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ABSTRACT: This study examined the surface modification of
titanium (Ti) implants to enhance early-stage osseointegration,
which reduced the failure rate of internal fixation in osteoporotic
fractures that inherently decrease in bone mass and strength. We
employed a layer-by-layer electroassembly technique to deposit
catalpol-containing hyaluronic acid/chitosan multilayers onto the
surface of Ti implants. To evaluate the in vitro osteoinductive
effects of catalpol-coated Ti implants, the robust osteoblast
differentiation capacity of the murine preosteoblast cell line,
MC3T3-E1, was employed. Furthermore, the performance of these
implants was evaluated in vivo through femoral intramedullary
implantation in Sprague−Dawley rats. The engineered implant
effectively regulated catalpol release, promoting increased bone
formation during the initial stages of implantation. The in vitro findings demonstrated that catalpol-coated Ti surfaces boosted ALP
activity, cell proliferation as measured by CCK-8, and osteogenic protein expression via WB analysis, surpassing the uncoated Ti
group (P < 0.05). In vivo micro-computed tomography (CT) and histological analyses revealed that catalpol-coated Ti significantly
facilitated the formation and remodeling of new bone in osteoporotic rats at 14 days post-implantation. This study outlines a
comprehensive and straightforward methodology for the fabrication of biofunctional Ti implants to address osteoporosis.

1. INTRODUCTION
Titanium (Ti) and its alloys stand out as exemplary biomaterials,
possessing superior qualities such as exceptional bioinertness,
biocompatibility, high fatigue and tensile strengths, low
allergenicity, and lightweight.1 These attributes render them
extensively utilized in orthopedic and dental implants. However,
the bioinert nature of Ti-based implants makes it challenging to
establish a robust chemical bond with the surrounding bone,
particularly during the early stages of implantation.2 Moreover,
the degradation of metallic implants like titanium within the
biological environment can result in the liberation of metal ions,
which have the potential to elicit both local and systemic
responses, and may also provoke allergic reactions.3,4 These
limitations impact early osseointegration, leading to adverse
outcomes such as aseptic loosening of prostheses5 and failure of
intramedullary nail fixation. Periprosthetic fractures, which are
common postoperative complications in total knee arthroplasty
(TKA), are also influenced by the material properties of Ti, with
the femur being the most frequent fracture site, followed by the
tibia and patella.6,7 Hence, recent research has focused on the
surface modification of titanium substrates to enhance
functionalization in the development of titanium implants.

Currently, two primary strategies are employed for titanium
implant functionalization. The first involves the incorporation of
growth factors into the surface to create an active implant tissue
surface that stimulates bone cell growth.8 Research has shown
that the sustained release of BMP-2 in composite coatings
notably enhances the proliferation and differentiation of
MC3T3-E1 cells on titanium surfaces.9 The second strategy
involves the use of anabolic drugs to create biological coatings
that exert a long-term and effective role in osseointegration by
controlling drug release.10 Studies have demonstrated that the
immobilization of icariin, a key active constituent of Herba
Epimedii, improves osteogenesis in a multilayer with hyaluronic
acid (HA) and chitosan (CS) on a phase-transited lysozyme-
primed Ti surface and can enhance early osseointegration in a rat
model through sustained release.11 Consequently, we explored
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the prospect of selecting suitable bioactive components from
traditional Chinesemedicine for loading onto titanium implants.

To facilitate the adhesion of coatings onto implant surfaces,
the application of poly(ethylenimine) (PEI) is an effective
strategy to achieve robust binding. Recognized as a cationic
polymer, PEI boasts significant pH-buffering capabilities, often
referred to metaphorically as a “proton sponge”.12 It is
extensively utilized in the fields of gene therapy and drug
delivery systems. The cytotoxic potential of PEI is subject to
variation based on factors such as molecular weight and
structural alterations; an increase in molecular weight correlates
with heightened cytotoxicity.13 Furthermore, the coadministra-
tion of HA with PEI has been shown to ameliorate the cytotoxic
effects typically associated with PEI.14

Catalpol, the principal active component of Rehmanniae
Radix, is a widely used herbal medicine in East Asia,15 possesses
diverse biological activities, including antioxidative,16 anti-
inflammatory,17 and anti-ischemic effects.18 Catalpol can also
reduce blood glucose19 and attenuate ischemic stroke.20

Previous studies have confirmed the positive impact of catalpol
on osteogenesis, enhancing bone healing in critical-sized
calvarial defects in rats and mitigating bone loss in
ovariectomized (OVX) rat models.21 Additionally, catalpol has
demonstrated protective effects against damage induced by
2,3,7,8-tetrachlorodibenzo-p-dioxin in MC3T3-E1 osteoblastic
cells.22 Although the exact osteogenic mechanism of catalpol
remains unclear, numerous research findings suggest the crucial
involvement of the Wnt/β-catenin pathway23−25 and its role in
bone mass regulation through Th1/Th2 adjustments, ultimately
influencing bone loss related to estrogen deficiency.26 There-
fore, coating catalpol onto Ti substrate is a promising option.

In our study, catalpol was applied to a Ti substrate using layer-
by-layer assembly.27 Hyaluronic acid and chitosan were chosen

to create multilayer films containing catalpol, with polyethylene
serving as the base film to enhance adhesion between the
titanium substrate and multilayers. Catalpol incorporation into
the HA/CS layers occurs through electrostatic interactions,
leading to catalpol encapsulation within the microinterspaces of
the three-dimensional (3D) HA/CS network.28 Notably, both
HA and CS exhibited potent antibacterial properties, con-
tributing to a reduced incidence of implant infection.29,30

In this study, we engineered Ti implants coated with a
biological multilayer film containing catalpol and thoroughly
analyzed the characteristics of the coating and encapsulation of
catalpol within different cover layers in HA/CS films.
Furthermore, we investigated the influence of the film
architecture on the drug release mechanism. In vitro evaluations
using the murine preosteoblast cell line MC3T3-E1, renowned
for its osteoblast differentiation potential, evaluated the impact
of multilayered HA/CS-coated Ti substrates with catalpol on
osteoinductive properties. Additionally, the positive impact of
local drug release during the early stages of implantation was
demonstrated in Sprague−Dawley rats using a surgical femoral
intramedullary implantation paradigm in vivo.

2. MATERIALS AND METHODS
Trypsin, fetal bovine serum (FBS), phosphate-buffered saline
(PBS), penicillin-streptomycin, and α minimum essential
medium (α-MEM) were obtained from Thermo Fisher
Scientific (Waltham, MA).

2.1. Specimen Preparation. 2.1.1. Fabrication of the
Titanium-PEI Substrate. In this study, we utilized a Ti6Al4 V
Titanium alloy from Baoji Titanium Industry Co. Ltd. Two
sample forms were prepared: Ti rods (15 mm length, 1.5 mm
diameter) and Ti disks (0.3 mm thickness, 14 mm diameter).
After meticulous polishing, the samples were ultrasonically

Figure 1. Illustrative representation of the sample preparation process: This entails the fabrication of HA/CS-CAT multilayer films on Ti disk or rod
surfaces that have been primed with PEI.
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cleaned with acetone, 70% ethanol, and sterile deionized water
and dried at 60 °C for 1 h. To ensure a controlled foundation,
the samples were immersed in a 5 mg/mL poly(ethylenimine)
(PEI, 99%, 1800MW, Solarbio Life Sciences, Beijing, China)
solution with a pH of 9.0 for 20 min. Ti-PEI substrates were air-
dried for 4 h, creating a uniform surface for subsequent analyses
of the material properties.
2.1.2. Preparation of Layer-by-Layer with Catalpol Coat-

ings on the Ti-PEI Substrates. Figure 1 shows the preparation of
multilayer HA/CS-catalpol films on titanium substrates. First,
sodium hyaluronate (HA, Bloomage Biotechnology Co. Ltd.
Jinan, Shandong, China) solution (1 mg/mL, pH 2.9) was
prepared in ddH2O, and the Ti-PEI substrate was immersed in
the HA solution for 30 min, and then air-dried at room
temperature for 4 h to obtain the Ti-PEI-HA substrate.
Subsequently, 1 g of chitosan was dissolved in water containing
1% v/v glacial acetic acid using a magnetic stirrer, and the total
volume of this solution was 1000 mL, thereby preparing a
chitosan (CS, deacetylation degree of 80%, and viscosity of 200
mPa·s; Solarbio Life Sciences, Beijing, China) solution. Then,
CS-catalpol solutions with concentrations of 0.5 × 10−3 mol/L
(catalpol-low), 1 × 10−3 mol/L (catalpol-medium), and 2 ×
10−3 mol/L (catalpol-high) were prepared by dissolving
different amounts of catalpol (Solarbio Life Sciences. Beijing,
China) in the CS solution by means of a magnetic stirrer. The
Ti-PEI-HA substrates were then immersed in CS solutions
without or with the indicated concentrations of catalpol for 30
min and air-dried for 4 h at room temperature. The Ti-PEI
samples were repeatedly immersed in HA and CS solutions for 3
cycles to form a multilayered HA/CS-catalpol coating (Figure
1) and then stored at 4 °C under sterile conditions. The final Ti-
PEI-(HA/CS)s substrates, Ti-PEI-HA/CS-(catalpol-low) sub-
strates, Ti-PEI-HA/CS-(catalpol-medium) substrates, and Ti-
PEI-HA/CS-(catalpol-high) substrates were referred to as LBL,
CAT-L, CAT-M, and CAT-H, respectively.

2.2. Characterization of Titanium Substrate Surfaces.
The surface morphologies and characteristics of Ti, Ti-PEI, Ti-
PEI-HA, Ti-PEI-HA/CS, LBL, and CAT were analyzed using a
scanning electron microscope (Hitachi S-4800 SEM) from
Hitachi Limited, Tokyo, Japan. Transmittance scans were
performed in the range of 500−4000 cm−1 using a Fourier
transform infrared spectrometer (Thermo Nicolet NEXUS 470
FTIR) from Thermo Fisher Scientific to determine the
molecular composition of the Ti substrates. Images of liquid
droplets were captured with a volume of 2 μL using an OCA 25
system equipped with a digital camera from Data Physics
Instruments GmbH. Subsequently, contact angle measurements
were performed using SCA 20 module analysis software (Data
Physics Instruments GmbH, Germany).

2.3. In Vitro Drug Release Profiles. An ultraviolet−visible
dual-beam spectrophotometer was used to obtain optical
density (OD) readings for catalpol at known concentrations
(0.078, 0.01, 0.02, 0.039, 0.078, 0.156, 0.3125, 0.625, 1.2, 2.5,
and 5 mg/mL) to construct a standard curve. Catalpol
concentrations liberated from different HA/CS substrates
were evaluated using a standard curve. CAT-L, CAT-M, or
CAT-H substrates were submerged in PBS and subjected to
drug release at 37 °C. At specific intervals (each day), the
substrates were removed and the residual PBS solution was
analyzed by UV−visible spectrophotometry. The substrates
were then submerged in PBS until the next measurement. The
duration of the experiment was 14 days. The percentage of
catalpol released was determined by calculating the ratio of the

cumulative amount of catalpol released at each time point to the
total cumulative released amount of catalpol at the end of the
experiment.

2.4. In Vitro Cellular Experiments. 2.4.1. Cell Culture.
The cell line MC3T3-E1 was cultured in α-MEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. The cells were maintained in a humidified
environment at 37 °C and 5% CO2. Prior to seeding MC3T3-
E1 cells onto the substrate surface, the Ti substrates (including
LBL, CAT-L, CAT-M, and CAT-H) were sterilized using γ
radiation at a dose of 25 kGy emitted from cobalt-60. The Ti
substrates were subsequently inoculated with MC3T3-E1 cells
at a seeding density of 1 × 104 cells per well.
2.4.2. Cell Proliferation Assay. To assess cell viability and

proliferation, the CCK-8 assay was utilized. The quantity of this
dye correlates closely with the number of viable cells and their
growth rate. Fourteen days after the cells were seeded onto the
titanium substrates, the CCK-8 Cell Proliferation Cytotoxicity
Assay Kit was used to evaluate cell proliferation. The absorbance
of the CCK-8 solution under each experimental condition was
measured at 450 nm using a Multiskan FC Microplate
Photometer.
2.4.3. In Vitro Osteogenic Differentiation of MC3T3-E1

Cells on Ti Substrates. MC3T3-E1 cells, planted on Ti
substrates, were cultured in complete α-MEM enriched with
0.1 μM dexamethasone, 50 μM ascorbic acid, and 10 mM β-
glycerophosphate to induce osteogenic differentiation for 14
days. The osteogenic induction medium was refreshed every 2
days. Following a 14-day cultivation period, alkaline phospha-
tase (ALP) activity was assessed using an ALP staining kit.
2.4.4. Western Blot Analysis. Following 14 days of

incubation, proteins were extracted from the cells cultured on
the surface of titanium plates using radio-Immunoprecipitation
Assay (RIPA) buffer (Solarbio, China) containing 1% phenyl-
methylsulfonyl fluoride (Solarbio, China) and phosphatase
inhibitor (Beyotime Biotechnology, China). Protein concen-
trations were determined using a bicinchoninic acid assay
according to the manufacturer’s protocol (Beyotime Biotech-
nology). Protein samples were subsequently denatured by
boiling at 95 °C for 5 min and then 30 μg of proteins was
resolved on 10% sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) gel. Separated proteins were
electroblotted onto poly(vinylidene fluoride) (PVDF) mem-
branes overnight at 4 °C. The membranes were blocked for 1 h
with 5% skim-milk in tris-buffered saline (TBST) (0.1% Tween
20 in Tris-buffered saline) and incubated for 10−12 h at 4 °C
with primary antibodies specific for COL1 (1:500 dilution;
Wanleibio, China), OCN (1:1000 dilution; Cell Signaling
Technology), RUNX2 (1:1000 dilution; Cell Signaling
Technology), β-Actin (1:2000 dilution; Servicebio Technology,
China). After extensive washed with TBST, membranes were
incubated with appropriate horseradish peroxidase-conjugated
secondary antibodies (1:1000 dilution) for 1 h at room
temperature. The immunoreactivity of protein-antibody com-
plexes was detected and imaged following exposure to enhanced
chemiluminescence (ECL) substrate on a gel image-processing
system.

2.5. In Vivo Experiments in Animals. 2.5.1. Ethical
Statements and Laboratory Animals. All animal experiments
were approved and strictly adhered to the institutional standards
for animal care under the supervision and guidance of the
Animal Research Ethics Committee of Wenzhou Medical
University. Healthy male Sprague−Dawley rats (250−300 g)
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were purchased from Wenzhou Medical University (license no.
SCXK[ZJ]2005-0019). All animal care and use conformed to
the Guide for the Care and Use of Laboratory Animals of the
Chinese National Institutes of Health and the work was
approved by the Animal Care and Use Committee of Wenzhou
Medical University (wydw2012-0079).
2.5.2. Animal Model of Osteoporosis. The study used 40

three-month-old female Sprague−Dawley rats that underwent a
week of environmental adaptation before the start of the
experiment. According to previous studies,31 these rats under-
went bilateral oophorectomy. Post-surgery, they were housed in
pathogen-free isolation cages with four rats per cage. The cages
were maintained under a 12 h light/dark cycle, with environ-
mental temperatures controlled at 22−24 °C and humidity
maintained at 50−55%. Each animal underwent a 7-day
acclimatization period before participating in the experiments.
2.5.3. Implantation of Ti Substrates into the Femoral

Intramedullary. Following the previously mentioned proce-
dure, ovariectomized (OVX) rats underwent femoral intra-
medullary implantation of Ti substrates.32 The process began
with the administration of pentobarbital sodium via intra-
peritoneal injection for anesthesia, administered at 50 mg/kg of
body weight. To prepare for surgery, we shaved and disinfected
the hair on the hind legs of the rats using 75% alcohol.
Subsequently, an incision was made on the inner side of the hind
legs to expose the outer side of the knee joint. Next, a passage
with a diameter of 2 mm was drilled along the femoral shaft axis
originating from the patellofemoral groove located at the distal
end of the femur. Sterilized Ti rods, either coated or uncoated
with various concentrations of catalpol in the LBL, were placed
into the medullary cavity through the created channel. The joint
was then sutured layer by layer, and all rats were placed in a
controlled environment within the animal care laboratory. For
prophylaxis, the animals received daily intramuscular injections
of cefazolin (10 mg/kg) for three consecutive days following the
surgery. And immobilization was not applied to the operated
area. Rats were divided into four groups based on the surface
treatment of the titanium rods: unlayered titanium rods (control
group), titanium rods layered with HA/CS, and titanium rods
layered with catalpol at different concentrations (CAT-L, CAT-
M, and CAT-H). At the second week after implantation of the
titanium substrate, we euthanized the rats by overinjection of
chloral hydrate and removed the femur.
2.5.4. Micro-Computed Tomography (CT) Evaluation. The

resected femurs were cleared of surrounding soft tissues and
fixed in 4% formaldehyde solution at a low temperature (4 °C)
for 48 h. We then analyzed these fixed femoral samples in detail
using a Scanco μCT 100 high-definition micro-CT scanner. For
image acquisition, we set the voltage to 70 kV and the current to
114 μA, which ensured an isotropic voxel resolution of 10 μm.
To distinguish bones from other tissues or structures, we used a
multilevel thresholding method, where the threshold was set to
205 for bones and 700 for implants, and performed 3D
reconstruction and quantitative evaluation using a specialized
software. The region of interest (VOI) was defined as the
cancellous bone from 2 mm beneath the peak of the epiphyseal
plate to 100 slices toward the distal end of the epiphyseal plate.
We also calculated a number of morphological parameters,
including the ratio of bone volume to tissue volume (BV/TV),
the amount of cancellous bone (Tb.N, per millimeter), the
thickness of cancellous bone (Tb.Th, micrometers), the spacing
of the cancellous bone (Tb.Sp, mm), the joint density (Conn.D,

per cubic millimeter), and the bone mineral density (BMD,
milligrams/HA/cubic centimeter).
2.5.5. Histological and Immunohistochemical Analyses.

After completion of the micro-CT scans, all femoral samples
were decalcified using a 10% ethylenediaminetetraacetic acid
(EDTA) solution at a low temperature (4 °C) for 8 weeks.
Subsequently, the implanted titanium material was carefully
removed from the interior of the femur along its axis. The
removed bone tissue was progressively dehydrated with different
concentrations of ethanol and embedded in wax for meticulous
ultrathin sectioning. Longitudinal sections with a thickness of 5
μm were prepared and processed for hematoxylin and eosin
(H&E) and Masson’s trichrome staining. Stained tissue slices
were photographed using a light microscope fitted with a digital
camera. The results were expressed as bone area (BA %), which
was defined as the area percentage of newly formed bone divided
by the area of defect extending 100 μm from the implant
surface.11,33

For immunohistochemical staining, the sections were
dewaxed in xylene, rehydrated in different concentrations of
ethanol, and treated with 3% hydrogen peroxide to eliminate
endogenous peroxidase activity. For antigen recovery, sections
were boiled in a solution containing 10 mM sodium citrate (pH
6.0) for 30 min. Next, they were blocked using 10% normal goat
serum for 15 min at room temperature and incubated overnight
at 4 °C in a humid environment using primary antibodies against
RUNX2 andOCN at a dilution of 1:100. After adequate washing
with PBS, the sections were incubated at room temperature with
the corresponding secondary antibodies for 1 h for final
immunoreactivity detection using DAB.

2.6. Statistical Analyses. The results presented in this
study were based on the mean ± standard deviation (SD)
derived from a minimum of three separate experiments. For
statistical processing of the data, we utilized SPSS 18.0 statistical
analysis software (IBM Corporation). Graphical representation
of the data was accomplished using GraphPad Prism software
(San Diego, California). To assess the significance of the
differences between various experimental groups, we applied the
unpaired Student’s t-test or one-way analysis of variance
(ANOVA), complemented by post-analysis using Tukey’s
honest significance test. In this study, differences were
considered statistically significant when the p-value was less
than 0.05.

3. RESULT
3.1. Surface Characterization of Ti Substrates. Fourier

transform infrared spectroscopy (FTIR) analysis was used to
verify whether catalpol effectively binds to the CS multilayers.
Table 1 shows the attribution of bands for the major chemical
bonds in PEI, HA, CS, and CAT analyzed by FTIR spectroscopy
in ATR mode. From the chemical structure of catalpol in Figure

Table 1. Attribution of the Main Bands of PEI, HA, CS, and
CAT Analyzed by FTIR in ATR Mode

chemical bonds wavenumber (cm−1) corresponding chemicals

VN−H 3312 PEI and CS
VO−H 3440 HA, CS, and CAT
VC−H 2915 PEI, HA, and CS
VC−O−C ring mode 1089 HA, CS, and CAT
VC−O

− (−COO−) 1591 HA
VC�C 1715 CAT
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2a, we can see that catalpol is rich in hydroxyl, ether ring
structure. Comparing with Table 1, we can know that the

absorption peaks of hydroxyl group and ether ring are at 3440
and 1089 cm−1, respectively. Figure 2b shows the FTIR spectra
of pure titanium, LBL-treated, and CAT-treated substrates. Pure
titanium and the substrate did not show any significant
absorption peaks in the measurement range of 500−4000
cm−1. However, a faint absorption peak at 3312 cm−1 suggests
that the PEI layer contains a tertiary amine structure. Broad
peaks at 3440 and 1089 cm−1 indicate that the surface is
enriched with hydroxyl and ether ring structures, respectively,
which are characteristic of HA/CS coatings. The 1591 cm−1

peak shows the presence of carboxyl groups in the sodium
hyaluronate. The 1715 cm−1 peak indicates a carbon−carbon
double-bond structure. FTIR analysis results confirmed the
successful conjugation of HA/CS-Catalpol multilayer coating
on Ti-PEI substrate.

The surface structure of the titanium substrate was carefully
analyzed using a scanning electron microscope. Figure 3a shows
the exterior layer of the pure titanium substrate, which exhibits a
relatively smooth and uniform texture in contrast to the rough
streaked surface of the PEI-coated covered titanium substrate
(Figure 3b). In addition, a Ti-PEI-HA substrate with a single
layer of CS was added (Figure 3d), and its surface texture was
similar to that of the Ti-PEI substrate, which showed a rough
stripe-like appearance. However, the Ti-PEI-HA substrate
(Figure 3c) and the Ti-PEI substrate were coated with
multilayer HA/CS coatings (Figure 3e), showing similar smooth

surface characteristics to those of the pure titanium substrate.
Finally, as shown in Figure 3f, the catalytic phenol deposited on
the exterior layer of the Ti-PEI-HA/CS substrate appeared in a
monodisperse form with a rough appearance, indicating that the
multilayer HA/CS catalytic phenol coating had been success-
fully formed on the exterior layer of the Ti-PEI-HA substrate.

The affinity of implants for water plays a crucial role in
determining osteoblast adhesion, influencing biological activity,
and facilitating bone conductivity. We tested the water contact
angles of pure titanium, Ti-PEI, LBL, and three CAT variant (L,
M, H) substrates. As shown in Figure 4, the application of PEI or

PEI-HA/CS coatings to the titanium surface significantly
reduced the water contact angle and improved its hydrophilicity
compared with that of the pure titanium substrate. For example,
the contact angle of titanium was reduced from 76.8 ± 1.8° to
55.3 ± 1.1° after the PEI coating treatment and further reduced
to 51.4 ± 1.9° after further superimposition of the LBL layer on
the Ti-PEI surface. The reduction in the contact angle, which is
indicative of enhanced hydrophilicity, may be associated with
the cationic amine groups present in CS. Notably, coating the
catalytic phenol on the surface of the LBL substrate resulted in a
dose-dependent increase in the water contact angle as compared
to Ti-PEI or LBL substrates. The contact angles for CAT-L,

Figure 2. Analyzing surface chemical composition using FTIR. (a)
Chemical structure of catalpol. (b) FTIR wide scan spectra of Ti; LBL,
Ti-PEI coated with a multilayer of HA-CS; CAT, Ti-PEI coated with a
multilayer of HA-CS with catalpol immobilization.

Figure 3. SEM photographs of different surfaces. SEM images of (a) pure Ti, (b) Ti-PEI, (c) Ti-PEI-HA, (d) Ti-PEI coated with monolayer HA-CS,
(e) Ti-PEI coated with multilayer HA-CS, and (f) Ti-PEI coated with multilayer HA-CS with catalpol immobilization. The arrow indicates catalpol.

Figure 4. Water contact angles of different samples. (a) Ti; (b) Ti-PEI;
(c) LBL; (d) CAT-L; (e) CAT-M; (f) CAT-H. Data have been
presented as mean ± SD from three independent experiments (n = 3). *
Statistically significant difference when compared to the Ti group. (P <
0.05). # Statistically significant difference when compared Ti-PEI group
(P < 0.05).
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CAT-M, and CAT-H were 66.4 ± 1.3°, 67.9 ± 1.7°, and 72.7 ±
2.4°. Although the water contact angle was superior to that of
LBL substrates or Ti-PEI, the addition of catalpol led to lower
contact angles than those of pure titanium substrates. Therefore,
the immobilization of multilayer HA/CS-catalyzed phenol on
titanium surfaces improves hydrophilicity, which is beneficial for
cell adhesion.

3.2. In Vitro Catalpol Release Profile. Subsequently, we
investigated the release pattern of catalpol from the HA/CS-
CAT substrates over a 14-day period. Figure 5a shows the
relationship between the cumulative release of catalpol and the
initial catalpol concentration in the HA/CS catalpol coating.
Specifically, the maximum release of catalpol was observed for
the CAT-H substrate, and the minimum release was observed
for CAT-L within 14 days, with the release from the CAT-M

substrate lying in between. Within the first 6 days, the CAT-L
substrate had a faster rate of catalpol release, reaching 80%
(Figure 5b). In contrast, it took approximately 8 days for CAT-
M or CAT-H substrates to release 80% of the catalpol. This
suggests that the CAT-L substrate had a faster drug release rate,
whereas the CAT-M and CAT-H substrates provided a more
sustained drug release effect.

3.3. In Vitro Osteoblast Differentiation. We explored the
effects of CAT substrate on the induction of bone formation.
Figure 6b shows the ALP activity of the pure Ti, LBL, and CAT
substrates.We found that ALP activity was differentially elevated
on CAT substrates compared with pure Ti and LBL substrates,
especially on HA/CS-H substrates. This finding suggests that
cells cultured on CAT substrates have higher differentiation

Figure 5. Release profiles of HA/CS multilayered surfaces with different levels of catalpol. An ultraviolet−visible dual-beam spectrophotometer was
used to determine optical density (OD) to obtain (a) the total amount released over time and (b) accumulated release percentage. Data have been
presented as mean ± SD from three independent experiments (n = 3).

Figure 6. In vitro assessment of proliferation by CCK-8 assay, and osteogenic differentiation by ALP staining of MC3T3-E1 cells on different surfaces.
(a, b) ALP activity (40×) and (c) CCK-8 assay. Data have been presented as mean ± SD from three independent experiments (n = 3). * Statistically
significant difference compared to the Ti group (P < 0.05). # Statistically significant difference compared to the HA/CS multilayer group (P < 0.05).
Data have been presented as mean ± SD from three independent experiments (n = 3).
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capacity. This suggests that catalpol has a positive effect on
osteoblast precursor cell differentiation.

3.4. In Vitro MC3T3-E1 Cell Proliferation. The cells were
cultured for 14 days on LBL-coated substrates that were free of
catalpol or contained different concentrations of catalpol.
Subsequently, we assessed the cell viability and proliferation.
As demonstrated in Figure 6c, cells cultured on CAT substrates
containing moderate to high concentrations of catalpol showed
higher proliferation rates compared to cells cultured on HA/CS
substrates only or on CAT substrates containing low
concentrations of catalpol. This result implies that culturing
cells on substrates with higher concentrations of catalpol is more
favorable for cell proliferation.

3.5. In Vitro Osteogenic Protein Expression. The Wnt/
β-catenin signaling pathway is one of the key pathways
regulating osteoblast differentiation and bone formation.34

With this in mind, we investigated the expression levels of key
regulatory factors within MC3T3-E1 cells that had been
cultivated on various substrates. As shown in Figure 7, the
levels of Col1, OCN, and RUNX2 mRNA expression in the
CAT group was significantly higher than that in the Ti group and
the LBL group. Additionally, the LBL group demonstrated
enhanced the expression levels of RUNX2, compared to the Ti-
only group. Collectively, the results suggested that catalpol can
promote the expression of osteogenic proteins via the Wnt/β-
catenin pathway, and the application of a multilayered coating
has potential to enhance this effect, suggesting a synergistic role
in fostering osteoblast differentiation.

3.6. New Bone Formation and Osseointegration of the
HA/CS-Catalpol Substrates. We assessed the in vivo bone
induction capability of the LBL substrate (presented as Ti rods)
either unloaded or loaded with catalpol using the OVX rat
femoral medullary implantation model. Two weeks after
substrate implantation, the rats were euthanized. Their femurs,
which contained the implanted substrates, were analyzed using
μCT (Figure 8). In contrast to both the uncoated pure titanium
and LBL groups, a notable increase in bone volume around the

implant was observed in the CAT groups, with the HA/CS-H
group showing the most significant enhancement (Figure 8a).
Detailed quantitative morphometric assessments of the bone
volume fraction (BV/TV), bone mineral density (BMD), and
related cancellous bone characteristics such as the number of
trabeculae (Tb.N), spacing between trabeculae (Tb.Sp),
trabecular thickness (Tb.Th), and trabecular connection density
(Conn.D) around the implant revealed an increased formation
of new bone in the HA/CS-catalpol substrate groups. Among
these, the HH group demonstrated the strongest osteoinductive
effect (Figure 8b−g).

Subsequently, histological evaluations were conducted to
closely investigate the extent of new bone formation around the
implant. After delicately extracting the Ti rods from the femur,
the bone tissues underwent a decalcification process, sub-
sequently, the bone tissue undergoes staining procedures using
hematoxylin and eosin (H&E) (Figure 9a) as well as Masson’s
trichrome (Figure 9b). Different levels of newly formed bone
were observed. In the control group, unmineralized connective
tissue was observed around the Ti implant, as well as a scarcity of
new bone formation. Conversely, the LBL groups displayed the
formation of neo-trabecular bone and unmineralized bone
matrix immediately next to the substrate, aligned with the μCT
results. New bone formation in the CAT groups was more
extensive than that in the LBL groups, with a large number of
osteoblasts lining the newly formed bone (Figure 9c).

Finally, immunohistochemical staining for the osteogenic
markers OCN (Figure 10a) and RUNX2 (Figure 10b) was
performed, and immunohistochemical experiments showed
strong positive immunoreactivity found in the cells of new
bone formation in the CAT groups. This indicated increased
osteoblast formation in the CAT group compared to the Ti
group and the LBL group, which was positively correlated with
the concentration. In conclusion, these results suggest that
additional coating of catalpol on HA/CS substrates induces new
bone formation and is more osteogenic than LBL or Ti
substrates.

Figure 7. Effect of catalpol on the regulation of theWnt/β-catenin signaling pathway inMC3T3-E1 cells. (a)Western blot analysis of Col1, OCN, and
RUNX2 in MC3T3-E1 cells post-treatment of catalpol. (b−d) Percentage of Col1, OCN, and RUNX2 in MC3T3-E1 cells post-treatment of catalpol.
* Statistical significance compared to the Ti group (P < 0.05). # Statistical significance compared to the LBL group (P < 0.05). Data have been
presented as mean ± SD from three independent experiments (n = 3).
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4. DISCUSSION
Titanium is currently the most commonly used material for
internal implants1 due of its excellent biocompatibility, non-
inflammatory properties, and mechanical durability.35 However,
Ti itself is a bioinert material that lacks bioinductivity. Usually,
Ti implants only provide early rigid fixation, whereas fracture
healing mainly depends on the regenerative capacity of the bone
itself.36 In scenarios such as severe trauma, persistent infections,
extensive resections of musculoskeletal tumors, or prior failures
of implants, there can still be instances of unhealed bone or
significant bone defects. Consequently, it is essential to perform

functional modifications on the surface of the Ti substrate,
primarily achieved through the assembly of coatings to realize
surface functionalization. For instance, coatings impregnated
with antibiotics are commonly employed to avert potential
infections,37 whereas coatings made from inorganic nonmetal
materials are recognized for their ability to promote the process
of osteointegration.38 The techniques available for coating
assembly are myriad and encompass advanced methods such as
3D printing,39 sintering technology,38 and biomimetic ap-
proaches.40

Figure 8.Reconstruction and quantitativemicro-CT analysis of the distal femur 2 weeks after implantation. (a) 3D imaging showcasing the structure of
the distal femur bone in both the Ti rats and Ti rats with varying concentrations of loaded catalpol. (b) Quantification analysis of bone volume per total
volume (BV/TV), (c) number of trabeculae (Tb.N), (d) space between trabeculae (Tb.Sp), (e) thickness of trabeculae (Tb.Th), (f) density of
trabecular connections (Conn.D), and (g) bonemineral density (BMD) for each group at 2 weeks. Data have been presented as mean ± SD from three
rats per group (n = 3). * Statistically significant difference when compared to the Ti group (P < 0.05). # Statistically significant difference when
compared to the HA/CS multilayer group (P < 0.05).
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In this study, we established titanium substrate surface
functionalization using catalpol via layer-by-layer technology.
Catalpol is a natural iridoid glycoside that contains a cyclic
iridoid core and side-chain glucose unit.41 Catalpol presents
numerous benefits as a promising agent for bone regeneration.
First, its safety profile is well established. Derived and

concentrated from the root of Rehmannia glutinosa, a plant
with over 3000 years of clinical usage, catalpol has demonstrated
no cytotoxic effects on a variety of cell types and negligible side
effects in animal studies.17,42 Moreover, it offers practical
advantages due to its water solubility, ease of transport, and
stability. Economically, catalpol is cost-effective and can be

Figure 9. Examination of histological sections from the decalcified samples. (a) H&E staining. (b) Masson staining. Images in the right and left panels
were magnified at 10× and 40×, respectively. (c) BA %. The analysis of histological morphology, using H&E staining conducted 2 weeks post-
implantation, was quantitatively assessed in terms of bone area (BA%) and is depicted in (c). * Statistically significant difference when compared to the
Ti group (P < 0.05). # Statistically significant difference when compared to the LBL group (P < 0.05). Data have been presented as mean ± SD from
three rats per group (n = 3).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02322
ACS Omega 2024, 9, 29544−29556

29552

https://pubs.acs.org/doi/10.1021/acsomega.4c02322?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02322?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02322?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02322?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


efficiently extracted and isolated from Radix Rehmanniae.43

Most notably, it has been shown to enhance bone mineraliza-
tion. Overall, catalpol is an excellent candidate for bone-healing
applications.

Bone remodeling occurs through a balanced interplay
between osteoblast-led bone formation and osteoclast-driven
bone resorption.44 Osteoblasts are derived from BMSCs23 and

their differentiation is regulated by numerous factors, among
which the Wnt/β-catenin pathway is crucial.45 Various studies
have shown that the addition of agonists of the Wnt/β-catenin
pathway can increase systemic and focal bone formation,25

making this pathway an attractive target for promoting bone
regeneration.34 Hence, it is anticipated that these bioactive
molecules, capable of fostering an ideal osteogenic micro-

Figure 10. Immunohistochemical detection of OCN and RUNX2 expression levels around implants loaded with Ti, LBL, and different concentrations
of catalpol. (a) OCN, (b) RUNX2. Images in the right and left panels were magnified at 10× and 40×, respectively. (c) Positive area ratio (%). *
Statistically significant difference when compared to the Ti group (P < 0.05). # Statistically significant difference when compared to the LBL group (P <
0.05). Data have been presented as mean ± SD from three rats per group (n = 3).
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environment for bone marrow-derived mesenchymal stem cells
(BMSCs), will expedite the process of bone formation in
prospective clinical applications.46 Some studies have demon-
strated that catalpol could significantly enhance the bone-
healing capacity of BMSCs through the Wnt/β-catenin pathway
and promote osteogenesis.21 The interaction between Wnt
ligands and Frizzled, along with LRP 5/6 receptors, results in the
suppression of GSK-3β activity and the stabilization of β-
catenin. Subsequently, β-catenin relocates to the nucleus, where
it binds to the N-terminus of DNA-binding proteins from the
Tcf/Lef family, thereby orchestrating the transcriptional
regulation of osteoblastogenesis-related target genes, such as
Runx2 and Osterix.23 In the present study, the results showed
that the presence of catalpol promoted significant expression of
proteins and growth factors related to the Wnt/β-Catenin
pathway, Runx2, and OCN in the catalpol-loaded Ti substrate
groups. Moreover, the multiplication and osteogenesis in-
duction of MCTC3-E1 cells in the medium containing catalpol
were obviously higher than those in the control group without
catalpol. The above experimental results were positively
correlated with the drug-loading concentration of the Ti
substrates in vitro. In summary, sustained release of catalpol
on the surface of Ti is beneficial for creating a local
microenvironment to stimulate osteogenesis. We used SD rats
to investigate the effects of catalpol-loaded titanium implants in
vivo. Compared to the unmodified titanium matrix and
uncoated titanium substrate, the findings also demonstrated
that the local release of catalpol could stimulate early bone
formation and increase bone mineral density. The effect of high
catalpol concentrations was the most obvious. At the same time,
there were no obvious side effects in animal models.

The studies have highlighted that elevating the surface
roughness of titanium implants can substantially bolster their
initial stability and further the integration with bone tissue,47 an
enhancement evident across micro- and nanoscale roughness
levels.48 Importantly, this augmentation of surface roughness
does not detrimentally affect the initial adhesion and the lateral
expansion of osteoblasts.48 The strategies to enhance the surface
roughness encompass a variety of techniques, such as the
utilization of abrasion methods and the application of ceramic-
based coatings.49 It is a fundamental concept that the surface
modification of titanium implants inherently remodels the
roughness profile. In our investigation, we fabricated a
biomimetic coating on the surface of titanium implants by
LBL technique, resulting in a marked increase in surface
roughness, as confirmed by SEM analysis. Partial in vitro and in
vivo analyses have demonstrated superior osseointegration
around the titanium implants adorned with the multilayered
coating. These results have not only corroborated the positive
influence of surface roughness on osseointegration but also
steered our research toward innovative approaches in the
domain of biomimetic coating-induced osseointegration.

This study had several limitations. First, as mentioned above,
the molecular process of catalpol osteogenesis has not yet been
fully elucidated. Second, we believe that there is an optimal drug-
loading concentration that needs to be further determined.
Third, the multilayer composition of catalpol loaded with
catalpol has not yet been studied in detail. Therefore, future
research should focus on the development of the best coating
materials, clear drug concentration, and understanding the
specific mechanism of catalpol action.

5. CONCLUSIONS
In this study, we successfully formed HA/CS multilayer films
using layer-by-layer technology, loaded catalpol on a Ti
substrate, and achieved continuous and controlled release.
The results showed that the controlled release of catalpol
promoted the proliferation and differentiation of osteoblasts and
enhanced osteogenesis during the early period of culture. In
addition, implants coated with catalpol can also increase early
bone integration and bone formation in vivo and establish
stability in the early stage. This study provides a new, eco-
friendly, and convenient method for the functionalization of Ti
substrate surfaces and is helpful for the development of new
implants.
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