Tb. th values, as well as the lowest 
Tb. sp value, revealing the best osteogenesis and osteoinductivity, with 
the enhanced formation and thickening of new bone tissues. It can be 
interpreted by the fact that the loaded simvastatin promotes the osteo
genic differentiation of BMSCs [103–106]. In addition, the combination 
of degradation-produced Mg2+ and the released simvastatin signifi
cantly mitigates the trabecular bone loss by preventing osteoclast for
mation and bone resorption [107]. 

The bone around the implant is red-stained by Van Gieson (VG) 
staining for the undecalcified sections in Fig. 15C. Only a few new bone 
tissues surround the bare Mg implant, which are not tightly bounded to 
the substrate. On the contrary, the completed new bone circles are 
formed in PAA/bPEI-SHPP (NIR+) pillar, and the new bone is thicker 
and more connected than those in the other two groups. Furthermore, 
immunohistochemical staining for the special marker (osteocalcin, 
OCN) of osseointegration is performed on the decalcified histological 
sections. After 4 weeks implantation, compared with the Mg implants, 
larger staining areas and deeper positive staining are observed around 
the both two coated samples. Especially, the PAA/bPEI-SHPP (NIR+) 
group displays the most OCN expression during the bone reconstruction 
around the implants. In addition, the PAA/bPEI-SHPP (NIR+) implant 
enhances the gene expression of pro-angiogenic factor VEGF, which 
contributes to the construction of a pro-angiogenic biochemical micro
environment. Therefore, the results prove that the PAA/bPEI-SHPP 
(NIR+) coating effectively promotes in vivo osseointegration. 

4. Conclusion 

A defect-free and smooth self-healing hybrid coating composed of 
stimuli-responsive nanocontainers is prepared on biodegradable Mg al
loys by a spin-spray layer-by-layer assembly method to accomplish 
bacteria killing, osteogenesis, and angiogenesis synergistically.  

(1) The PAA/bPEI-SHPP coating possesses excellent photothermal 
conversion capacity and photostability. Electrochemical and 
immersion measurements confirm that the hybrid coating pro
tects the Mg substrate from corrosion in HBSS up to 240 h.  

(2) The high mobility of PAA and bPEI polyelectrolytes, dynamic 
reversible hydrogen bonding, and amide bond interactions fos
ters the water-enabled self-healing behavior in a rapid, stable, 
and repetitive manner.  

(3) The antibacterial assay demonstrates favorable bacteria-killing 
properties under NIR irradiation as a result of synergistic hy
perthermia, reactive oxygens species, and SIM leaching. 

(4) In the PAA/bPEI-SHPP coating, the incorporated SHPP nano
containers prolong release of simvastatin, which can be 
controlled by pH and photothermal stimuli.  

(5) The NIR-irradiated surface shows improved cytocompatibility, 
accelerated osteogenesis differentiation and vascular endothelial 
angiogenesis, and enhanced alkaline phosphatase activity. The 
extracellular matrix mineralization and expression of 
osteogenesis-related genes are also expedited. 
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