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Abstract

Magnesium alloys exhibit promising application prospects in medical orthopedic im-
plants. However, their practical applications are limited by rapid corrosion, suboptimal
osseointegration, and implant-related infections. Although conventional drug-eluting
polymer coatings can provide various biological functions, the uncontrolled drug release
often compromises long-term therapeutic efficacy. In this study, a self-healing Mg-poly(e-
caprolactone) (PCL)@OHEF coating is designed and prepared on WE43 Mg by spin coating
to achieve ultrasound-triggered release of osthole. OHF consists of osthole-loaded hol-
low mesoporous silica nanoparticles (HMSs) modified with Pluronic F127. Drug release
studies show that the nanocapsules respond to ultrasound stimulation, with the cumu-
lative release increasing from 39.94% to 75.93% after 7 days. Furthermore, the coating
demonstrates intrinsic self-healing capacity upon thermal treatment at 50 °C. Electro-
chemical and immersion tests reveal that the composite coating provides good barrier
protection for the WE43 Mg alloy, evidenced by a decrease in corrosion current density
from 2.04 x 107% t0 5.94 x 10~7 A/cm?. In vitro biological assays confirm the antibacterial
efficacy against Staphylococcus aureus and Escherichia coli, as well as the ability to promote
osteogenic differentiation. The results reveal a surface modification strategy that combines
self-healing, anticorrosion, and on-demand drug release, offering a promising approach for
advanced orthopedic implants.

Keywords: magnesium alloys; corrosion resistance; self-healing coating; nanoparticles;
ultrasound response
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1. Introduction

Magnesium (Mg) alloys possess proper biocompatibility [1], favorable mechanical
properties (low density and an elastic modulus matching that of bone), and biodegrad-
able characteristics [1]. However, their rapid corrosion in physiological environments [2]
limits the clinical applications of Mg-based implants [1,3]. To address this issue, various
surface modification strategies have been explored, including conversion coatings [4,5],
deposition coatings [6-8], and polymeric coatings [9,10], which have been widely utilized
to prolong the service lifetime of Mg alloys in physiological conditions. Nevertheless,
these protective layers are prone to mechanical damage during implantation and in-service
loading, which may accelerate localized degradation and coating failure [11]. Accord-
ingly, self-healing polymeric coatings have attracted research interest due to their superior
long-term protective performance and structural reliability. Han et al. [10] fabricated a
self-healing composite coating composed of poly(e-caprolactone) (PCL) and Prussian blue
nanoparticles, which achieved a high damage repair efficiency of 98.8% while reducing the
corrosion current density.

Despite these advantages, implant-related infection and insufficient osseointegration
remain critical challenges for orthopedic implants. Surface coatings on Mg alloys not only
regulate the interfacial biocompatibility upon contact with body fluids, but can also serve
as carriers for therapeutic agents. Among various bioactive molecules, osthole, a natural
coumarin derivative, has attracted attention due to its ability to enhance osteoblast-related
bone formation and reduce osteoclast-related bone resorption [12,13]. Osthole is a nat-
ural coumarin derivative, which can enter osteoblasts and bone marrow mesenchymal
stem cells (BMSCs), stabilize intracellular 3-catenin and promote its nuclear translocation
through the Wnt/ 3-catenin signaling pathway, thereby upregulating the expression of key
osteogenic transcription factors and phenotypic markers such as Runx2, Osterix, ALP, Col 1
and OCN to accelerate osteogenic differentiation [14], and this activated Wnt/ 3-catenin
pathway can also upregulate the expression of angiogenesis-related markers to realize the
osteogenic-angiogenic coupling of bone marrow mesenchymal stem cells (BMSCs); mean-
while, osthole can activate the BMP-2/Smad1/5/8 signaling cascade to further enhance
the expression of osteogenic genes and strengthen the proliferation and differentiation
of osteoblasts, and it can also inhibit RANKL-induced osteoclast differentiation [14] and
bone resorption activity, adjust the bone remodeling balance to the direction of bone forma-
tion, and ultimately achieve the dual effects of promoting osteogenesis and upregulating
angiogenesis-related markers. As reported by Zheng et al. [14], osthole promotes osteogen-
esis and upregulates the expression of angiogenesis-related markers. Their study further
demonstrated that osthole can induce the osteogenic—angiogenic coupling of BMSCs [15].

However, the clinical application of osthole is limited by its poor chemical stability, as it
is prone to oxidation, epoxidation, and hydroxylation [15]. Previous studies have revealed
that its conjugated double bonds and isopentenyl groups are susceptible to free radical
oxidation, leading to the loss of bioactivity [16,17]. To improve the stability and therapeutic
efficacy of such bioactive molecules, nanoparticle-based drug delivery systems have been
widely explored. Nanoparticles enable the stable and sustained release of drugs, owing
to their large specific surface area and high adsorption capacity [18]. When incorporated
into protective coatings, these nanoparticles can achieve gradual drug release during the
degradation of coatings [19,20].

Bone regeneration is a long-term process requiring sustained therapeutic stimulation [21].
However, conventional drug delivery systems often exhibit a rapid burst release during the
initial stage, resulting in a short duration of therapeutic efficacy. Controlled drug delivery has
profoundly influenced medicine by enabling precise administration of therapeutic agents at
target sites and reducing adverse reactions [22-24]. Ultrasound features non-invasiveness,
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tunability, and deep tissue penetration, making it an effective and promising stimulus for
achieving spatiotemporally controlled drug release at specific locations [25]. Ultrasound
irradiation can generate cavitation bubbles, and the collapse of these bubbles triggers local-
ized mechanical and thermal effects that facilitate drug release [26]. In addition, ultrasound
can enhance tissue permeability, further accelerating the drug release and promoting cel-
lular internalization of the loaded therapeutic molecules [26-29]. Xin et al. [30] developed
ultrasound-responsive PLGA nanoparticles. The results showed that the elimination rate of
liposome L3 after ultrasound stimulation was higher than that of unstimulated L3, indicating
that this novel ultrasound-responsive liposome-encapsulated nanoparticle system has the
potential to serve as an ultrasound-responsive drug delivery system for antitumor drugs.
Wei et al. [31] synthesized two block copolymers denoted as mPEGy-b-P(DEA. -co-MEMA _z),
consisting of hydrophobic segments (i.e., pH-responsive 2-(diethylamino)ethyl acrylate (DEA)
and ultrasound-responsive 2-methoxyethyl acrylate (MEMA)) and hydrophilic methoxy
polyethylene glycol (mPEG). The results demonstrated that ultrasound could efficiently trig-
ger drug release from the polymeric micelles, verifying the potential of ultrasound-responsive
systems for controlled therapeutic delivery.

However, the development of ultrasound-responsive drug delivery coatings for Mg-
based orthopedic implants remains unexplored. The goal of the present research is to
develop a multifunctional PCL-based composite coating incorporated with ultrasound-
responsive osthole-loaded nanocapsules. This coating is intended to endow magnesium
alloy implants with self-healing ability, enhanced corrosion resistance, controllable on-
demand drug release, effective antibacterial performance, and promoted osteogenic differ-
entiation, ultimately overcoming the critical challenges restricting the clinical application
of magnesium orthopedic implants. In this study, the thermosensitive block copolymer
Pluronic F127 [32] was employed as a “switch” for drug release to modify the outer shell
of hollow mesoporous silica (HMSs) nanoparticles. The hydrophilic-hydrophobic phase
transition can be triggered by ultrasound, thereby facilitating controlled drug release [33,34].
The drug-loaded nanoparticles were incorporated into PCL and applied to Mg substrate to
prepare a self-healing [35], functionally graded composite coating. This multifunctional
coating is expected to simultaneously enhance corrosion protection while providing an-
tibacterial activity and osteogenesis-promoting capability through ultrasound-triggered
drug delivery (Figure 1).
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Figure 1. Overview of experimental process and coating performances: (A) Fabrication of HMSs, OH,
and OHE (B) Fabrication of Mg-PCL@OHE. (C) Evaluation of self-healing activity. (D) Antibacterial
and osteogenic activities.
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2. Experimental Details
2.1. Materials

The extruded WE43 Mg alloy was purchased from Suzhou Ronggian Rare Metal Prod-
ucts Co., Ltd. (Suzhou, China), and its chemical composition is listed in Table 1. The main
chemicals included polycaprolactone (PCL, Mw = 50,000-60,000 g/mol, Aladdin, Shanghai,
China), osthole (C15H1403, Mw = 244.29, >99%, Aladdin), octadecyl trimethoxysilane
(C18TMS, My = 374.67 g/mol, 90%, Aladdin), tetraethyl orthosilicate (CgH9O4Si, Shang-
hai Chemical Reagent Co., Ltd., Shanghai, China, 99.7%), ammonia water (NH3-H,O,
Mw = 35.05 g/mol, 25-28%), anhydrous sodium carbonate (Na;CO3;, Mw = 105.99 g/mol,
>99.8%), potassium carbonate (K,COs, Mw = 138.206 g/mol, >98.0%), anhydrous magne-
sium sulfate (MgSOy4, Mw = 120.37 g/mol, >97.0%). All the reagents were used directly
without further purification. Ultrapure water was prepared using a Milli-Q water system.

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

Mg

Nb Gd Zr Cu Ni Fe

Balance

4.06

247 1.17 0.52 0.013 0.001 0.001

2.2. Synthesis of Nanoparticles

Hollow mesoporous silica nanoparticles (HMSs) were synthesized using a modified
Stober method combined with the sol-gel technique [13,36]. The specific procedure was
as follows: 140 mL of ethanol and 20 mL of ultrapure water were mixed to form an
alcohol-water medium, followed by the addition of 3.14 mL of ammonia to create an alka-
line reaction environment. Then, tetraethyl orthosilicate (TEOS) (7 mL) was rapidly injected
under continuous stirring for 2 h, until the solution turned milky white. Subsequently,
a mixture containing 5 mL of TEOS and an appropriate amount of C1gTMS was added
dropwise, and the mixture was stirred for 1 h to form a milky colloidal dispersion. After
the reaction, the resulting emulsion was centrifuged at 10,000 rpm for 30 min to collect
the precipitate, which was repeatedly washed with ethanol to remove residual organic
impurities. The washed product was dispersed in a 0.6 M Na,COj solution and etched at
85 °C for 30 min to form a hollow structure through selective dissolution of the silica core
by Nap;COs. The initial HMSs product was then collected by centrifugation at 8000 rpm
for 30 min and washed three times with ultrapure water. The cleaned sample was placed
in a vacuum drying oven and dried overnight at 100 °C. After grinding, the sample was
transferred to a muffle furnace for calcination using the following program: heating rate of
1 K/min, final temperature of 813.15 K, and a 6 h hold to completely remove the template,
yielding a pure HMSs product.

Osthole was dissolved in ethanol to prepare a stock solution at 5 mg/mL. This stock
solution was mixed with 5 mg/mL of HMSs and continuously stirred for 5 h to allow suffi-
cient drug adsorption and entry into the mesoporous channels of HMSs. Subsequently, the
mixture was centrifuged at 6000 rpm to separate and collect the precipitate. The collected
precipitate was dried at 37 °C, ground, and then the drug-loaded nanoparticles (denoted as
OH) were obtained. Meanwhile, the supernatant was retained for the calculation of drug
loading capacity.

To modify OH with an outer coating, 20 mg of Pluronic F127 copolymer was dissolved
in 10 mL of deionized water. Then, 100 mg of the obtained OH particles were dispersed in
this F127 solution and stirred for 20 min to ensure complete coating with F127 molecules.
After the reaction, the mixture was centrifuged at 8000 rpm for 20 min to separate the
solid from the liquid. The precipitate was collected, dried at 37 °C, and ultimately yielded
F127-modified drug-loaded nanoparticles (denoted as OHF).
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2.3. Characterization of Nanoparticles

Transmission electron microscopy (TEM, Talos F200X S/TEM, Thermo Fisher,
Waltham, MA, USA) was employed to characterize the micromorphology and structure
of HMSs, OH, and OHF nanoparticles. Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific Nicolet i510, Thermo Fisher, Madison, WI, USA) was used to analyze the
chemical composition and functional groups of the materials. The hydrodynamic diameter
and size distribution of the nanoparticles were determined using a Malvern Zetasizer Nano
7590 dynamic light scattering (DLS) system (Malvern Instruments, Malvern, UK). X-ray
diffraction (XRD, Rigaku Smart Lab SE, Tokyo, Japan) using Cu-Ka radiation and 26 of
10-90° was conducted to examine the crystal structure of the nanoparticles.

2.4. Preparation and Characterization of Coatings

Poly(e-caprolactone) (PCL) was dissolved in dichloromethane and stirred hermetically
at 500 rpm for 1 h to prepare a homogeneous PCL solution with a fixed concentration
of 100 mg/mL. Then, OHF nanoparticles were added into the PCL solution to reach a
concentration of 1 mg/mL, followed by sufficient vortexing to obtain a well-dispersed
PCL@OHF composite solution.

WE43 magnesium alloy specimens with dimensions of 20 mm x 20 mm X 5 mm were
successively ground with SiC sandpaper up to 3000# roughness, rinsed with deionized
water, and dried with warm air. All samples were alkali-treated with 5 M NaOH for 20 min
and then dried at 110 °C for 2 h to stabilize the surface state. The alkali-treated Mg alloy
was fixed on the spin coater stage, and 1.5 mL of PCL or PCL@OHEF solution was evenly
spread onto the alloy surface. The spin-coating program was carried out at a rotation
speed of 1000 rpm for 10-15 s to allow rapid evaporation of dichloromethane. To achieve a
uniform, compact, and defect-free protective layer, the spin-coating procedure was repeated
for 3 layers in total.

The surface morphology of the composite coating samples was observed using a
scanning electron microscope (SEM, Nova Nano SEM450, Thermo Fisher, Hillsboro, OR,
USA). The uniformity of the surface morphology was examined by SEM to determine the
optimal PCL concentration.

2.5. Corrosion and Hydrogen Evolution Assessment

The electrochemical properties of the samples were evaluated on a PARSTAT 3000
electrochemical workstation (Princeton Applied Research, Princeton Applied Research,
Oak Ridge, TN, USA) using the standard three-electrode system [37]. Potentiodynamic
polarization tests were conducted with a saturated calomel electrode (SCE) as the reference,

scanning from —2.5 V to —1.0 V at a rate of 1 mV-s~1.

The corrosion current density
(icorr) and corrosion potential (Ecorr) were determined by Tafel extrapolation. Electrochem-
ical impedance spectroscopy (EIS) was performed at the open-circuit potential over the
frequency range of 100 kHz to 0.1 Hz, with equivalent circuit modeling and impedance
spectrum analysis performed using ZSimpWin software (version 3.60).

The corrosion rates were determined by the mass-loss method, with samples com-
pletely immersed in HBSS at a solution-to-surface area ratio of 100 mL/cm?. The specimens
were retrieved after 1, 3, 7, 14, and 21 days of immersion. Surface corrosion products were
chemically removed using a chromic acid solution (2 mol CrOs saturated with 0.059 mol
AgNOQOy), followed by ultrasonic cleaning and drying before mass-loss measurement. The
annual corrosion rate of the samples was calculated according to the Formula [38,39]:

8.76 x 10* x Am)

_
k= (A-t-p) '

(1)
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DLE(%) _ Myelease _

where Am represents the mass loss (g), A denotes the exposed surface area of the sample
(cm?), t is the cumulative immersion time (h), and p is the density of the alloy (g/cm?).

To characterize the composition and structure of the corrosion products, three parallel
samples (Mg, Mg-PCL and Mg-PCL@OHF) were immersed in HBSS at 37.5 °C for 1, 3,
and 10 days, respectively. A scanning electron microscopy—energy-dispersive spectroscopy
(SEM-EDS) system was employed to analyze the morphology and elemental distribution
of the corroded areas, enabling systematic characterization of the phase composition and
chemical state of the corrosion products.

2.6. Self-Healing Test

To systematically evaluate the self-healing performance of the material, a through-
scratch method was employed to simulate damage under long-term service conditions.
The scratched samples were maintained at 50 °C for 20 min, after which their self-repairing
morphology was observed using SEM. The chemical composition of the repaired area was
characterized by EDS and X-ray photoelectron spectroscopy (XPS).

2.7. Drug Release

To investigate the controlled drug release behavior of the nanoparticles, 10 mg of
drug-loaded nanoparticles were accurately weighed and placed in a dialysis bag with a
molecular weight cutoff of 3.5 kDa. After adding 1 mL of phosphate-buffered saline (PBS),
the bag was sealed and immersed in a centrifuge tube containing 9 mL of PBS. The release
experiment was conducted at 37 °C. At predetermined time points (0, 24, 48, 72, 96, 120,
144, 168 h), the release medium (5 mL) was sampled and immediately replaced with an
equal volume of fresh pre-warmed PBS to maintain the PBS volume.

To examine the effects of ultrasound irradiation on release at specific time points
(1,25, 49, 73,97, 121, 145, 169 h), the samples of HMSs@ost@OHF(OHF) were subjected
to ultrasound treatment at 0, 1, and 2 W/cm? for 5 min. After treatment, the medium
(5 mL) was sampled and replaced with an equal volume of PBS. The absorbance of osthole
in all collected release solutions was measured using a dual-beam ultraviolet—visible
spectrophotometer, and the drug concentration was calculated based on a pre-established
standard curve.

The drug loading efficiency was calculated according to the following formula [13]:

Miwithdrawn + MiRemaining _ C;0 + €10+ U+ 30+ ...+ 0 0+ Y ;0

= , ()
Miotal Miotal total
where c; represents the drug concentration at the i-th sampling point, v is the volume of the
release medium (5 mL), and mtotal 1y, is the theoretical total drug loading amount in
the nanoparticles.

2.8. Biological Evaluation
2.8.1. Live/Dead Staining Assay

Embryonic mouse osteoblast precursor cells (MC3T3-E1) were seeded into 24-well
plates and cultured until reaching approximately 80% confluency. After observing cell
adhesion, the culture medium was replaced with xMEM complete medium containing
nanomaterial (Mg, Mg-PCL, and Mg-PCL@OHF) extracts, and the culture was continued.
After culturing for 24 h, the cells were stained according to the instructions of the Calcein-
AM/PI double staining kit. After staining, the cells were washed 3 times with PBS and
observed using an inverted fluorescence microscope.
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2.8.2. CCK-8 Assay for Cell Viability

The nanomaterials were sterilized by UV irradiation, then immersed in complete
medium and sonicated for 20 min. After removing the nanomaterials, the extract was fil-
tered through a 0.22 pm filter membrane to obtain the nanomaterial extract. MC3T3-E1 cells
in good growth condition were seeded on 96-well plates at a density of 2 x 10° cells/well.
After the cells adhered to the wall, the extracts were added to the above culture wells
for co-culture with the cells. After co-culture for 1, 2, and 3 days, respectively, the basic
medium containing 10% CCK-8 reagent (100 pL) was added to each well. The plate was
placed in a cell incubator in the dark for 2 h. It was then placed in a microplate reader in
the dark, and the OD value of each well was recorded at 450 nm. The cell viability of each
group was calculated by the following formula:

OD 4y perimental — OD
Cell viability(%) = O%’””T”;tf oD, b’:"" x 100%, (3)
contro an.

2.8.3. Hemolysis Test

The nanomaterials were sterilized by UV irradiation, then immersed in normal saline
and sonicated for 20 min. After removing the nanomaterials, the extract was filtered
through a 0.22 pm filter membrane to obtain the nanomaterial extract. A total of 3 mL of the
SD rat blood sample was centrifuged at 1000 rpm for 15 min to obtain red blood cell (RBCs)
precipitation. The RBC precipitate was washed 3 times with normal saline, and 1 mL of
RBC precipitation was added to 3.67 mL of normal saline to prepare the RBC suspension.
The RBC suspension (100 pL) was added to 1.1 mL of normal saline and deionized water,
respectively, as the negative control group and positive control group. Meanwhile, the
RBC suspension (100 puL) was added to 1 mL of normal saline and 100 pL of different
nanomaterial extracts as the experimental group, which were then incubated in a 37 °C
incubator for 3 h. Subsequently, each group was centrifuged at 1000 rpm for 15 min, and
the supernatant was collected. The absorbance (Optical density, OD) value at 540 nm was
measured using a multi-function microplate reader. The hemolysis rate was calculated by
the following formula:

, . 1o,y _ ODx —ODg
Hemolysis ratio(%) = ODyy — 0Dy’ 4)
where ODy is the OD of the different nanomaterial groups, OD; is that of the negative
control group, and ODy, is that of the positive control group.

2.8.4. Colony Forming Unit (CFU) Assay

The nanomaterials were sterilized by UV irradiation, then immersed in LB medium
and sonicated for 20 min. After removing the nanomaterials, the extract was filtered
through a 0.22 um filter membrane to obtain the nanomaterial extract. The bacterial strains
used in this study included S. aureus (ATCC 49295) and E. coli (ATCC 25922). Viable
bacterial cells were quantified via a CFU assay. Serial dilutions (10~4~1075) of the treated
bacterial suspensions were prepared and plated (100 uL) in triplicate on LB agar. After
24 h incubation at 37 °C, the colonies were enumerated and photographed. All tests were
conducted in triplicate.

2.8.5. Detection Anti-Biofilm Assay

S. aureus and E. coli were cultured to the logarithmic growth phase, and the concen-
tration was adjusted to 1 x 107 CFU/mL. The bacterial solution (250 nL) was seeded into
48-well plates, and high-glucose LB medium containing different material extracts was
added, followed by static culture at 37 °C for 48 h. After 48 h, the biofilm was washed
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once with PBS to gently remove planktonic bacteria. Total biofilm biomass was quantified
via crystal violet staining, involving formalin fixation, dye binding, and dissolution for
absorbance measurement at 590 nm.

2.8.6. Osteogenic Properties

The osteogenic differentiation ability of MC3T3-E1 cells were detected by alkaline
phosphatase (ALP) staining kit (7 days) and Alizarin red S (ARS) staining kit (21 days).
The experimental groups included: (1) Blank; (2) Mg-PCL; (3) Mg-PCL@OHF at 0 W/ cm?
ultrasound; (4) Mg-PCL@OHF at 1 W/ cm? ultrasound; and (5) Mg-PCL@OHF at 2 W/ cm?
ultrasound. Following 7 days of osteogenic induction, MC3T3-E1 cells were assessed for
ALP expression and mineralization. ALP staining was performed by fixing cells with 4%
paraformaldehyde fixative (Biosharp, Hefei, China) and developing with a BCIP/NBT kit
(Beyotime, Shanghai, China). After 21 days of osteogenic induction, the cells were fixed
with 4% paraformaldehyde fixative, washed, and incubated with 1% ARS solution (Fuheng,
Shanghai, China). For quantification, 10% (w/7v) cetylpyridinium chloride (Fuheng, China)
was added to dissolve the ARS precipitate, and the absorbance was read at 560 nm.

3. Results and Discussion
3.1. Characterization of the Nanoparticles

Hollow mesoporous silica nanoparticles (HMSs) are synthesized by a combined Stober
and sol-gel method, in which the weak alkaline environment provided by ammonia
catalyzes the hydrolysis and condensation of the silicon source, forming a solid silica matrix
with a mesoporous structure. Differential dissolution of the sodium carbonate (Na;COs3)
solution is utilized to etch the silica nanoparticles. Carbonate ions (CO32~) preferentially
dissolve the less cross-linked and relatively loose core of the silica nanoparticles, while the
more densely cross-linked outer shell is largely preserved.

This selective etching produces a hollow structure (Figure 2A) with an average cavity
size of 122.5 nm (Figure 2D). TEM reveals that the pristine HMSs exhibit a well-defined
spherical core-shell structure, featuring a thin shell (~6.7 nm) and a large internal cav-
ity. This architecture provides ample space for osthole encapsulation, while the thin
shell facilitates rapid drug diffusion post-stimulation. After loading osthole to form OH
(HMSs@osthole) nanoparticles (Figure 2B), the internal cavity is filled. A slight increase
in diameter from 122.05 nm (HMSs) to 140.0 nm (OH), as shown in Figure 2E,F, confirms
that osthole has entered and occupied the mesoporous cavities. Subsequent modification
with the ultrasound-responsive polymer F127 produces OHF nanoparticles (Figure 2C),
resulting in a further increase in diameter to 152.67 nm (Figure 2F) and a thicker outer shell.
The HMSs, OH, and OHF (HMSs@osthole@F127) are all monodispersed spheres with a
uniform morphology.

As shown in Figure 2G, FTIR provides molecular-level information about the chemi-
cal composition and bonding interactions of the nanoparticles. The peaks at 878.9 cm™!
(OH) and 959.4 cm~! (OHF) correspond to the asymmetric stretching of Si-O-Si bonds
and surface silanol groups, indicating that the mesoporous silica framework remains
intact during functionalization. The ester C=0O stretching peaks at 1713.9 cm~! (OH)
and 1725.9 cm~! (OHF), along with C-O-C stretching peaks of lactones and esters at
1255.4 cm~! (OH) and 1244.3 cm~! (OHF), confirm the presence of osthole molecules con-
taining ester and lactone moieties. FTIR demonstrates that the loading of osthole and
grafting of F127 do not compromise the structural integrity of HMSs.
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Figure 2. Characterization of the nanoparticles: TEM images of (A) HMSs, (B) HMSs@ost(OH),
(C) HMSs@ost@F127(OHF). DLS analysis of (D) HMSs, (E) HMSs@ost(OH), (F) HMSs@ost@F127(OHF).
(G) FT-IR spectra of the material: Osthole, HMSs, HMSs@ost(OH) and HMSs@ost@F127(OHF).

3.2. Drug Loading and Release of the Nanoparticles

UV-vis spectrophotometry is employed to assess the release of osthole in HMSs. The
UV-Vis spectrum in Figure 3A shows an absorption peak for osthole at 322 nm. The UV
absorption spectra of the osthole solutions with different concentrations are shown in
Figure 3B,C to investigate the linear relationship between drug concentration and UV
absorption intensity. Figure 3D illustrates the cumulative release profiles of OHF under 0,
1, and 2 W/cm? ultrasound irradiation. Under non-stimulated conditions, HMSs exhibit
a slow and sustained diffusion-based release, with a cumulative release of only 39.94%
after 169 h, which is characteristic of a diffusion-controlled mechanism. In this case, drug
molecules diffuse through the mesoporous silica shell and the hydrated PEO layer of the
F127 coating, which acts as a physical barrier, resulting in slow release.

As shown in Figure 3D, under 2 W/cm? ultrasonic irradiation, the cumulative drug
release increased to 75.93%, which was higher than the release of 59.57% observed under
1 W ultrasonic irradiation. The power-dependent acceleration of the release rate confirms
that a higher ultrasound intensity (2 W/cm?) leads to more intense cavitation effects, giving
rise to more bubble collapse and stronger mechanical effects, which in turn promote faster
drug diffusion [40]. Cyclic release experiments confirm that F127 undergoes reversible
dissociation and reorganization under ultrasound irradiation, enabling controlled drug
release. Furthermore, HMSs exhibit a highly reproducible release behavior, boding well for
practical applications [41,42].
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Figure 3. Drug loading, release profiles of OHF: (A) UV-vis spectra. (B) Standard curve of ost-
hole (1-9 ppm). (C) Standard curve of osthole (0.1-0.9 ppm). (D) Drug release of osthole upon
ultrasound irradiation.

3.3. Morphology of Coatings

Spin-coating experiments are conducted using PCL solutions with different mass
fractions. Mg is pre-treated with alkalization to generate hydroxyl-binding sites, enhancing
the adhesion of the polymer coating. These surface hydroxyl groups (-OH) act as binding
sites, forming strong interactions with the carbonyl groups (-C=0) in PCL chains via
hydrogen bonding and dipole-dipole interactions, thereby improving coating stability [43].
The shear force generated by the high-speed rotation of the spin coater rapidly removes the
solvent, enabling effective bonding between the PCL coating and the Mg alloy.

As shown in Figure 4A,B, the bare WE43 surface displays distinct parallel polish-
ing scratches, constituting the surface morphology of the Mg alloy after polishing with
2000# sandpaper. This surface can generate mechanical interlocking sites upon alkalization
to enhance the interfacial adhesion between the substrate and the subsequent polymer
coating. For the Mg-PCL coating (Figure 4C,D), a continuous and uniform film completely
covers the polishing textures of the substrate, verifying the good spreading and film-
forming capacity of the PCL polymer solution. As illustrated, PCL with a concentration of
100 mg/mL forms a homogeneous and compact coating on the Mg alloy. The continuous
film itself can also serve as a physical barrier to impede the corrosive medium, consistent
with the electrochemical results in Figure 5. The Mg-PCL@OHF coating Figure 4E-H)
exhibits superior surface uniformity at low magnification. High-magnification observation
(Figure 4G,H) reveals that OHF nanoparticles with favorable dispersibility are distributed
on the coating surface. These nanoparticles possibly restrict the mobility of PCL polymer
chains during curing. This morphological feature further corroborates the conclusions in
Figures 5 and 6 that the Mg-PCL@OHF coating has the optimal corrosion resistance among
the various specimens.
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Figure 4. SEM images of: (A,B) Bare WE43 Mg alloy after polishing and alkali treatment. (C,D) Mg
alloy coated with PCL. (E-H) Mg alloy coated with PCL@QOHF composite coating.
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Figure 5. Electrochemical properties of Mg, Mg-PCL and Mg-PCL@OHF: (A) OCP curves.

(B) Nyquist plots. (C) Polarization curves. (D) Icorr and Ecorr. (E) ECs of Mg. (F) ECs of Mg-PCL and
Mg-PCL@OHFE.
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Figure 6. Immersion measurements during 160 h in HBSS: (A) Hydrogen evolution volume of Mg,
Mg-PCL, and Mg-PCL@OHEF. (B) Hydrogen evolution rate of Mg, Mg-PCL, and Mg-PCL@OHE.
(C) Weight loss after hydrogen evolution of Mg, Mg-PCL, and Mg-PCL@OHE. (D) ICP of Mg?*
release concentration.

3.4. Electrochemical Tests and Degradation Behaviors

Figure 5 presents the electrochemical characteristics of the bare WE43, Mg-PCL, and
Mg-PCL@OHEF specimens. Figure 5A shows the open circuit potential (OCP) curves, with
all three specimens exhibiting a gradual increase in OCP values, indicative of stable surface
performance. The bare WE43 features a highly negative initial potential with an OCP of
—1.84 V, demonstrating a pronounced corrosion kinetic process. In contrast, the OCP of the
PCL-coated Mg-PCL specimen positively shifts to —1.82 V, and the Mg-PCL@OHF exhibits
a further positive OCP shift to —1.78 V. This confirms that the surface coating suppresses
the thermodynamic driving force for the oxidation reaction of Mg alloy and simultaneously
reduces the kinetic rate of anodic dissolution.

Figure 5B displays the electrochemical impedance spectroscopy (EIS) results, wherein
the capacitive loops of Mg-PCL and Mg-PCL@OHF are larger than that of the bare
WEA43, reflecting their superior average electrochemical corrosion resistance. Figure 5C,D
show the electrochemical Tafel curves and fitting results, respectively. The corrosion cur-
rent density (Icorr) results reveal that the Mg-PCL specimen with a PCL coating has an
Ieorr value of 949.92 nA/cm?, which is lower than that of the bare Mg (2.04 pA/ cm?),
while the Mg-PCL@OHF specimen loaded with OHF nanoparticles exhibits a further re-
duction in Loy to 594.36 nA/cm?. The corrosion potential (Ecorr) follows the order
of Ecorr (WE43) (—=1.59 V) > Ecorr (Mg-PCL) (—1.67 V) > Ecorr (Mg-PCL@OHF) (—1.70 V). The
charge transfer resistance (Ret) of pure Mg, Mg-PCL, and Mg-PCL@OHF are 1.076 x 10* Q-cm?,
5.87 x 10° Q-em?, and 6.225 x 10° Q-cm?, respectively. The R value of Mg-PCL@OHF is
58 times that of bare Mg and approximately 6% higher than that of Mg-PCL, demonstrating a
significantly enhanced physical barrier against corrosion. The combined results of Ecqrr and
ILeorr indicate that the PCL coating endows the Mg alloy with superior corrosion resistance,
which is further enhanced for the Mg-PCL@OHF specimen with nanoparticles (Table 2).
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Table 2. Fitted electrochemical parameters obtained by EIS.
Sample Rs Y P Rl Y Fha Ret w
-em? 0 cem? 0 -cm? 2
(Q-cm?) " Q-1.cm-2) e (Q-cm?) ™ 0-1.cm-2) nq (©Q)-cm?) (Q/cm?)
Mg 83.6 1.61 x 107° 0.84 - - - 1.076 x 10* -
Mg-PCL 35.07 2.35 x 107° 0.97 0.044 227 x 1077 0.436 5.87 x 10° 5.43 x 1076
Mg-PCL@OHF 25.83 3.07 x 1077 0.67 0.087 4.62 x 107° 0.763 6225 x 10° 711 x 1076

Based on EIS, the equivalent circuits fitted by ZSimpWin are presented in Figure 5EF,
and each circuit component is listed in Figure 5E. The fitted equivalent circuit for the
bare WE43 is Rs(Q1(R¢(CRt))), whereas that of both Mg-PCL and Mg-PCL@OHF is
Rs(Q1(Ret(Q2(RoW)))), as shown in Figure 5F. This is because the coating forms a bar-
rier against the surface migration of electrons. Here, W denotes the swelling of PCL in
the electrolyte solution, Ry and Qg in the low-frequency loop reflect the corrosion resis-
tance of the corrosion products formed on the coating surface, the series connection of Rp
and W in the medium-frequency loop characterizes the degradation behavior of the PCL
and PCL@OHEF coatings, and R¢(Q2(R;W)) in the high-frequency loop corresponds to the
electric double layer structure.

The hydrogen evolution curves and weight loss results in Figure 6A,C impart informa-
tion about the corrosion behavior of the bare Mg, Mg-PCL, and Mg-PCL@OHF specimens
after immersion for 7 days in the simulated physiological fluid, HBSS. Rapid hydrogen
evolution kinetics and a large cumulative hydrogen volume (1.435 mL on the 7th day) are
observed from the bare WE43, accompanied by a substantial weight loss of 30.504%. This
phenomenon probably arises from the inherently high reactivity of Mg in the aqueous
environment, which leads to the spontaneous anodic dissolution of Mg coupled with
cathodic water reduction and formation of a porous and unstable Mg(OH), layer. In HBSS,
chloride ions (C17) with a high concentration readily penetrate this native oxide layer to
disrupt the passive film and accelerate the initiation and propagation of pitting corrosion,
thereby leading to continuous hydrogen evolution and material degradation. As shown
in Figure 6B, the hydrogen evolution rate increases first, then decreases over time, and
eventually levels off. In contrast to the bare WE43, the PCL-coated specimen (Mg-PCL)
produces a reduced hydrogen evolution volume of 0.3 mL, demonstrating the effective
physical barrier function of the polymer coating. During the early immersion stage, the
Mg-PCL specimen shows minimal weight loss that is less than that of the bare Mg after 72 h.
This confirms that PCL acts as a hydrophobic diffusion barrier to hinder the transport of
corrosive species (e.g., water and chloride ions) to the Mg substrate. However, the gradual
increase in hydrogen evolution with time indicates the limited long-term stability of the
pristine PCL coating. Water molecules can permeate microstructural defects (e.g., pin-
holes and residual porosity) in the coating, and interfacial debonding eventually promotes
localized corrosion at the coating-substrate interface [44].

Mass loss results (Figure 6C) show values of 30.504% for bare Mg, 11.801% for Mg-PCL,
and 3.922% for Mg-PCL@OHF. Mg-PCL@OHF reduces mass loss by about 67% compared
with Mg-PCL and by about 87% compared with bare Mg, confirming good long-term
protective stability. The PCL coating loaded with OHF nanoparticles (Mg-PCL@OHF)
has the best corrosion resistance, manifested by the lowest hydrogen evolution volume
(0.235 mL) and a weight loss of 3.922% at 168 h, which are significantly lower than those of
the bare Mg (30.504%) and Mg-PCL (11.801%). This superior performance arises from the
synergistic effects of enhanced physical barrier, chemical passivation, and strengthened
interfacial bonding enabled by the incorporation of OHF nanoparticles, As illustrated in
Figure 6 [45]. These results are in agreement with Mg?* release shown in Figure 6D, which
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is acquired from the coated Mg alloy after 20 min of immersion. Owing to the protective
effect of the PCL@OHF coating, the lowest Mg?* release is attained.

The post-corrosion SEM morphologies in Figure 7 further elucidate the differences
in corrosion behavior among the three groups to corroborate the hydrogen evolution
and weight loss data. For the bare WE43 (Figure 7A,B), the surface exhibits extensive
interconnected cracks, severe corrosion pits, and large-scale spallation of the corrosion
product layer. In contrast, the PCL-coated specimen (Mg-PCL, Figure 7C,D) shows a
relatively intact surface with only minor microcracks and shallow corrosion pits. This
confirms the physical barrier effect of the PCL coating, which initially blocks the transport
of HyO and C1~ to the Mg substrate. However, the presence of microcracks and localized
surface roughening indicates the limited long-term stability of the pristine PCL coating.
The Mg-PCL@OHF specimen (Figure 7E,F) displays a more stable and dense surface
morphology, with no visible corrosion pits, cracks, or product spallation. The SEM results

for hydrogen evolution are consistent with the electrochemical results.

Figure 7. SEM morphology after hydrogen evolution: (A,B) Mg, (C,D) Mg-PCL, (E F) Mg-PCL@OHF.

FTIR is employed to characterize the chemical evolution of the coatings and corrosion
products before and after immersion in simulated body fluid (SBF). As shown in Figure 8A,
the FTIR spectra of the pristine samples demonstrate the successful fabrication of the protec-
tive coatings. For Mg-PCL and Mg-PCL@OHEF, the characteristic peaks at 2952/2873 cm ™!
correspond to asymmetric/symmetric stretching of —CH,— in PCL, while the peak at
1723 cm ™! is associated with stretching of the C=0O ester groups in PCL, verifying the
presence of the PCL matrix. The Mg-PCL@OHF sample also exhibits characteristic peaks in
the region, which are assigned to the Si-O-Si vibrations of OHEF, confirming the successful
incorporation of mesoporous silica nanoparticles into the PCL coating.
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Figure 8. Composition before and after hydrogen evolution test of Mg, Mg-PCL, and Mg-PCL@OHF:
(A) FTIR spectra of the samples before immersion, (B) FTIR spectra of the samples after immer-
sion, (C) XRD patterns of the samples before immersion, and (D) XRD patterns of the samples
after immersion.

After immersion in SBF (Figure 8B), the FTIR spectra reveal significant differences in
the coating stability and corrosion product formation. For the bare Mg, the attenuation
of Mg-related signals and the emergence of new peaks at 1633 cm~! (H-O-H bending of
adsorbed water) and 1240 cm~! (P-O stretching of phosphate groups) indicate rapid corro-
sion, with Mg(OH), being the main corrosion products. In contrast, Mg-PCL retains the
residual peaks at 1726 cm~! (C=0) and 2935/2870 cm ! (—CH,—), demonstrating partial
preservation of the PCL barrier. However, the appearance of peaks at 1633 cm ™! (water)
and 1160 cm~! (phosphate groups) indicates progressive coating degradation accompanied
by the accumulation of corrosion products, reflecting partial failure of the PCL barrier over
time. In contrast, the C=0 peak (1726 cm ') of Mg-PCL@OHF is preserved, and the P-O
vibration peaks (1240 cm !, 1160 cm~!) are clearly distinguishable, indicating significantly
improved coating stability. This improvement may stem from OHF filling defects in the
PCL matrix, thereby reducing the penetration of water and ions, delaying coating degrada-
tion, and ultimately mitigating the formation of corrosion products, consistent with the
hydrogen evolution, SEM, and electrochemical results.

After immersion in Hank’s solution, the phase evolution characteristics and corre-
sponding corrosion behaviors are determined, as shown in Figure 8C,D. For the bare
Mg alloy, its characteristic diffraction peaks attenuate significantly, accompanied by the
emergence of a new characteristic peak of magnesium hydroxide (Mg(OH),) at 38.0°. This
indicates the absence of a protective barrier on the bare Mg alloy. The generated Mg?*
rapidly combines with OH™ in SBF to form Mg(OH),, a typical corrosion product of Mg
alloys. For the Mg-PCL specimen, partial Mg characteristic peaks and persistent crystalline
signals of PCL are retained, and this phenomenon confirms the initial physical barrier
effect of the PCL coating. Meanwhile, the Mg?* produced by dissolution interacts with
phosphate and calcium ions in Hanks’” SBF to generate a small amount of Mg(OH); and
hydroxyapatite (HA), resulting in the appearance of weak characteristic peaks of corrosion
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products. The Mg-PCL@OHF specimen shows the strongest Mg characteristic peaks and
the weakest signals from corrosion products (Mg(OH), and HA). This is because OHF
nanoparticles can fill the micropores and defects in the PCL matrix to improve coating
compactness, consequently forming a more effective physical barrier.

Figure 9 presents the XPS results of the WE43 sample coated with OHF nanoparticle-
loaded PCL before corrosion in PBS. Distinct features are observed from the Mg 1s, C 1s,
and Si 2p spectra, indicating that the PCL coating loaded with OHF nanoparticles provides
better shielding for the bare Mg alloy surface compared to the pure PCL coating. The area
ratio of the binding energy peaks for -O (531.8 eV) and =O (533.1 eV) in the O 1s spectrum
is close to 1:1, demonstrating that the OHF-loaded PCL coating is densely and uniformly
applied to the Mg alloy surface with good adhesion. The small peak corresponding to
Mg-O (533.9 eV) suggests that the Mg alloy may have a passivated surface formed in air,
while the Si-C (101.78 eV) and Si-O (99.88 eV) peaks indicate the presence of relatively
uniform drug-loaded SiO, nanoparticles on the coating surface.
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Figure 9. XPS spectra of Mg-PCL@OHEF: (A-D) Before immersion. (E-I) After immersion.

XPS analysis of the OHF-loaded PCL coating reveals peaks of Mg 1s, O 1s, Ca 2p, and Si
2p, reflecting the elemental composition of the polymeric matrix, drug-loaded nanoparticles,
and corrosion products. Deconvolution of the high-resolution O 1s spectrum (Figure 9B-F)
identifies three distinct components. The peak at 530.98 eV is assigned to C=0/C-0O,
confirming the preservation of ester groups in the PCL matrix and oxygen-containing
functional groups on OHF nanoparticles. The signal at 532.48 eV corresponds to Mg-O
species, indicative of magnesium oxide/hydroxide formed during corrosion, and that at
531.88 eV is attributed to ~OH groups originating from hydroxides in corrosion products
and residual hydroxyl moieties on the surface of OHF nanoparticles. These results not
only verify the retention of both the PCL matrix and OHF nanoparticle components after
immersion but also the synergistic effect of residual coating constituents and in situ formed
corrosion products, providing effective protection to the underlying WE43 substrate.

The OHF enhance the structural stability of the composite coating. The Si-O/Si-OH
bonds corresponding to the Si 2p peak reveal a dense cross-linked network structure in
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the PCL matrix. This hinders the penetration of corrosive ions and reduces the formation
of coating defects. In contrast, the pure PCL coating is prone to severe degradation and
delamination under the same corrosion conditions, with a noticeable attenuation in the
intensity of its C=0/C-O characteristic peaks. These results confirm that the PCL matrix
and OHF nanoparticle components are preserved after immersion. The synergistic effects
rendered by the residual coating components, SiO,-reinforced barrier structure, and in
situ-generated corrosion products provide more efficient protection for the WE43 substrate.

3.5. Evaluation of Self-Healing Behavior

After making scratches approximately 100 um in width on the coating surface, the
samples are incubated at 50 °C for 30 min, and morphological changes are observed. The
damaged areas on the Mg and Mg-PCL@OHF coating are shown in Figures 10 and 11.
Figure 10 displays the morphology of the Mg alloy following heat treatment at 50 °C for
30 min. Evidently, the alloy does not have the self-healing property, resulting in the expo-
sure of the bare Mg matrix. Mg constitutes the primary elemental component, accompanied
by minor contents of carbon and oxygen, which are derived from the surface oxide.

4.03 %

Figure 10. (A,B) SEM morphologies of the bare Mg alloy before heat treatment, showing an artificial
scratch with exposed substrate. (C-G) EDS elemental mapping of the scratched Mg alloy before heat
treatment. (H,I) SEM morphologies of the bare Mg alloy after heat treatment. (J-L) EDS elemental
mapping of the scratched Mg alloy after heat treatment.
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Figure 11. Self-healing activity ofMg-PCL@OHEF: (A,B) SEM images of Mg-PCL@OHF before self-
healing; (C-G) EDS maps of Mg-PCL@OHF before self-healing; (H,I) SEM images of Mg-PCL@OHF
after self-healing; (J-N) EDS maps of Mg-PCL@OHEF after self-healing.

The scratch on Mg-PCL@OHF narrows, accompanied by a decrease in the Mg content,
indicating exposure of the Mg alloy substrate. Concurrent increases in carbon and oxygen
content confirm the reformation of the polymer layer. The self-healing efficiency of the
Mg-PCL@OHEF coating is evaluated by SEM (Figure 11). Before self-healing (Figure 11A,B),
distinct deep scratches are observed, with the Mg substrate exposed to the outside environ-
ment. EDS (Figure 11C-G) indicates that the scratch exposes the bare Mg alloy substrate,
and point scan analysis of the scratch reveals a concentration of Mg of 39.17%. When the
temperature reaches 50 °C, which is the melting point temperature (Tr,) of PCL, driven by
thermal motion, the diffused PCL macromolecular chains tend to entangle with each other
at the scratch interface to form a continuous and dense physical cross-linking network.

As shown in Figure 11H,I, the scratch step disappears after self-healing, with its value
decreasing to 0.10%. As revealed by the EDS spectra in Figure 11]-N, the proportions of C
and O increase from 53.19% and 7.02% before healing to 74.06% and 24.50%, respectively.
Meanwhile, Si originates from the SiO, nanoparticles in OHF. This good self-healing
behavior is the result of the synergistic effect between the viscoelastic flow of the PCL
matrix and the interfacial regulation of the OHF nanoparticles. The seamless combination
between the original region and the repaired region in the self-healing interface further
proves the structural integrity of the self-healing coating.
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3.6. Biocompatibility

To evaluate the biocompatibility of the materials, MC3T3-E1 cells are co-cultured with
material extracts, and the cell status is verified by live/dead cell staining and the CCK-8
assay. The live/dead staining profiles and morphology of MC3T3-El1 cells in each group
after co-culturing are shown in the figure. Almost no red dead cells are observed from any
group after co-culturing for 24 h (Figure 12A).
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Figure 12. (A) Live/dead staining of MC3T3-E1 cells co-cultured with each group for 24 h. Scale
bar, 200 um. (B) Cell viability of each group determined by CCK-8 assay via measuring absorbance
at 450 nm. (C-F) Hemocompatibility and statistical analysis of hemolysis percentage for extracts of
different nanomaterial groups. The data are the means £ SD. *** p < 0.001. N = 3.

Consistent with the live/dead staining results, the CCK-8 assay demonstrates that
the cells in all groups maintain favorable proliferation, indicating that Mg, Mg-PCL, and
Mg-PCL@OHEF exhibit excellent biocompatibility (Figure 12B). Hemolysis tests are further
performed to investigate the effects of the biomaterials on red blood cells and evaluate
their hemocompatibility. The hemolytic response and degree of rat red blood cells are
measured to assess the impact of the coatings on erythrocytes in blood. In vitro hemolysis
results reveal that the nanomaterials cause no obvious hemolysis even at a concentration
of 10 mg/mL, with a hemolysis rate of <5%. This meets the hemolysis rate threshold
of <5% specified in the international standard ISO 10993-4:2002 [46] for the safe biomed-
ical application of materials, confirming the biosafety of the nanomaterials for in vivo
use (Figure 12C-F).

3.7. Antibacterial Evaluation

As shown in Figure 13, the antibacterial activity is evaluated by co-culturing with
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) for 24 h and analyzed by the
plate counting method. Compared with the other groups, the Mg-PCL@OHEF group exhibits
a distinct antibacterial effect with the lowest number of colony-forming units (CFUs). As
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shown in Figure 13A, the samples co-incubated with extracts of Mg and Mg-PCL show
a certain antibacterial capacity due to the release of Mg?" and elevated pH caused by
corrosion, resulting in a sharp reduction in bacterial colonies on bare Mg. In contrast, the
coating of Mg-PCL@OHEF after ultrasonic treatment shows excellent bactericidal effects due
to the leached antibacterial components.
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Figure 13. Antibacterial assay: (A) Photographs of colony plating of S. aureus and E. coli co-incubated
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with extracts of different materials. (B) Colony counts of S. aureus and E. coli co-incubated with
extracts of different materials. * p < 0.05, *** p < 0.001. (C) Bacterial biofilms of S. aureus and E. coli
co-incubated with extracts of different materials stained with crystal violet. (D) Quantitative analysis
of biofilm staining with crystal violet for S. aureus and E. coli. The data are the means 4 SD. * p < 0.05,
***p <0.001. N = 3.

The quantitative data in Figure 13B further confirm that Mg-PCL@OHF has the best
antibacterial activity (p < 0.001). Bacterial biofilm formation is a vital mechanism for
bacteria to adapt to the environment and improve their survival ability. Therefore, the
capacity to inhibit biofilm formation is an indispensable step in evaluating the properties
of antibacterial materials. To examine the inhibitory effect of the materials on bacterial
biofilm formation, crystal violet staining of biofilms is carried out (Figure 13C). The biofilms
co-cultured for 48 h are stained with 0.1% crystal violet. The control group (Blank) forms
dense and uniform bacterial biofilms, whereas the Mg and Mg-PCL groups show relatively
discontinuous biofilms with weaker staining. In the Mg-PCL@OHF group, only a small
portion of the biofilm is stained, while most biofilm structures are destroyed, indicating
that Mg-PCL@OHEF releases the drug encapsulated inside the nanoparticles after ultrasonic
vibration to inhibit the formation of bacterial biofilms.

3.8. Osteogenic Properties

Osteogenesis is frequently employed to evaluate the potential therapeutic outcomes
after surgery. Alkaline phosphatase (ALP), an early marker of osteogenic differentia-
tion, reflects the formation of bioactive bone. As shown in Figure 14A, MC3T3-E1 cells
are co-cultured for 7 days with osteogenic induction medium containing extracts of the
above materials, and ALP staining is carried out to analyze the ability of the materials
to promote osteogenic differentiation. The results show that the Mg-PCL@OHF ultra-
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sonic groups exhibit stronger ALP staining intensity, and the osteogenic differentiation
tendency of MC3T3-E1 cells were enhanced with increasing ultrasound intensity. As
shown in Figure 14C, both the Mg-PCL and Mg-PCL@OHEF ultrasonic groups show sig-
nificantly higher ALP expression than the osteogenic induction medium group, and ALP
expression in the Mg-PCL@OHEF ultrasonic groups is further upregulated with increased
ultrasound intensity.

A Blank Mg-PCL Mg-PCL@OHF Mg-PCL@OHF Mg-PCL@OHF
(US 0 W/cm?) (US 1 W /em?) (US 2 W /cm?)

B Blank Mg-PCL Mg-PCL@OHF Mg-PCL@OHF Mg-PCL@OHF
(US 0 W /cm?) (US 1 W /cm?) (US 2 W /cm?)

(@)

O3 Blank O Blank
=
. £ = Mg-PCL Mg-PCL
=F am MePCL@OHF Mg-PCL@OHF
] 2 (US0OW) (US0W)
z¢ am MePCL@OHF Mg-PCL@OHF
% g‘ US1W) (US 1 W)
gz Mg-PCL@OHF Mg-PCL@OHF
g - Usaw) -

(US2W)

Figure 14. (A) ALP staining results of MC3T3-E1 cells after 7 days of co-culture with extracts of
nanomaterials in each group. Scale bar, 400 pm. (B) ARS staining results of MC3T3-El1 cells after co-
culturing for 21 days with extracts of nanomaterials in each group. Scale bar, 400 um. (C) Quantitative
results of ALP in MC3T3-E1 cells after 7 days of co-culturing with each group. (D) Quantitative
results of ARS in MC3T3-E1 cells after co-culturing for 21 days with each group (Data analyzed by
one-way ANOVA: **p < 0.01, *** p < 0.001).

MC3T3-E1 cells are co-cultured for 21 days with the osteogenic induction medium con-
taining the above material extracts, and Alizarin Red S staining is used to observe calcium
nodule formation in each group. As shown in the figure, only small numbers of calcium
nodules are formed in the Ctrl and Mg-PCL groups, whereas abundant calcified nodules
are observed from all Mg-PCL@OHF ultrasonic groups. Among them, the Mg-PCL@OHF
2 W/cm? ultrasonic group displays the highest calcium nodule content (Figure 14B), con-
sistent with the quantitative results in Figure 14C. This can be explained by the fact that
the ultrasound-responsive polymer F127 on the nanoparticle surface triggers the release of
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drugs from the nanoparticle interior under ultrasonic stimulation. The osteogenic agents
derived from Humulus japonicus promote the osteogenic differentiation of MC3T3-E1 cells.

4. Conclusions

In this work, a novel self-healing PCL@OHF composite coating with ultrasound-
triggered on-demand osthole release was successfully constructed on WE43 magnesium
alloy via spin-coating for biodegradable orthopedic implant applications. The hollow
mesoporous silica nanoparticles (HMSs) were loaded with osthole and further modified
with Pluronic F127 to endow the coating with ultrasound-responsive controlled drug
release behavior.

Electrochemical tests, hydrogen evolution measurements, and immersion experiments
demonstrated that the PCL@OHF coating significantly enhanced the corrosion resistance
of the magnesium alloy, reducing the corrosion current density from 2.04 x 107% A/cm? to
5.94 x 1077 A/cm? and slowing down hydrogen evolution and Mg?* release. Benefiting
from the thermal-induced viscoelastic flow of PCL and the interfacial regulation of OHF
nanoparticles, the composite coating exhibited excellent self-healing ability at 50 °C as
shown by SEM, able to repair artificial scratches and restore the protective barrier of
the substrate.

Drug release results verified that the composite coating realized on-demand osthole re-
lease under ultrasonic stimulation, with the cumulative release rate increasing from 39.94%
(without ultrasound) to 75.93% (2 W/cm? ultrasound) after 7 days. In vitro biological
evaluations confirmed that the PCL@OHF coating possessed favorable biocompatibility
and hemocompatibility, exhibited remarkable antibacterial activity against Staphylococcus
aureus and Escherichia coli, inhibited bacterial biofilm formation, and significantly promoted
the osteogenic differentiation of MC3T3-E1 cells. Moreover, the osteogenic effect was posi-
tively correlated with ultrasound intensity, indicating the flexible regulation of biological
functions via external stimulation.

This study provides a versatile surface modification strategy that integrates self-
healing, anti-corrosion, ultrasound-controlled drug release, antibacterial, and osteogenic
properties in a single coating. The multifunctional coating effectively overcomes the critical
limitations of rapid corrosion, implant-related infection, and insufficient osseointegration
of magnesium-based implants. This intelligent responsive coating system shows high
application potential in the field of biodegradable orthopedic implants and offers a reference
for the design of next-generation smart biomedical implant materials.
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