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Icariin delivery system based on covalent organic
framework materials: dual effects of immune

modulation and osteogenesis promotion

Mingdong Luo,2® Xueqing Lin,+?° Na Wang,© Qishan Xie,?°%® Shiyi Zeng,?®
Shiting Li,**® Zhoukun He & *9 and Xiaorong Lan & *2°

Bone defects, induced by trauma, infection, tumor resection, osteoporosis, and congenital deformities,
severely affect patient health both physiologically and psychologically, imposing substantial burdens on
healthcare systems and public resources. Bone defect repair involves a complex biological process that
orchestrates events such as immune modulation and osteogenic differentiation. Consequently, ideal

materials for bone defect regeneration should possess capabilities in both immune regulation and
osteogenesis. In this study, we synthesized a kind of covalent organic framework (COF) nanoparticles at
room temperature and modified their surface with polydopamine (PDA), resulting in PDA-functionalized
COFs (PCOFs). Utilizing the adhesive properties of PDA, we successfully loaded icariin (ICA) onto the

PCOFs nanoparticles, forming ICA@PCOFs. Comprehensive characterization techniques, including visual

inspection, scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and

thermogravimetric analysis (TGA), confirmed the successful synthesis of ICA@PCOFs nanoparticles.
Subsequent optimal concentration determination via the CCK-8 assay, and further experiments including
alkaline phosphatase (ALP) activity, alizarin red S (ARS) staining, and immunofluorescent staining for

osteocalcin (OCN), runt-related transcription factor 2 (Runx2), inducible nitric oxide synthase (iNOS), and

mannose receptor (CD206), assessed their capability to modulate macrophage polarization and promote
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osteogenesis. The results revealed that ICA-loaded nanoparticles demonstrated significant potential in

vitro for immune regulation and promoting stem cell osteogenic differentiation. These findings suggest
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1. Introduction

Bone defects, caused by trauma, infection, tumor removal,
osteoporosis, and congenital deformities, significantly impact
patients' physiological and psychological health and impose
a substantial burden on healthcare systems and public
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that ICA@PCOFs nanoparticles could represent a promising therapeutic platform for bone defect
regeneration, offering dual functionalities in immune modulation and osteogenesis promotion.

resources.' Research data indicates that the global market for
bone grafts and substitutes was valued at $3.16 billion in 2024,
with projections suggesting an increase to $4.4 billion by 2030.”
This data underscores that the repair of bone defects has
become a major public health challenge globally, necessitating
the development of more effective treatment methods and
solutions.

Traditionally, autologous bone grafting has been regarded as
the gold standard for bone defect repair.> However, its limita-
tions cannot be overlooked.* Autologous bone is usually har-
vested from the iliac crest or fibula, resulting in limited donor
availability, which makes it challenging to meet the demands of
large-scale bone defect repair. Additionally, the bone harvesting
procedure not only subjects patients to additional surgical
trauma but also increases the risk of complications such as
donor site bleeding and infection, further complicating the
recovery process. In recent years, with the introduction of new
technologies and concepts in the fields of materials science,
biology and medicine, bone tissue engineering has made
remarkable progress and gradually become one of the most
promising alternatives in the field of bone defect repair.’
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However, the repair of bone defects is a complex biological
process that involves a finely coordinated interplay of immune
regulation, osteogenic differentiation, and other biological
events.® During this process, various cellular and molecular
mechanisms must be precisely coordinated to ensure effective
repair and functional restoration of bone tissue. Therefore,
ideal materials for bone defect regeneration should possess
multifunctional capabilities, not only supporting cell adhesion,
proliferation, and differentiation but also facilitating immune
modulation and accelerating bone regeneration. The combi-
nation of these functions can effectively improve the local
microenvironment at the bone defect site, enhance the effec-
tiveness of the repair, and overcome the limitations of existing
treatment methods, especially in the repair of complex bone
defects.

Icariin (ICA) is the main active component of the traditional
Chinese herb Epimedium. It is a light yellow acicular crystalline
powder with various biological activities, including immune
modulation” and osteogenesis promotion, and is widely used in
the field of bone defect repair.*® Firstly, ICA can modulate
immune responses by inhibiting the reactive oxygen species
(ROS)-dependent JNK/NF-«kf signaling pathway, significantly
reducing the mRNA expression of classic pro-inflammatory
factors such as tumor necrosis factor-o. (TNF-o), interleukin-6
(IL-6), and interleukin-8 (IL-8) induced by lipopolysaccharide
(LPS).***> This immune modulation is particularly crucial for
bone defect repair in chronic inflammatory conditions like
diabetes. Secondly, in bone defect repair, ICA promotes osteo-
blastic differentiation and bone matrix formation by inducing
the expression of osteogenic genes such as alkaline phospha-
tase (ALP), runt-related transcription factor 2 (Runx2), osteo-
calcin (OCN), and type I collagen, thereby accelerating the
repair and regeneration of bone defects."** Thirdly, ICA also
regulates the osteoprotegerin/nuclear factor-xf ligand (OPG/
RANKL) pathway, inhibiting the activity of osteoclasts and
reducing bone resorption, which is particularly important for
patients with metabolic bone disorders like diabetes, who often
suffer from increased bone resorption and decreased bone
density." By balancing bone resorption and formation, ICA
helps improve bone quality and facilitate the repair of bone
defects.”” In summary, the role of ICA in bone defect repair
extends beyond promoting osteogenesis; it also creates an
optimal environment for bone regeneration through its
immune-modulatory effects. Thus, ICA holds significant
potential in bone tissue engineering, especially in treating bone
defects associated with diabetes, due to its extensive therapeutic
properties.

Covalent organic frameworks (COFs) are an emerging class
of porous crystalline polymers constructed via covalent bonds
between light elements (e.g., C, H, O, N, B).’®'° Representative
examples include COF-1 and COF-5, based on boronic acid
linkages, and TpPa-1, based on Schiff base chemistry, all of
which exhibit high surface area, regular pore channels, and
tunable functionality.***" In the field of bone defect repair, the
application of COFs as biomedical materials has received
extensive attention in recent years, largely due to their
outstanding properties: ease of functionalization, high surface
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area, excellent thermal and chemical stability, and good
biocompatibility.” Bhunia S. et al. synthesized a stable two-
dimensional hydrolysable COF which they found could effec-
tively induce osteogenic differentiation in human mesenchymal
stem cells (HMSCs) through osteogenesis induction experi-
ments.” Building on this, they utilized its porous structure to
successfully load the osteogenesis promoter dexamethasone,
achieving sustained drug release and significantly enhancing
the osteoinductive capability of bone implants. These studies
have laid the foundation for the application of COF-based drug
delivery systems in bone defect repair, demonstrating their
enormous potential as an innovative strategy for bone tissue
regeneration.

Polydopamine (PDA) is a mussel-inspired biomimetic
material that can form through the self-polymerization of
dopamine molecules in a mildly alkaline environment. Due to
its abundance of catechol and primary and secondary amine
groups, PDA exhibits strong adhesive properties, enabling it to
widely adhere to various solid surfaces, making it extensively
used for interfacial modification of materials.>* Moreover, in
bone defect repair, PDA-modified nanomaterials not only
enhance biocompatibility but also regulate inflammatory
responses and oxidative stress in the body, providing a more
favorable microenvironment for the affected area.”® PDA
modification allows for further functionalization of COFs
surfaces, achieving more precise drug release control and
optimizing the local bone regeneration environment.*® Addi-
tionally, PDA-modified nanomaterials can improve interactions
between the materials and biological molecules such as bone
cells and stem cells, promoting cell attachment, proliferation,
and differentiation, thus accelerating the repair process of bone
defects.”” Therefore, combining the dual advantages of COFs
and PDA to develop functionalized drug delivery systems
represents an innovative treatment strategy in the field of bone
defect repair, offering more efficient and precise support for
bone regeneration.

This study aims to develop a multifunctional material for
bone defect repair, specifically a delivery system based on COFs
material loaded with ICA. As shown in Fig. 1, we first synthe-
sized COFs nanoparticles at room temperature and then
modified their surfaces through the self-polymerization reac-
tion of dopamine to produce PDA-modified COFs (PCOFs).
Utilizing the strong adhesive properties of catechol and amine
groups in PDA molecules, we successfully loaded ICA onto the
PCOFs nanocarriers, creating a multifunctional bone filler
(ICA@PCOFs) with dual immune modulation and osteogenic
effects. The proposed ICA@PCOFs multifunctional bone filler,
combining the high surface area and porous structure of COFs
with the surface functionalization properties of PDA, is expected
to achieve effective loading and sustained release of ICA,
thereby accelerating bone regeneration while modulating
immune responses. Through a series of in vitro experiments,
including cell viability assays, anti-inflammatory factor expres-
sion analysis, and evaluation of osteogenic differentiation
markers, the material's effects on immune modulation and
osteogenesis promotion were systematically validated. This
innovative strategy offers a new therapeutic approach for bone
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Fig.1 Schematic illustration of the preparation and in vitro testing of ICA@PCOFs: (A) synthesis of COFs; (B) synthesis of PCOFs; (C) synthesis of

ICA@PCOFs; (D) in vitro validation of ICA@PCOFs.
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defect repair, holding broad potential applications in the field
of bone regeneration.

2. Materials and methods
2.1 Materials

1,3,5-Tris(4-aminophenyl)benzene (TPB) and 2,5-dimethoxyter-
ephthalaldehyde (DMTP) were purchased from Jilin Zhongke
Yanshen Technology Co., Ltd (Jilin, China). Tetrahydrofuran
(THF), acetonitrile (CAN), acetic acid (HOAc), ethyl acetate (EA)
and methanol (MeOH) were purchased from Chengdu Kelong
Chemical Co., Ltd (Sichuan, China). Dopamine hydrochloride
was acquired from Shanghai Aladdin Biochemical Technology
Co., Ltd (Shanghai, China). Tris-HCI buffer was obtained from
Shanghai Saint-Bio Biotechnology Co., Ltd (Shanghai, China).
ICA was bought from Beijing Solarbio Science & Technology Co.,
Ltd (Beijing, China). Human bone marrow mesenchymal stem
cells (HBMSCs), the macrophage line RAW 264.7, and alizarin
red S (ARS) staining solution were purchased from Cyagen
Biosciences Inc. (Guangzhou, China). BCIP/NBT ALP Chromo-
genic Kit was obtained from Beyotime Biotechnology Co., Ltd
(Shanghai, China). CCKS8 assay kit was purchased from Beijing
Labgic Technology Co., Ltd (Beijing, China). Osteocalcin (OCN)
and Runx2 antibodies were sourced from Abcam Trading
(Shanghai) Co., Ltd (Shanghai, China). Inducible nitric oxide
synthase (iNOS) and mannose receptor (CD206) antibodies were
acquired from Proteintech Group, Inc. (Hubei, China). Goat
Anti-Rabbit IgG/Alexa Fluor® 594 was purchased from ZSGB-
BIO Biotechnology Co., Ltd (Beijing, China).

2.2 Synthesis of ICA@PCOFs

2.2.1 Preparation and characterization of COFs. At room
temperature, monomers TPB 35.1 mg and DMTP 29.1 mg were
weighed into a 50 mL centrifuge tube. Under ultrasound, 16 mL
CAN was added as the solvent, and the monomer was completely
dissolved by ultrasound for 10 min. Then 1 mL of HOAc was
added as the catalyst, and the ultrasound was continued for
10 min. Reaction at room temperature for 72 h. After the reaction,
the mixture was eluted with THF for three times, and the yellow
precipitation was obtained by 6000 rpm centrifugation. Yellow
powdered COFs were obtained after drying at 40 °C, —0.02 MPa
and vacuum for 12 h. The COFs materials were characterized
using X-ray diffraction (XRD; Malvern Panalytical X'Pert’, Neth-
erlands), scanning electron microscopy (SEM; FEI Ispect F50,
USA), surface area analysis (BET; Micromeritics 3Flex, USA),
thermogravimetric analysis (TGA; Rigaku TG-DTA 8121, Japan),
and Fourier-transform infrared spectroscopy (FTIR; Thermo
Fisher Scientific Nicolet iS 10, USA) to determine the crystallinity,
surface morphology, surface area, pore size, thermal stability, and
functional group structure.

2.2.2 Preparation and characterization of PCOFs. 50 mg of
COFs are weighed and ultrasonically dispersed in 20 mL of Tris
buffer solution (10 mM, pH 8.5). Additionally, 20 mg of dopamine
hydrochloride is dissolved in 5 mL of deionized water and slowly
added to the COFs-Tris suspension under magnetic stirring at
400 rpm. The reaction is allowed to proceed at room temperature
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for 24 hours, resulting in a PCOFs suspension. The suspension is
dialyzed for 24 hours using an 8-12 kDa dialysis bag with a ratio
of reaction liquid to deionized water of 1:200. The product is
collected by centrifugation at 8000 rpm for 30 minutes. Finally,
the product is dried under vacuum at 50 °C and —0.06 MPa for 8
hours to obtain PCOFs powder. The successful grafting of PDA is
confirmed by SEM, TGA, and FTIR analyses.

2.2.3 Preparation and characterization of ICA@PCOFs

2.2.3.1 ICA loading. 50 mg of PCOFs are weighed and
ultrasonically dispersed in 20 mL of MeOH. Additionally, 20 mg
of ICA is dissolved in 20 mL of MeOH by ultrasonication, and
the ICA-MeOH solution is slowly added to the PCOFs-MeOH
suspension under magnetic stirring at 500 rpm. The reaction is
allowed to proceed at room temperature for 24 hours, resulting
in an ICA@PCOFs suspension. The suspension is washed three
times with 20 mL of MeOH and the product is collected by
centrifugation at 8000 rpm for 10 minutes. Finally, the product
is dried under vacuum at 40 °C and —0.02 MPa for 12 hours to
obtain ICA@PCOFs powder. The powder is weighed and recor-
ded, and the experiment is repeated three times. The average
yield of ICA@PCOFs is calculated based on the mean of the
three results, with an average yield of 53.3 mg. The successful
loading of ICA is confirmed by SEM, TGA, and FTIR analyses.

2.2.3.2 The drug loading content (DLC) and encapsulation
efficiency (EE) of ICA. ICA standard curve preparation: 5 mg of
ICA standard is precisely weighed and placed into a 50 mL
round-bottom flask. An adequate amount of MeOH is added to
fully dissolve the ICA, and the solution is brought up to 50 mL to
prepare a 100 pg mL™ ' ICA MeOH stock solution. Precise
aliquots of this stock are taken and diluted with MeOH to
prepare standard solutions of 50, 25, 12.5, 6.25, and 3.13 pg
mL~". MeOH serves as the blank control. The absorbance of
each solution is measured at 270 nm using a UV-vis spectro-
photometer (PERSEE T7004A, China). The absorbance is plotted
against the ICA concentration, and a linear regression equation
is obtained for the ICA standard solutions.

The DLC and EE of ICA: 5 mg of ICA@PCOFs powder is
precisely weighed and dispersed in 20 mL of MeOH. The solu-
tion is sonicated for 2 hours to release the drug, followed by
centrifugation at 8000 rpm for 10 minutes to collect the
supernatant. The supernatant is filtered through a 0.22 pm
membrane, and the absorbance of the filtrate is measured at
270 nm using a UV-vis spectrophotometer. The ICA concentra-
tion is calculated based on the regression equation of the ICA
standard curve. The DLC and EE of ICA@PCOFs were calculated
using the following formulas:

DLC (%) = W/ Wp x 100%

where W, is the mass of ICA encapsulated in ICA@PCOFs (ug),
and Wy, is the total mass of ICA@PCOFs (ng).

EE (%) = Wy x 100%/Wg

where W, is the mass of ICA encapsulated in ICA@PCOFs (ug),
and Wg is the total mass of ICA initially added during the
preparation of ICA@PCOFs (ng).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.3.3 The cumulative release (CR) of ICA in vitro. A total of
5 mg of ICA@PCOFs was immersed in 50 mL of phosphate-
buffered saline (PBS) and placed in a 37 °C incubator to inves-
tigate the in vitro release behavior of ICA. At 1, 3, 5, 7, and 14
days, 1 mL of PBS was collected and replaced with an equal
volume of fresh PBS. The collected PBS samples were extracted
three times with an equal volume of EA. The organic phase was
then evaporated using a rotary evaporator and redissolved in an
equal volume of methanol. The absorbance of the resulting
solution was measured at 270 nm using a UV-vis spectropho-
tometer (PERSEE T700A, China), and the concentration of ICA
was calculated based on the ICA standard curve.

The CR of ICA from ICA@PCOFs was calculated using the
following equation:

CR (%) = (Vo x C, + V x SSC)M x 100%

where V, is the total volume of the release medium (mL), C; is
the concentration of ICA in the release medium at the final time
point (ug mL™'), V is the volume withdrawn at each sampling
time point (mL), C; is the ICA concentration at each previous
time point (ug mL™"), M is the total mass of ICA loaded in
ICA@PCOFs (ug).

2.3 Biocompatibility of ICA@PCOFs

Biocompatibility testing was conducted using HBMSCs. All
experiments involving HBMSCs were approved by the Institu-
tional Review Board of the Affiliated Stomatological Hospital of
Southwest Medical University (approval number: 20241104014).
ICA@PCOFs powder was soaked in a-MEM (Gibco, USA) basic
medium (1 mg mL™") for 48 hours, centrifuged, and filtered
through a 0.22 pum filter to obtain the ICA@PCOFs extract.
Subsequently, 10% fetal bovine serum (FBS; Gemini, Australia)
+ 1% penicillin-streptomycin (Hyclone, USA) were added to
prepare complete culture medium at various concentration
gradients (1000, 500, 100, 10, and 1 pg mL ‘). HBMSCs were
seeded into 96-well plates at 800 cells per well (100 pL per well)
and cultured for 24 hours. Afterward, the original medium was
replaced with the complete culture medium containing
different concentration gradients of extracts and further
cultured for 24, 72, and 120 hours. 10 pL of CCK-8 solution was
added and incubated in a culture incubator for 1 hour. The
optical density (OD) at 450 nm was measured using an enzyme-
linked immunosorbent assay reader (Agilent, Synergy HTX,
USA). Bar charts were drawn, and data were analyzed. Images
were also collected using an inverted phase contrast microscope
(Olympus CKX53, Japan). Based on the results of the CCK8
assay, suitable concentrations of PCOFs and ICA@PCOFs
extracts (same concentration for both) were selected for subse-
quent immunomodulatory effects and osteogenesis
experiments.

2.4 Immunomodulatory effects of ICA@PCOFs

2.4.1 Experimental groups. The experiments were divided
into four groups. The negative control group was only cultured
with normal medium (control group), and the positive control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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group was stimulated with LPS (100 ng mL ") for 24 hours and
then cultured with normal medium for 24 hours (LPS group).
The experiment group 1 was cultured with PCOFs extract for 24
hours after LPS stimulation (LPS + PCOFs group), while the
experiment group 2 was cultured with ICA@PCOFs extract for
24 hours after LPS stimulation (LPS + ICA@PCOFs group).

2.4.2 Immunofluorescence staining of iNOS and CD206.
The cell slides were placed in a 24-well plate, and Raw 264.7 was
inoculated into the plate at a density of 4 x 10* cells per well,
and the corresponding treatment was carried out according to
different groups 24 hours later. After treatment, cells were fixed
with 4% paraformaldehyde solution at 4 °C for 15 minutes,
permeabilized with 0.5% Triton X-100, and blocked with 5%
goat serum (Solarbio, China) for 1.5 hours. Overnight incuba-
tion with primary antibodies (1 :400) against iNOS and CD206
followed. Cells were then incubated with secondary antibodies
(1:200) for 1 hour. Finally, DAPI stain was added, and the cells
were incubated in the dark for 15 minutes. Fluorescence
expression of iNOS and CD206 was observed using a fluores-
cence microscope, and semi-quantitative analysis of fluores-
cence intensity was performed using Image J.

2.5 Osteogenesis of ICA@PCOFs

2.5.1 Experimental groups. The experiment was divided
into three groups. The control group was the osteogenic
induction medium group (Os-Blank), the experiment 1 group
was the PCOFs osteogenic induction group (Os-PCOFs), and the
experiment 2 group was the ICA@PCOFs osteogenic induction
group (Os-ICA@PCOFs). The induction medium consists of
10% FBS, 1% penicillin-streptomycin, 50 mg L~ ascorbic acid
(Macklin, China), 10 mM B-glycerophosphate sodium (Macklin,
China), 100 nmol L' dexamethasone (Macklin, China), and the
respective extracts (PCOFs and ICA@PCOFs extracts).

2.5.2 ALP staining. HBMSCs were seeded at a density of 4 x
10" cells per well in a 12-well plate. Once confluence reached
80%, the medium was replaced with the corresponding osteo-
genic induction medium. The medium was changed every 3
days. After 7 days of culture, the medium was removed, and the
cells were rinsed with PBS, fixed with 4% paraformaldehyde at
4 °C for 30 minutes, then washed three times with PBS.
Subsequently, cells were stained with prepared BCIP/NBT ALP
staining solution and images were captured under
a microscope.

2.5.3 ARS staining. The cultivation procedure is the same
as described in Section 2.5.2. After 14 days of culture, cultivation
was terminated, cells were fixed with 4% paraformaldehyde
solution, and stained with ARS solution at room temperature
for 15 minutes. The staining solution was discarded, and cells
were repeatedly rinsed with deionized water. The mineraliza-
tion nodules in the extracellular matrix were observed under
a microscope, and images were captured.

2.5.4 Immunofluorescence staining of OCN and Runx2.
Cell slides were placed in a 24-well plate, and HBMSCs were
seeded at a density of 2 x 10° cells per well. After 24 hours, the
medium was replaced with corresponding induction medium
and cells were treated for 5 days. Then, the medium was
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removed, and the cells were rinsed with PBS and fixed with 4%
paraformaldehyde at 4 °C for 15 minutes. Membrane per-
meabilization was performed using 0.5% Triton X-100 for 15
minutes. After rinsing with PBS, cells were blocked with goat
serum blocking solution (consisting of 10% goat serum, 1%
bovine serum albumin (Solarbio, China), 0.3 M glycine (Mack-
lin, China) and 0.1% Tween 20 (Solarbio, China)) for 1.5 hours.
Freshly prepared primary antibodies against OCN and Runx2
were then added, and the cells were incubated overnight at 4 °C
in the dark. The next day, after rewarming, the primary anti-
bodies were removed, and secondary antibodies were added for
protein labeling staining. Nuclei were stained with DAPI solu-
tion, followed by rinsing with PBS. Finally, the cell slides were
removed, inverted onto a slide with anti-fluorescent quenching
agent, edges sealed with nail polish, and images were captured
using an upright fluorescence microscope (Olympus, Japan).
Semi-quantitative analysis was performed using Image ]
software.

2.6 Statistics analysis

All data are presented as mean + standard deviation. Differ-
ences between two groups were analyzed using independent
sample t-tests, while differences among more than two groups
were analyzed using one-way ANOVA. Statistical analyses were
performed using SPSS 21 software, and p < 0.05 was considered
statistically significant.

3. Results and discussion
3.1 Preparation and characterization of ICA@PCOFs

3.1.1 Physicochemical properties of ICA@PCOFs. The
structural and physicochemical properties of the COFs were
systematically investigated using a suite of characterization
techniques. Combined analytical approaches confirmed the
successful construction of the covalent organic framework with
defined crystallinity and porosity. Fig. 2A presents the XRD
pattern of the COFs. A strong peak is observed at 2.79°, and
medium intensity peaks appear at 4.82°, 5.56°, and 7.38°, with
a weak peak at 9.70°. These diffraction features are consistent
with those reported previously for TAPB-DMTP based COFs in
the literature.”®?® Fig. 2B shows the BET analysis results of the
COFs. The pore size is observed to be approximately 2.3 nm, and
the specific surface area is about 930 m* g~ . Compared to the
values reported in previous literature (pore size of 3.3 nm and
specific surface area of 2400 m> g~ ),* the values obtained in
this study are smaller. This is primarily attributed to the
synthesis of COFs at room temperature in this study, which led
to poorer crystallinity and consequently smaller BET specific
surface area and pore size. In Fig. 2C, the FTIR spectrum of
COFs shows peaks at 1287 cm ™" corresponding to the stretching
vibrations of C-O, at 1464 cm ™' attributed to the asymmetric
stretching vibrations of ~-CHj, and at 1592 cm ™" associated with
the bending vibrations of -NH,. Furthermore, the TGA results
of COFs in Fig. 2D, the physical appearance in Fig. 2E, the SEM
morphology in Fig. 2F, and the particle size analysis results in
Fig. 2G are consistent with those reported in the literature.***
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These data indicate that TAPB-DMTP based COFs has been
successfully synthesized.

Furthermore, we modified COFs with PDA in order to obtain
PCOFs. In the FTIR spectrum of PCOFs shown in Fig. 2C,
a broader and stronger absorption peak was observed in the
range of 3200-3700 cm ™" due to the association of hydroxyl and
amino groups from the abundant catechol and primary and
secondary amines in PDA with the characteristic peaks of COFs.
This indicates that PDA was successfully grafted onto the
COFs.%»%

Following the chemical confirmation of PDA grafting
through FTIR analysis, we further explored the macroscopic and
microscopic transformations induced by this surface modifi-
cation. The structural evolution was manifested through
distinct alterations in optical properties, morphological
features, and colloidal behavior. In Fig. 2E, a comparison of the
physical appearance of COFs and PCOFs revealed that the color
of the COFs nanoparticles changed from yellow to dark green
after grafting with PDA. Fig. 2F and G show that, as compared to
COFs, the surface morphology of PCOFs transitioned from
smooth to rough, and their average diameter significantly
decreased from 443.43 + 60.24 nm to approximately 228.28 £+
28.44 nm. This reduction in size may be attributed to a thin
layer of PDA formed on the COFs' surface, which is believed to
act as a stabilizing shell that could promote better dispersion of
the particles in solution, leading to a more uniform distribution
of particles.*® These results confirm that PDA was successfully
grafted onto the surface of COFs, resulting in the successful
acquisition of PCOFs.

Finally, leveraging the strong adhesive properties of PDA,
ICA was intended to be loaded onto the surface of PCOFs. From
the FTIR spectrum, as compared to PCOFs, new peaks were
observed on ICA@PCOFs at 1654 cm ' corresponding to the
C=C stretching vibrations and at 1260 cm™' for the C-O
stretching vibrations, indicating that ICA was successfully
loaded onto the surface of PCOFs.*

Having established the chemical anchoring of ICA through
FTIR characterization, we proceeded to validate the composite's
structural integrity and thermal behavior through comple-
mentary analytical methods. The thermogravimetric profiles
coupled with morphological evolution provided multidimen-
sional verification of successful drug loading. In the TGA anal-
ysis, the curves of PCOFs and COFs were found to be essentially
consistent, with 92% mass remaining at 389 °C, indicating good
thermal stability for both. In contrast, the thermal degradation
of pure ICA was characterized by a rapid weight loss at 241 °C,
dropping from 99% to 26% by 389 °C, demonstrating that ICA
begins to degrade at 241 °C. The TGA curve of ICA-loaded
PCOFs showed a similar trend of significant mass reduction
at 241 °C, but returned to a trend similar to that of COFs and
PCOFs by 389 °C, further confirming the successful loading of
ICA. At the same time, visual observation of the physical
photographs revealed that the color of PCOFs nanoparticles
changed from dark green to yellow-green after loading ICA. SEM
results indicated that the diameter of ICA-loaded PCOFs
increased from 228.28 + 28.44 nm to 247.14 + 23.96 nm. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Physicochemical characterization results of COFs, PCOFs, and ICA@PCOFs: (A) XRD results of COFs; (B) BET results of COFs; (C) FTIR
results of COFs, PCOFs, and ICA@PCOFs; (D) TGA results of COFs, PCOFs, and ICA@PCOFs; (E) physical optical photographs of COFs, PCOFs,
and ICA@PCOFs; (F) SEM images of COFs, PCOFs, and ICA@PCOFs; (G) particle size analysis of COFs, PCOFs, and ICA@PCOFs.
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Fig. 3 Evaluation of the drug loading performance of ICA@PCOFs nanoparticles: (A) standard curve of ICA; (B) in vitro release profile of ICA in

ICA@PCOFs.

results collectively confirm the successful synthesis of ICA@P-
COFs nanomaterials.

3.1.2 The drug loading performance of ICA in ICA@PCOFs.
The DLC and EE of ICA in ICA@PCOFs was determined based
on the standard curve of ICA concentration, as illustrated in
Fig. 3A. The standard curve was constructed by measuring the
absorbance values of ICA at different concentrations, with the
equation derived as y = 0.0371x + 0.0061 and an R* value of
0.9996, which indicates a strong linear correlation between ICA
concentration and absorbance within the tested concentration
range. This result suggests that the method used for drug
quantification is accurate and reliable.

Based on this standard curve, the average DLC and EE of ICA
in ICA@PCOFs was calculated to be 12.35% and 32.90%
according to previous publications,*** as shown in Table 1.
This value reflects the successful incorporation of ICA into the
PCOFs nanostructures, indicating that the PCA@PCOFs can
effectively act as a drug carrier. The relatively DLC (12.35%) and
EE (32.90%) are consistent with typical results observed in drug-
loaded nanomaterials, particularly those based on porous
frameworks like COFs, which may have limitations in terms of
loading capacity due to the balance between pore size and
surface area.***' However, this DLC is still promising and
demonstrates the feasibility of utilizing PCOFs for sustained
drug delivery applications. The relatively lower DLC compared
to some other drug delivery systems could be attributed to the
limited pore size of the PCOFs. Although the PCOFs exhibit
a significant surface area (930 m”> g™ ') and moderate pore size
(approximately 2.3 nm), which allows for efficient adsorption
and entrapment of molecules, there may be limitations in
accommodating larger drug molecules such as ICA. Addition-
ally, the surface modification using PDA may have influenced

Table1 Absorbance, DLC and EE of ICA in ICA@PCOFs nanoparticles

Times 1 2 3 4 5 Average
Absorbance 1.128 1.164 1.138 1.121 1.206 1.151
DLC (%) 12.09 12.49 12.21 12.01 12.94 12.35
EE (%) 32.23 33.28 32.52 32.01 34.47 32.90

23790 | RSC Adv, 2025, 15, 23783-23800

the porosity and surface characteristics, which could further
affect the drug loading capacity.

Bone tissue repair and regeneration is a prolonged and
complex biological process. Sustained drug release throughout
the entire healing period—especially during the later stages of
osteogenesis—can further enhance bone regeneration.* Fig. 3B
shows the in vitro drug release profile of ICA from ICA@PCOFs.
The results indicate that ICA exhibited a rapid release during
the first 3 days, reaching a cumulative release of 43.3%. After
this initial phase, the release rate slowed down and transitioned
into a sustained and stable release pattern. By day 14, the
cumulative release reached 70.1%, and the release process was
still ongoing. These findings demonstrate that ICA@PCOFs
possess excellent controlled and long-term release behavior,
enabling sustained therapeutic delivery throughout the
extended period required for bone tissue regeneration.

This research demonstrates the potential of ICA@PCOFs as
a drug delivery system for bone tissue regeneration, particularly
in terms of its ability to provide a controlled release environ-
ment. Future work could aim to optimize the drug loading
process by exploring modifications to the COFs’ pore structure
or investigating the use of different types of drug molecules to
further enhance the loading capacity.

3.2 Biocompatibility of ICA@PCOFs

ICA@PCOFs, as a bone defect implant material, needs to
demonstrate excellent biocompatibility, which is an essential
element in tissue engineering.*>** In this study, the biocom-
patibility of ICA@PCOFs nanoparticles was evaluated by co-
culturing HBMSCs with extracts at different concentration
gradients for 1, 3, and 5 days. The results observed via
microscopy, as shown in Fig. 4, indicated no significant differ-
ences in cell confluence across all groups on day 1. However, as
the culture time extended, by day 5, the overall proliferation of
HBMSCs showed a downward trend with increasing ICA
concentration. Compared to the control group (0 pg mL "), the
low concentration group (1 pg mL™ ') exhibited faster cell
proliferation, whereas the high concentration group (1000 pg
mL ") showed a slower rate of proliferation. These findings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Day 5

Fig. 4 Phase contrast images of HBMSCs co-cultured with ICA@PCOFs extracts at different concentration gradients.

were further corroborated by the CCK-8 statistical results pre-
sented in Fig. 5, which were consistent with the microscopic
observations. It was evident that ICA@PCOFs had an inhibitory
effect on cell proliferation at higher concentrations, whereas it
significantly promoted cell proliferation at lower concentra-
tions, with the most prominent promotion observed at 1 pg
mL~". This result suggests that ICA@PCOFs nanoparticles can
serve as an effective and safe material for bone tissue engi-
neering, with the potential to enhance cell proliferation at
appropriate concentrations. The biocompatibility of a material
is crucial for its application in bone tissue regeneration. The

© 2025 The Author(s). Published by the Royal Society of Chemistry

results of this study indicate that ICA@PCOFs can positively
influence the proliferation of HBMSCs at low concentrations,
while higher concentrations may pose potential cytotoxic
effects. This balance between promoting and inhibiting cell
proliferation is particularly important when designing
implantable materials for tissue engineering, as excessive
cytotoxicity could hinder the healing process or lead to implant
failure. The observed concentration-dependent effects of
ICA@PCOFs may be attributed to the unique properties of the
nanoparticles, such as surface modification, pore size, and the
release kinetics of the drug. The 1 pg mL™ ' concentration,
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which exhibited the best proliferation effect, could potentially
represent the optimal balance between bioactivity and
biocompatibility, making it a suitable candidate for further
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investigation in bone regeneration applications. Therefore, the
concentration of 1 ug mL~" was selected for the subsequent
osteogenesis and anti-inflammatory experiments.

3.3 Immunomodulatory effects of ICA@PCOFs

Macrophages play a critical role in the repair process of bone
defects, with their rapid response and polarization shifts being
pivotal. Initially, these cells migrate swiftly to the injury site,
where they recognize and clear dead cells and tissue debris. In
their early phase, they predominantly exhibit an M1 phenotype,
actively secreting pro-inflammatory factors such as iNOS, TNF-
o, and interleukin-1 (IL-1), which facilitate the activation and
differentiation of osteoclasts, intensifying the inflammatory
response.”” This phenomenon is a necessary physiological
process during the early phase of lesion clearance. As the repair
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Fig. 6

Immunofluorescent evaluation of INOS expression in macrophages cultured with PCOFs and ICA@PCOFs extracts in vitro: (A) repre-

sentative immunofluorescent staining images; (B) semi-quantitative analysis of fluorescence intensity. Compared to the control group, NS, no

significant difference; ***, p < 0.001; **** p < 0.0001. n = 3.
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process progresses, particularly with the reestablishment of
blood supply and the recruitment of mesenchymal stem cells
that differentiate into fibroblasts, osteoblasts, and chon-
drocytes, macrophages gradually transition from the M1 to the
M2 phenotype.*® M2 macrophages, in an improved hypoxic and
ischemic microenvironment, help to mitigate inflammation
and promote tissue repair and regeneration by releasing anti-
inflammatory factors such as CD206, interleukin-10 (IL-10),
and transforming growth factor-beta (TGF-B).*”~*° This process
fosters the formation of new bone tissue and collagen fibers,
effectively filling the tissue defect.®® Therefore, the proper
regulation of macrophage polarization is crucial in the repair of
bone defects. This process involves not only a shift from acute
inflammatory responses to tissue reconstruction but also the
fine regulation of extracellular signals. This study utilized
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immunofluorescent staining for iNOS and CD206 to mark M1
and M2 macrophages, respectively, assessing the immuno-
modulatory capabilities of ICA@PCOFs nanoparticles, further
validating their potential mechanism in promoting bone defect
repair.

Building upon the theoretical framework of macrophage
polarization dynamics in bone repair, we experimentally eval-
uated the immunomodulatory effects of ICA@PCOFs under
inflammatory conditions. Immunofluorescence quantification
of M1/M2 phenotypic markers provided direct evidence for the
nanoparticle-mediated regulation of macrophage behavior. As
shown in Fig. 6A, in the control group, the expression of iNOS
was almost invisible, exhibiting very low red fluorescence
signals. In contrast, the LPS group, used as an inflammation-
induced control group, showed a significant enhancement in
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Fig. 7

Immunofluorescent evaluation of CD206 expression in macrophages cultured with PCOFs and ICA@PCOFs extracts in vitro: (A)

representative immunofluorescent staining images; (B) semi-quantitative analysis of fluorescence intensity. Compared to the control group, **, p

< 0.01; **** p < 0.0001. n = 3.
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red fluorescence, indicating high levels of iNOS expression. In
the groups treated with PCOFs extract (LPS + PCOFs) and
ICA@PCOFs extract (LPS + ICA@PCOFs), a gradual reduction in
fluorescence intensity was observed, suggesting a decrease in
iNOS expression levels, with the concurrent presence of ICA and
PCOFs contributing to the reduction in M1 macrophage
generation. This observation was further validated through
semi-quantitative fluorescence analysis in Fig. 6B. Compared to
the control group, iNOS expression was significantly increased
in the LPS group, while it progressively decreased in the LPS +
PCOFs and LPS + ICA@PCOFs groups, indicating that PCOFs
and ICA@PCOFs effectively suppress the inflammatory
response induced by LPS. Moreover, the addition of ICA
appeared to further enhance this inhibitory effect, demon-
strating stronger immunomodulatory potential in ICA@PCOFs.
These results clearly show that COFs nanoparticles, modified
with PDA and loaded with ICA, have a significant effect in
suppressing the inflammatory environment, particularly in
inhibiting the expression of the M1 macrophage marker iNOS.
This result confirms the potential application of these materials
in biomedical applications, especially in anti-inflammatory
therapies.

Complementary to the findings on M1 phenotype suppres-
sion, we further interrogated the material's capacity to drive
pro-regenerative macrophage polarization. Simultaneous eval-
uation of M2 marker expression revealed the dual-directional

A Os-Blank

Fig. 8
groups: (A) ALP staining at day 7; (B) ARS staining at day 14.
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immunomodulatory functionality inherent to the nano-
composite system. Fig. 7A and B further provide the results of
CD206 immunofluorescence staining and semi-quantitative
analysis for macrophages cultured in vitro with PCOFs and
ICA@PCOFs extracts. As shown in Fig. 7A, in the control group,
CD206 expression is nearly undetectable with very weak fluo-
rescence signaling. In contrast, the LPS-treated group exhibits
a slight, faint red fluorescence, indicating minor M2 macro-
phage activation under inflammatory conditions. However,
upon addition of PCOFs and ICA@PCOFs extracts, CD206
expression in both the LPS + PCOFs and LPS + ICA@PCOFs
groups progressively increases, as evidenced by the strength-
ening fluorescence intensity. Semi-quantitative analysis in
Fig. 7B of the fluorescence further corroborates these observa-
tions. Compared to the control group, CD206 expression is
lower in the LPS group, but significantly elevated in the LPS +
PCOFs and LPS + ICA@PCOFs groups, suggesting that PCOFs
and ICA@PCOFs effectively promote M2 macrophage polariza-
tion, thereby enhancing anti-inflammatory responses.

During the process of bone defect repair, controlling the
inflammatory response is crucial because excessive inflamma-
tion can delay or inhibit bone regeneration. As demonstrated in
Fig. 6 and 7, COFs nanomaterials modified with PDA and
loaded with ICA effectively suppress the activity of M1 macro-
phages while significantly enhancing the anti-inflammatory
functionality of M2 macrophages, thereby exhibiting

0s-ICA@PCOFs
7

In vitro evaluation of osteogenic differentiation in HBMSCs treated with extracts from the Os-Blank, Os-PCOFs, and Os-ICA@PCOFs
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substantial anti-inflammatory effects. This immunomodulatory
action is particularly suitable for bone defect repair as it can
effectively reduce inflammation-mediated bone tissue damage
and promote the regeneration of healthy bone tissue.

These experimental results align with the documented
effects of PDA and ICA on immunomodulation in the literature,
highlighting the potential application of these materials in
regulating inflammatory responses and facilitating inflamma-
tion resolution mechanisms, especially in the field of bone
defect repair.>>*
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3.4 Osteogenesis of ICA@PCOFs

ALP is a key marker of the early stages of osteogenesis, primarily
located in the cell membrane's binding transport proteins,
facilitating the maturation and calcification of osteoblasts.”
ARS staining is a commonly used method to stain the calcium
content in cells and is an important indicator for assessing the
differentiation and maturation of osteoblasts.*® Therefore, this
study employs ALP and ARS staining to evaluate the effect of
ICA@PCOFs extract on the osteogenic differentiation of
HBMSCs.

To investigate the temporal progression of osteogenic
differentiation induced by ICA@PCOFs, we analyzed ALP
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Fig. 9

Immunofluorescent evaluation of OCN expression in HBMSCs treated with extracts from the Os-Blank, Os-PCOFs, and Os-ICA@PCOFs

groups: (A) OCN immunofluorescence staining; (B) semi-quantitative analysis of fluorescence intensity. Compared with the Os-Blank group, NS:

no significant difference; **** p < 0.0001. n = 3.
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activity at 7 days and calcium deposition at 14 days. Sequential
assessment of these markers allowed us to capture both early
differentiation events and subsequent mineralization
processes. Fig. 8A and B present the results of ALP staining at 7
days and ARS staining at 14 days. The ALP staining results show
that both the Os-Blank group and the Os-PCOFs group exhibit
faint staining, with no significant differences between them,
indicating that PCOFs do not significantly promote osteogenic
differentiation in HBMSCs. In contrast, the Os-ICA@PCOFs
group shows noticeably darker staining, indicating that the
addition of ICA significantly promotes the osteogenic differen-
tiation of HBMSCs. The ARS staining results at 14 days further
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confirm this trend. Only a small number of red mineralized
nodules are observed in the Os-Blank and Os-PCOFs groups,
with these nodules being sparsely distributed. In contrast, the
Os-ICA@PCOFs group shows a significantly higher density of
red mineralized nodules, which are tightly clustered and more
extensively distributed. Therefore, Os-ICA@PCOFs, by contin-
uously releasing ICA, can effectively activate the osteogenic
biological pathways in HBMSCs. These results not only signifi-
cantly promote early osteogenic differentiation in stem cells but
also enhance the formation of mineralized nodules during the
mineralization process, thus improving the capacity for bone
tissue regeneration.
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Fig. 10

Immunofluorescent evaluation of Runx2 expression in HBMSCs treated with extracts from the Os-Blank, Os-PCOFs, and Os-ICA@P-

COFs groups: (A) Runx2 immunofluorescence staining; (B) semi-quantitative analysis of fluorescence intensity. Compared with the Os-Blank

group, NS: no significant difference; **** p < 0.0001. n = 3.
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Runx2 plays a critical role in osteogenic differentiation by
influencing the expression of bone-specific matrix protein
genes.”” OCN 1is a calcium-binding protein predominantly
synthesized by osteoblasts and plays a crucial role in regulating
bone calcium metabolism.*® Therefore, this study further eval-
uates the effect of ICA@PCOFs extract on osteogenic differen-
tiation of HBMSCs by detecting the expression of OCN and
Runx2 proteins using immunofluorescence techniques.

Having established the regulatory role of ICA@PCOFs on
osteogenic transcription factors, we next examined their func-
tional impact on bone matrix maturation. Inmunofluorescence
quantification of osteocalcin (OCN), a late-stage mineralization
marker, revealed the material's capacity to drive terminal oste-
oblast differentiation. From the results shown in Fig. 94, it can
be observed that the overall red fluorescence intensity in the Os-
PCOFs group exhibited no significant difference compared to
the Os-Blank group, indicating that PCOFs without ICA loading
had a limited effect on osteogenic differentiation. Thus, PCOFs
alone do not significantly influence the osteogenic activity of
HBMSCs. However, in the Os-ICA@PCOFs group, the cells
exhibited much stronger red fluorescence, demonstrating that
the incorporation of ICA significantly upregulated the expres-
sion of OCN. The fluorescence semi-quantitative analysis in
Fig. 9B further confirmed this trend, providing additional
evidence that ICA-loaded nanomaterials exert a positive effect
on osteogenic activity.

To comprehensively assess the upstream molecular mecha-
nisms underlying this osteoinductive effect, we focused on
Runx2 nuclear translocation—a master regulatory event initi-
ating osteoblast lineage commitment. Spatial resolution of
Runx2 subcellular localization provided critical insights into
the nanomaterial's early-stage differentiation control. The
immunofluorescence results for Runx2 in Fig. 10A and B further
support this conclusion. In the Os-Blank and Os-PCOFs groups,
the red fluorescence intensity in the nuclear region was rela-
tively weak, indicating a low expression level of Runx2. This
result suggests that PCOFs without ICA loading did not signif-
icantly affect the nuclear localization and expression of Runx2.
In contrast, the Os-ICA@PCOFs group exhibited a markedly
stronger red fluorescence signal in the nuclear region, and
semi-quantitative analysis further confirmed this trend,
demonstrating that ICA loading significantly enhanced the
nuclear localization and expression of Runx2, thereby driving
osteogenic differentiation.

These results further validate that ICA@PCOFs nano-
materials effectively enhance the osteogenic differentiation of
HBMSCs by promoting the nuclear expression of Runx2 while
simultaneously upregulating the synthesis of the late-stage
osteogenic marker protein OCN. The osteogenic-promoting
effect of ICA-loaded nanomaterials may be attributed to their
regulation of bone formation-related signaling pathways,
promotion of osteogenic cell phenotype transition, and
enhancement of bone matrix deposition. Moreover, these
findings highlight the potential application of ICA in bone
tissue engineering materials, providing novel insights and
strategies for bone defect repair. Future studies should further
investigate the in vivo osteogenic effects and underlying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular mechanisms of ICA@PCOFs to facilitate the clinical
translation of this material in bone regeneration medicine.

4. Conclusion

This study successfully developed an ICA delivery system based
on COFs and systematically evaluated its dual role in immune
modulation and osteogenic differentiation. COF nanoparticles
were synthesized at room temperature and further modified
with PDA to obtain PCOFs. Leveraging the strong adhesive
properties of PDA, ICA was effectively loaded onto the surface of
PCOFs, forming a stable ICA@PCOFs nanocomposite. A series
of characterization techniques, including SEM, FTIR, and TGA,
confirmed the successful synthesis and stability of ICA@PCOFs.
In in vitro biological evaluations, the CCK-8 assay was employed
to determine the optimal concentration, ensuring cell compat-
ibility and experimental reliability. Subsequently, immunoflu-
orescence staining and osteogenic differentiation assays
demonstrated that ICA@PCOFs effectively regulated macro-
phage polarization, significantly inhibiting the expression of
M1 pro-inflammatory macrophages (iNOS+) while promoting
M2 anti-inflammatory macrophages (CD206+), indicating its
potent immunomodulatory capabilities. Furthermore, ICA@P-
COFs significantly enhanced osteogenic differentiation, as evi-
denced by increased ALP activity, enhanced mineralized nodule
formation (ARS staining), and upregulated expression of key
osteogenic markers (OCN, Runx2), as well as increased protein
expression of osteogenic markers (OCN+ and Runx2+ cells),
confirming its superior osteogenesis-promoting effects. Overall,
ICA@PCOFs improved the local inflammatory microenviron-
ment through immune modulation and accelerated bone tissue
regeneration by promoting osteogenic differentiation, demon-
strating great potential in bone defect repair. This study not
only provides a novel research direction for COFs-based nano-
materials in bone tissue engineering but also presents a prom-
ising strategy for localized ICA delivery. Future studies will
further explore the in vivo bone regeneration efficacy and clin-
ical translational potential of ICA@PCOFs in animal models,
aiming to offer a safer and more effective therapeutic approach
for bone tissue regeneration.
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