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ARTICLE INFO ABSTRACT

Keywords: Critical-size bone defects remain a significant clinical challenge. The lack of endogenous stem cells with oste-
Bioprint ogenic differentiation potential in the defect area, combined with the inflammatory responses induced by
Hydrogel scaffold implantation, highlights the need for biomaterials that can deliver stem cells and possess inflammatory
Ig:;};;izgc framevworks regulation properties. In this study, we developed a 3D bioprinted gelatin methacrylate (GelMA) hydrogel

scaffold modified with luteolin-loaded ZIF-8 (LUT@ZIF-8) nanoparticles, designed to deliver bone marrow
mesenchymal stem cells (BMSCs) to the defect site and release bioactive components that promote osteogenesis
and modulate the immune microenvironment. The LUT@ZIF-8/GelMA hydrogel scaffolds demonstrated excel-
lent physical properties and biocompatibility. The sustained release of luteolin and zinc ions from the LUT@ZIF-8
nanoparticles conferred antibacterial, osteoinductive, and inflammatory regulation effects. The immune micro-
environment modulated by LUT@ZIF-8/GelMA hydrogel scaffolds facilitated osteogenic differentiation of
BMSCs. Furthermore, in vivo experiments confirmed the osteogenic and inflammatory regulation capabilities of
the LUT@ZIF-8/GelMA hydrogel scaffolds. In conclusion, the 3D bioprinted LUT@ZIF-8/GelMA hydrogel scaf-
folds exhibit osteoimmunomodulatory properties, presenting a promising strategy for the treatment of bone
defects.

Bone regeneration

1. Introduction

The management of critical-size bone defects (CSBDs) caused by
tumors, trauma, or inflammation remains a significant challenge in
clinical practice [1]. These defects exceed the bone’s natural regenera-
tive capacity, necessitating the use of additional interventions for
effective treatment [2,3]. One of the primary obstacles to successful
bone repair is the lack of endogenous stem cells at the defect site, which
limits the regenerative potential of the tissue. To address this challenge,
three-dimensional (3D) bioprinting has emerged as a promising strategy
in tissue regeneration. By using biocompatible materials combined with
cells and growth factors, 3D bioprinting allows for the precise fabrica-
tion of customized scaffolds with controlled pore structure, ensuring
uniform cell distribution, efficient nutrient exchange, and enhanced cell
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growth and differentiation [4].

Biomaterial implantation triggers a complex immune response,
which was once considered a barrier to the development of bone
regenerative materials. Inflammation can limit the regenerative activity
of stem cells, making it difficult to achieve optimal repair [5,6]. Tradi-
tional strategies have focused on designing bioinert materials to mini-
mize immune responses. However, while these materials reduce
immune activation, they also restrict the osteoinductive potential of the
scaffolds, presenting a limitation in meeting clinical needs [7]. Recent
advancements in osteoimmunology have shifted biomaterial research
from immune evasion to immune reprogramming, focusing on the syn-
ergistic role of immunomodulatory functions in enhancing osteogenesis
[8]. Bone formation, in fact, is the result of dynamic interactions be-
tween the skeletal and immune systems. Researchers are increasingly
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recognizing the pivotal role of macrophages in coordinating bone
metabolism [9,10]. Previous studies have shown that macrophages
interact with mesenchymal stem cells and secrete a variety of bioactive
molecules which play critical roles in promoting osteogenic differenti-
ation [11]. Notably, macrophages exhibit remarkable plasticity, with
their phenotypic and functional states being modulated by the local
microenvironment. The surface morphology, physicochemical proper-
ties, and cytokine release capacity of biomaterials significantly influence
immune-inflammatory responses [12]. This plasticity provides the op-
portunity to modulate macrophages through biomaterials, thereby
establishing an immune microenvironment that supports bone
regeneration.

Hydrogels, which can mimic the natural extracellular matrix, are
particularly suitable for cell encapsulation [13-15]. Gelatin meth-
acryloyl (GelMA) is a photosensitive hydrogel derived from gelatin that
rapidly cross-links under ultraviolet (UV) light [16]. GelMA contains
multiple arginine-glycine-aspartate motifs, which facilitate cell adhe-
sion and proliferation, as well as matrix metalloproteinase recognition
sites that promote cellular remodeling. These properties make it highly
biocompatible and widely used in 3D printing tissue engineering scaf-
folds [17,18]. However, its limited mechanical strength and lack of
osteogenic activity necessitate modifications to render it a suitable
bioink for bone regeneration application [19]. Luteolin, a natural
flavonoid found in various plants, has been shown to have multiple
pharmacological properties, including antioxidant, antibacterial,
osteogenesis, and anti-inflammatory activities [20-22]. It has been
shown to influence macrophage polarization by promoting the transi-
tion from M1 phenotype to M2 phenotype [23,24]. Despite its thera-
peutic potential, the clinical use of luteolin is constrained by its low
bioavailability, resulting from poor solubility and rapid metabolic
clearance [25]. To address this, zeolitic imidazolate framework-8
(ZIF-8), a metal-organic framework composed of zinc ions (Zn*") and
2-methylimidazole ligands, has high porosity and large specific surface
area, making it an efficient carrier for drug loading and controlled
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release [26-29]. The gradual degradation of ZIF-8 not only releases Zn**
but also enables the sustained delivery of encapsulated drugs, which can
maintain their bioactivity at appropriate concentrations [30-33].

In this study, we developed a bioprinted biomimetic hydrogel scaf-
fold to address the multifaceted challenges of bone repair by combining
antibacterial, osteogenic, and osteoimmunomodulatory properties and
supporting stem cell delivery (Fig. 1). We synthesized luteolin-loaded
ZIF-8 (LUT@ZIF-8) nanoparticles using a one-pot method and incorpo-
rated them into GelMA to create a functional bioink (LUT@ZIF-8/
GelMA) for bioprinting. LUT@ZIF-8/GelMA hydrogel scaffolds mimic
extracellular matrix properties and possess a porous structure that al-
lows nutrient exchange, facilitating the delivery of bone marrow
mesenchymal stem cells (BMSCs) to bone defect sites. The incorporation
of LUT@ZIF-8 nanoparticles enables the hydrogel scaffolds to achieve
sustained release of luteolin and Zn?*, thereby synergistically promoting
osteogenesis by enhancing BMSCs osteogenic differentiation and
modulating the immune microenvironment. This study highlights the
potential of LUT@ZIF-8/GelMA hydrogel scaffolds in enhancing bone
regeneration, providing an innovative approach for clinical bone defect
repair.

2. Materials and methods
2.1. Synthesis and characterization of LUT@ZIF-8 nanoparticles

2.1.1. Preparation of ZIF-8 and LUT@ZIF-8 nanoparticles

LUT@ZIF-8 nanoparticles were synthesized using the one-pot
method as described previously [29,34]. In brief, a zinc nitrate hexa-
hydrate (Aladdin, China) solution (100 mg in 5 mL deionized water) was
mixed with 10 mL methanol solution containing 221 mg of 2-methylimi-
dazole (Aladdin, China) and 5 mg of luteolin (Sigma, USA). The resulting
mixture was stirred at 25°C for 15 min and aged for an additional 2 h.
The precipitate was centrifugated, washed with methanol, and dried
overnight. ZIF-8 nanoparticles were synthesized for control experiments
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Fig. 1. Schematic illustration of LUT@ZIF-8/GelMA bioprinted scaffolds for bone regeneration.
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following the procedure outlined in a prior study [29].

2.1.2. Characterization of ZIF-8 and LUT@ZIF-8 nanoparticles

The morphology of ZIF-8 and LUT@ZIF-8 nanoparticles was
analyzed using transmission electron microscopy (TEM; FEI, USA),
while energy dispersive spectroscopy (EDS) was employed to determine
their elemental composition. X-ray diffraction (XRD; Bruker, USA) was
used to examine the crystalline structure of both nanoparticles, and
Fourier transform infrared spectroscopy (FTIR; Thermofisher, USA) was
employed to identify the functional groups present. The zeta potential of
ZIF-8, LUT@ZIF-8, and luteolin was measured to assess surface charge.
Thermogravimetric analysis (TGA; NETZSCH, Germany) was performed
to evaluate the thermal stability of ZIF-8 nanoparticles, luteolin, and
LUT@ZIF-8 nanoparticles.

The drug loading capacity of LUT@ZIF-8 nanoparticles was assessed
by dissolving the nanoparticles in 10 mL of 0.1 M hydrochloric acid. The
solution of ZIF-8 and LUT@ZIF-8 nanoparticles was scanned from 200 to
900 nm using a UV-Vis spectrophotometer (YiPu, China). The luteolin
solution was also analyzed within the same wavelength range to
determine the maximum absorption wavelength. The absorbance of the
solution of LUT@ZIF-8 nanoparticles (volume: V, mass of LUT@ZIF-8
nanoparticles: myyr@zir-s) was measured at the identified wavelength,
and the luteolin concentration (Cryt) was determined using a standard
calibration curve. The drug loading capacity was calculated using the
following formula:

Drug Loading Capacity (%) = (Cryr X V)/Miyrazir-s X 100% (€8]

The drug release behavior of LUT@ZIF-8 nanoparticles was evalu-
ated by incubating 10 mg of nanoparticles in 10 mL of PBS at 37°C with
shaking at 100 rpm. At the specified time points (n), 2 mL of medium
(Vo) was collected after centrifugation at 8000 rpm for 5 min and
replaced with fresh PBS to maintain a total volume (Vj) of 10 mL. The
supernatant’s absorbance was measured via UV-Vis spectrophotometer,
and the luteolin concentration (Cj) was quantified using the standard
curve. The cumulative release percentage (E;) was calculated based on
the total luteolin mass (myyr) using the following formula:

E (%)= (ve Y1 1)c+ VOCH> /mLUT x 100% @

2.2. Cell culture

Rat bone marrow mesenchymal stem cells were isolated from 4-
week-old Sprague Dawley (SD) rats using established protocols [35].
The rBMSCs were cultured in a-MEM medium (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; Sera-Pro, Germany) and 1%
penicillin/streptomycin (P/S; YEASEN, China). Flow cytometry was
employed to characterize the surface markers of rBMSCs. RAW 264.7
cells were sourced from Procell and cultured in RAW 264.7 specific
culture medium (Procell, China) consisting of DMEM (glucose concen-
tration: 25 mM), 10% FBS, and 1% P/S.

2.3. Fabrication and characterization of bioprinted scaffolds

2.3.1. 3D bioprinting of hydrogel scaffolds

LUT@ZIF-8/GelMA bioink was prepared as follows: 50 mg of lithium
phenyl-2,4,6-trimethylbenzoylphosphonate (LAP; EFL, China) was dis-
solved in 10 mL of PBS and incubated at 45°C for 15 min with inter-
mittent stirring. Subsequently, 500 mg of GelMA (EFL, China) was added
to 5 mL of the prepared LAP solution and heated at 65°C in the dark for
15 min. After sterilization, the suspension of LUT@ZIF-8 nanoparticles
was incorporated into the GelMA solution at a 1:1 (v/v) ratio, followed
by ultrasonication for 5 min to form the LUT@ZIF-8/GelMA bioink. The
bioinks were loaded into 5 mL screw-port syringes with 23 G needles and
placed in a 3D bioprinter (Sunp, China). The syringe and platform
temperature were set at 18-22°C and 18°C, respectively. The printing
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and extrusion speeds were set at 5 mm/min and 2 mm/min, respec-
tively. UV curing was conducted at a wavelength of 405 nm with a light
intensity of 0.5 W/cm?. For bioprinting of hydrogel scaffolds encapsu-
lating rBMSCs, rBMSCs were suspended in bioink at a density of 1.5 x
106 cells/mL.

To determine the optimal concentration of LUT@ZIF-8 nanoparticles
within the hydrogel scaffolds, bioinks with varying nanoparticle load-
ings were evaluated. Cytotoxicity was evaluated by CCK-8 assay. Bio-
printed scaffolds were cultured for 3 days and then incubated with CCK-
8 reagent (Beyotime, China) at 37°C for 1 h, and measured using a
microplate reader (Tecan, Switzerland).

Once the optimal concentration of LUT@ZIF-8 nanoparticles was
identified, control bioinks were prepared, including GelMA, LUT/
GelMA, and ZIF-8/GelMA, following the same procedure outlined above
(Table S1).

2.3.2. Characterization of hydrogel scaffolds

After determining the optimal nanoparticle concentration, 3D-
printed hydrogel scaffolds were prepared for material characterization
tests. The scaffolds were freeze-dried and then sprayed with gold.
Morphological analysis was conducted using scanning electron micro-
scopy (SEM; FEL, USA).

The compressive strength of the hydrogel scaffolds was evaluated
through uniaxial compression testing on a universal mechanical testing
machine with a loading rate of 1 mm/min. The elastic modulus was
calculated from the slope of the stress-strain curve in the elastic region.
The stresses and strains at points A and B were denoted as o, o and e,
g, respectively. The elastic modulus was determined using the following
formula:

Elastic Modulus (kPa) = (o4 — 0s) / (€a — €3) 3)

Hydrophilicity was assessed by measuring the water contact angle of
the scaffolds using an optical contact angle system. A 4 pL droplet of
deionized water was carefully applied to the surface of the cylindrical
hydrogel, and the contact angle was recorded after capturing the droplet
image.

To evaluate the swelling behavior, the bioprinted hydrogel scaffolds
were freeze-dried, weighed, and immersed in PBS at 37°C. At pre-
determined intervals, the samples were removed and weighed until
swelling equilibrium was achieved. The dry weight before immersion
(Wo) and the swelling weight at each time point (W,) were measured,
and the hydrogel scaffold’s swelling ratio was calculated using the
following formula:

Swelling Ratio (%) = (W, — W) / Wy x 100% @

The degradability of the bioprinted scaffolds was assessed by
measuring wet weight loss during incubation in a 20 pg/mL collagenase
solution in PBS at 37°C with shaking at 100 rpm. Scaffolds were weighed
at specific time points, with the initial weight recorded as Wy and the
weight at each time point as W;. The degradation ratio was calculated
using the following formula:

Degradation Ratio (%) = (1 — W,/W,) x 100% 5)

The release of luteolin from LUT@ZIF-8/GelMA hydrogel scaffolds
was detected and analyzed according to the methods described in sec-
tion 2.1.2.

2.4. Antibacterial property evaluation

The antibacterial properties of the hydrogel scaffolds were assessed
using the following procedure. The hydrogel scaffolds were immersed in
5 mL suspensions of E. coli and S. aureus (1 x 10° CFU/mL) and incu-
bated at 37°C for 24 h. After dilution, 100 pL of the suspension was
plated onto LB agar plates and further incubated at 37°C for observation.
The absorbance of the bacterial suspensions was then measured at 600
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nm using UV-Vis spectrophotometer to evaluate the bacterial viability.
After collecting the bacteria, the samples were washed with saline and
stained using the LIVE/DEAD BacLight bacterial viability and counting
kit (Thermofisher, USA) according to the manufacturer’s instructions.
Fluorescence images were captured using an inverted fluorescence mi-
croscope (Nikon, Japan).

2.5. Biocompatibility of bioprinted scaffolds

The bioprinted scaffolds with rBMSCs were cultured in «-MEM me-
dium, and cell proliferation within the scaffolds were assessed using the
CCK-8 assay on days 1, 3, and 5. In addition, live/dead cell staining was
performed at the same time points. Cell morphology was evaluated on
days 5 and 7 using TRITC-phalloidin/DAPI staining (Solarbio, China).
After fixation, permeabilization, and staining, samples were imaged via
confocal laser scanning microscopy (OLYMPUS, Japan). To evaluate the
effect of the scaffolds on macrophage proliferation, RAW 264.7 cells
were co-cultured with bioprinted scaffolds for 3 days, and CCK-8 assays
were conducted as described above.

2.6. In vitro osteogenesis with bioprinted scaffolds

2.6.1. Osteogenic induction of bioprinted scaffolds

Pre-prepared bioinks containing rBMSCs were bioprinted using a 3D
bioprinter. Following 2 days of incubation, the medium was changed to
osteogenic differentiation medium, composed of the complete medium
with the addition of B-Glycerophosphate (10 mM; Aladdin, China),
ascorbic acid (284 pM; Aladdin, China), and dexamethasone (10 nM;
Solarbio, China) [36]. The medium was refreshed every 2 days.

2.6.2. Evaluation of in vitro osteogenic differentiation

On days 7 and 14 of osteogenic induction, the bioprinted scaffolds
were fixed with 4% paraformaldehyde solution (PFA; Beyotime, China)
and stained for alkaline phosphatase (ALP) activity using the BCIP/NBT
ALP kit (Beyotime, China) according to the protocol. For semi-
quantitative ALP analysis, bioprinted scaffolds were lysed using
GelMA lysis solution (EFL, China), followed by cell lysis using Western
and IP lysis buffer (Beyotime, China). The supernatant was collected,
and ALP activity was quantified using an ALP detection kit (Beyotime,
China), following to the standard protocol. Calcium deposition was
evaluated via alizarin red S (ARS) staining on day 21 of induction, using
ARS solution (OriCell, China). Simultaneously, hydrogel scaffolds
without rBMSCs were co-cultured with rBMSCs, and ALP and ARS
staining were conducted after 7 and 21 days, respectively, and the re-
sults were quantitatively analyzed using ImageJ.

To further evaluate the osteogenic potential of the bioprinted scaf-
folds, the expression of osteogenesis-related genes was quantified on day
10 of induction by RT-qPCR. Bioprinted scaffolds were dissolved using
GelMA lysis solution to collect rBMSCs, and total RNA was extracted
using RNAiso Plus. RNA was reverse-transcribed into cDNA with the
PrimeScript RT kit. RT-qPCR was performed using the SYBR Green RT-
gPCR kit (TaKaRa, Japan) on a QuantStudio 7 Pro real-time PCR system
(Applied Biosystems, USA). The expression of osteogenic genes,
including RUNX2, COL1A1, ALP, and OCN, was analyzed. f-actin was
used as a loading control. Primer sequences used for RT-qRCR are listed
in Table S2. Western blot analysis was performed to evaluate the
expression of osteogenic-related proteins (RUNX2 and ALP). Total pro-
tein was extracted with RIPA (Beyotime, China), and concentration
measured using a BCA kit (Beyotime, China). Proteins were separated by
SDS-PAGE (Beyotime, China), transferred to PVDF membranes (Beyo-
time, China), and blocked with 5% milk. Membranes were incubated
with primary antibody (RUNX2 and ALP) and secondary antibodies
(Bioss, China). Signals were detected using an ECL kit (Beyotime, China)
and imaged. p-actin was used as a loading control.
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2.7. Assessment of inflammatory modulation induced by hydrogel
scaffolds

The ability of LUT@ZIF-8/GelMA hydrogel scaffolds to induce M2
macrophage polarization was evaluated using immunofluorescence (IF)
staining. RAW 264.7 cells were stimulated with 100 ng/mL lipopoly-
saccharide (LPS; Sigma, USA) for 24 h, followed by co-culturing with
hydrogel scaffolds for an additional 2 days. After fixation, blocking, and
incubation with primary antibodies (iNOS or CD206; Proteintech,
China), the cells were treated with appropriate secondary antibodies
(Bioss, China). DAPI was used for counterstaining, and fluorescence
images were acquired using a confocal microscope. Fluorescence in-
tensity was quantified using ImageJ. Flow cytometry was performed to
further assess the phenotypic changes in M1 macrophages. After the
same LPS treatment and scaffold exposure, RAW 264.7 cells were Fc-
blocked for 15 min, fixed with 4% PFA, and subsequently incubated
with the iNOS primary antibody for 1 h. After secondary antibody in-
cubation for 30 min, the cells were analyzed by flow cytometry. The
gene expression of TNF-q, IL-1f, IL-4, and IL-10 were quantified by RT-
qPCR, following the procedure outlined in section 2.6.2. Primer se-
quences for RT-qPCR are provided in Table S3.

2.8. Inflammation-regulation-mediated osteogenic differentiation of
rBMSCs induced by hydrogel scaffolds

2.8.1. Preparation of conditioned medium for osteogenic induction

Conditioned medium was prepared to simulate the immune micro-
environment mediated by different hydrogel scaffolds. RAW 264.7 cells
were first stimulated with LPS for 24 h, followed by co-culturing with
the hydrogel scaffolds for an additional 48 h. After removal of the
scaffolds, serum-free a-MEM was added to the system and incubated for
24 h. The supernatant was then collected and mixed with osteogenic
differentiation medium in a 1:1 (v/v) ratio to generate the conditioned
medium, which was used for culturing rBMSCs.

2.8.2. Induction of osteogenic differentiation in rBMSCs by conditioned
medium

Osteogenic differentiation of rBMSCs was induced using the condi-
tioned medium. Osteogenic differentiation was assessed by ALP, ARS
staining, RT-qPCR and Western blot, as outlined in Section 2.6.

2.9. In vivo study

2.9.1. Construction of rat CSBDs and bioprinted scaffold implantation

All animal procedures were approved by the Animal Care and Use
Committee of China Medical University (No: CMU20241783). The CSBD
models were established to evaluate the in vivo inflammatory regulation
and osteogenic effects of the LUT@ZIF-8/GelMA scaffold. Eight-week-
old male SD rats were randomly assigned to 5 groups: Blank, GelMA,
ZIF-8/GelMA, LUT/GelMA, and LUT@ZIF-8/GelMA. Anesthesia was
induced using 2% isoflurane, and after disinfecting with povidone-
iodine, a 5 mm diameter cranial bone defect was created with a circu-
lar debridement drill. Bioprinted scaffolds were then implanted into the
bone defects, after which the skin was sutured, the wound was dis-
infected, and intraperitoneal antibiotics were administered
postoperatively.

2.9.2. Evaluation of bone regeneration in vivo

After 8 weeks of post-surgery, the rats were euthanized, and the
skulls were extracted and fixed in the 4% PFA. Microcomputed tomog-
raphy (Micro-CT; Bruker, USA) scanning was performed on all samples.
3D reconstructions were generated, and bone volume (BV) and percent
bone volume (BV/TV) were quantified to assess osteogenesis in the
defect region. Cranial samples were then fixed in 4 % PFA, decalcified
using 10% ethylenediaminetetraacetic acid (Beyotime, China),
embedded in paraffin, and sectioned into 5 pm slices. The sections were
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processed and stained following standard protocols using hematoxylin
and eosin (H&E) and Masson’s trichrome (Beyotime, China) for histo-
logical analysis. After deparaffinization and antigen retrieval, the slices
were incubated overnight at 4°C with primary antibodies against
RUNX2 and OPN (Bioss, China). The following day, sections were
treated with a secondary antibody, stained with DAB (Bioss, China),
counterstained with hematoxylin, mounted, and examined microscopi-
cally to assess osteogenic marker expression.

2.9.3. Immunofluorescence staining to evaluate inflammatory modulation
At 2 weeks post-surgery, rats were euthanized, and paraffin-
embedded sections of the cranial bone defect area were prepared for
IF staining. Tissue sections were dewaxed, rehydrated, and stained as
described in section 2.7 to evaluate macrophage polarization.

2.9.4. Biosafety evaluation of bioprinted scaffolds

To evaluate the in vivo biocompatibility of the bioprinted scaffolds,
tissues from the heart, liver, spleen, lungs, and kidneys were collected
from rats in week 8. The samples were subjected to H&E staining, and
histopathological analysis was performed to identify any adverse effects
or signs of toxicity related to the implanted scaffolds.

2.10. Statistical analysis

Results are presented as the mean =+ standard deviation. Statistical
analyses were performed using GraphPad Prism 10.1.2 (GraphPad
Software, USA). Data was analyzed using one-way analysis of variance.
The significance levels were defined as follows: *p < 0.05, **p < 0.01,
**¥*p < 0.001.

3. Results and discussions
3.1. Characterization of ZIF-8 and LUT@ZIF-8 nanoparticles

ZIF-8 and LUT@ZIF-8 nanoparticles were successfully synthesized at
room temperature (Fig. 2A). The suspension ZIF-8 nanoparticles appears
milky white, while the suspension of LUT@ZIF-8 nanoparticles exhibits
a distinct ginger-yellow color (Fig. 2B). TEM image showed that both
ZIF-8 and LUT@ZIF-8 nanoparticles exhibited a homogeneous
morphology and were nearly identical in shape, displaying a relatively
uniform rhombic dodecahedral morphology (Fig. 2C). However, the
particle size of LUT@ZIF-8 nanoparticles was larger than those of ZIF-8
nanoparticles and the edges of LUT@ZIF-8 nanoparticles appeared more
blurred (Fig. 2D). Energy-dispersive X-ray (EDX) spectroscopy analysis
revealed that the elemental compositions of both materials were almost
identical (Fig. S1). Elemental mapping demonstrated the homogeneous
distribution of Zn and other elements within the structure of LUT@ZIF-8
nanoparticles (Fig. 2E).

The crystalline structures of ZIF-8 nanoparticles, luteolin, and
LUT@ZIF-8 nanoparticles were characterized by XRD. The XRD patterns
of both nanoparticles were consistent with the simulated pattern for ZIF-
8 (Fig. 2F), displaying characteristic diffraction peaks at 20 values of
7.27°,10.34°,12.70°, 14.65°, 16.41°, and 18.00°, corresponding to the
(011), (002), (112), (022), (013), and (222) planes of ZIF-8, respectively
[37]. The XRD patterns of LUT@ZIF-8 nanoparticles did not show any
characteristic peaks of the luteolin (Fig. S2). FTIR spectroscopy was used
to analyze the chemical structures of ZIF-8 nanoparticles, luteolin, and
LUT@ZIF-8 nanoparticles. The FTIR spectra of ZIF-8 and LUT@ZIF-8
nanoparticles showed characteristic peaks corresponding to ZIF-8
(Fig. 2G), including Zn-N stretching at 420 cm™!, C-N stretching at
1144 cm™! and 1308 cm’l, C=N stretching at 1579 em™Y, and C-H
stretching at 2928 cm ! and 3133 cm™! [38]. The spectrum of
LUT@ZIF-8 nanoparticles exhibited a reduction in peak intensities and
slight shifts. Notably, the peaks at 1099 cm ™! and 1648 cm ! were likely
attributable to C-O and C=C stretching vibrations from luteolin and the
peaks observed at 805 cm ™! and 1262 cm ™! were attributed to C-H and
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O-H stretching modes within the aromatic ring of luteolin (Fig. S3) [39].
XRD and FITR results suggested that luteolin is encapsulated within the
structure of LUT@ZIF-8 nanoparticles, with minimal luteolin present on
the surface of LUT@ZIF-8 nanoparticles. Zeta potential measurements
revealed that the incorporation of luteolin, with its negative charge,
decreased the zeta potential of ZIF-8 nanoparticles from 10.5 mV to
—6.1 mV (Fig. 2H). Previous studies have indicated that negatively
charged biomaterials can enhance osteogenic differentiation [40].
Additionally, these materials have been shown to modulate the immune
microenvironment by stimulating macrophages to secrete
anti-inflammatory cytokines [41].

Thermogravimetric analysis was performed to assess the thermal
stability of ZIF-8 nanoparticles, luteolin, and LUT@ZIF-8 nanoparticles
(Fig. 2I). All samples exhibited slight mass loss between 100°C and
200°C, likely due to moisture evaporation. ZIF-8 nanoparticles showed a
significant reduction in mass, from 97.6% at 344 °C to 34% at 679°C.
Luteolin displayed a marked weight decrease, from 97.3% at 289°C to
1.4% at 548°C. The greater mass loss observed for LUT@ZIF-8 nano-
particles compared to ZIF-8 nanoparticles is attributed to the decom-
position of luteolin. Previous studies suggest that the hydroxyl groups in
drug can coordinate with Zn?* in ZIF-8 nanoparticles [42], potentially
explaining the shift in degradation temperature and the relatively
smaller mass loss observed for LUT@ZIF-8 nanoparticles at earlier
stages. Luteolin loading efficiency was determined using UV-Vis spec-
trophotometer. After acid treatment, LUT@ZIF-8 nanoparticles dis-
played distinct absorption peaks at 264 nm and 346 nm (Fig. 2J),
corresponding to the characteristic absorption of luteolin (Fig. S4),
indicating that luteolin has been successful encapsulated within the
ZIF-8 structure. The luteolin concentration in the solution was quanti-
fied using a standard calibration curve for luteolin: Y = 0.02663 +
0.03505X (Fig. S5). The drug loading capacity was determined to be
16.72%. The degradation of ZIF-8 nanoparticles demonstrates pH
sensitivity, remaining stable at neutral pH while accelerating under
acidic conditions [43]. Fig. 2K presents the drug release profiles of
LUT@ZIF-8 nanoparticles at different pH levels. Under acidic condi-
tions, luteolin release from LUT@ZIF-8 nanoparticles is predominantly
concentrated within the first 24 h, suggesting that ZIF-8 nanoparticles
undergo rapid degradation in low pH environments, thus making acidic
conditions an efficient trigger for drug release. In contrast, under neutral
conditions, the drug release remains relatively stable. However, previ-
ous studies have demonstrated that even under neutral pH, the complex
milieu of bodily fluids can accelerate the degradation of ZIF-8 nano-
particles. To improve retention at bone defect sites and optimize drug
release dynamics, ZIF-8 nanoparticles are often integrated into hydrogel
[32].

3.2. Characterization of hydrogel scaffolds

For effective bone regeneration, bioprinted scaffolds must exhibit
appropriate mechanical strength, degradability, and biocompatibility.
In this study, a GelMA bioink incorporating LUT@ZIF-8 nanoparticles
was designed to enhance the performance of bioprinted scaffolds
(Fig. 3A).

Flow cytometry was used to identify rBMSCs (Fig. S6), and the cell
morphology was observed with a microscope (Fig. S7). To assess cell
viability, we evaluated bioprinted scaffolds loaded with rBMSCs at
varying concentrations of LUT@ZIF-8 nanoparticles using the CCK-8
assay. As shown in Fig. 3B, cell viability significantly decreased when
the concentration of LUT@ZIF-8 nanoparticles exceeded 0.04%.
Consequently, the 0.04% LUT@ZIF-8 nanoparticles concentration was
selected for subsequent experiments.

Before photo-crosslinking, the LUT@ZIF-8/GelMA bioink displayed
excellent plasticity, whereas, after photo-crosslinking, it gelled to form a
stable structure (Fig. 3C). As shown in Fig. 3D, the LUT@ZIF-8/GelMA
bioink demonstrated excellent printability. GelMA, ZIF-8/GelMA,
LUT/GelMA, and LUT@ZIF-8/GelMA hydrogel scaffolds were
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fabricated via 3D bioprinting (Fig. 3E). SEM images of freeze-dried
scaffolds revealed a regular grid-like structure with abundant pores in
all groups (Fig. 3F). The 3D-printed scaffolds formed macropores, with
numerous smaller pores distributed across their surface, promoting
nutrient transport and supporting cell proliferation [44]. Additionally,
high-magnification SEM images demonstrated the distribution of ZIF-8
and LUT@ZIF-8 nanoparticles within the hydrogel matrix, showing
that the nanoparticles were uniformly embedded and well-dispersed

(A) (C)

Materials Today Bio 32 (2025) 101740

within the hydrogel network (Fig. 3F). Hydrophilicity tests indicated
that all groups exhibited favorable water absorption properties (Fig. S8).
Previous studies have shown that hydrophilic materials promote the
secretion of anti-inflammatory cytokines by macrophages [45].
Adequate mechanical properties help maintain the scaffold’s shape
and prevent structural damage, which is essential the continuous repair
of the bone defect area. The stress-strain curves of the hydrogel scaffolds
of each group are presented in Fig. 3G. The ZIF-8/GelMA and LUT@ZIF-
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8/GelMA groups demonstrated increased elastic modulus compared to
GelMA and LUT/GelMA groups (Fig. 3H). The reduced mechanical
properties observed in the LUT/GelMA group may be partly due to the
presence of luteolin, which potentially diminishes the crosslinking effi-
ciency during the photo-crosslinking process. The swelling ratio, a key
physical property of hydrogel scaffolds, plays an essential role in
nutrient exchange and cell survival. However, excessive swelling may
compromise scaffold shape and mechanical stability [42,46,47]. As
shown in Fig. 31, all groups exhibited rapid swelling and different rate in
the first 5 h after immersion, then with a slower swelling rate, reaching
equilibrium at 24 h. The swelling ratio of the ZIF-8/GelMA and
LUT@ZIF-8/GelMA groups lower than that of the GelMA and LUT/-
GelMA groups (Fig. S9). The degradation results showed that the
degradation rate of ZIF-8/GelMA and LUT@ZIF-8/GelMA hydrogel
scaffolds was relatively low, while the LUT/GelMA group exhibited a
faster degradation rate (Fig. 3J). This may be due to luteolin reducing
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the photocrosslinking strength of the GelMA hydrogel. The hydrogel
scaffolds exhibit appropriate biodegradability, providing ample space
for cells and tissue ingrowth in the bone defect area. The release of
therapeutic agents from hydrogel scaffolds is pivotal in modulating the
immune microenvironment of bone defect sites. The drug release profile
of the LUT@ZIF-8/GelMA hydrogel scaffolds revealed sustained luteolin
release in PBS over 14 days (Fig. S10). Encapsulation of LUT@ZIF-8
nanoparticles within the GelMA matrix attenuated its degradation
rate, thereby enabling prolonged and controlled release of the drug, a
feature crucial for effective inflammatory modulation and tissue
regeneration.

3.3. Antibacterial properties of hydrogel scaffolds

Infections commonly complicate bone defects, significantly impair-
ing the healing process and diminishing treatment efficacy.

ZIF-8/GelMA LUT/GelMA LUT@ZIF-8/GelMA

ZIF-8/GelMA LUT/GelMA LUT@ZIF-8/GelMA

Fig. 5. Biocompatibility of hydrogel scaffolds. (A) Schematic illustration of the biocompatibility testing of hydrogel scaffolds. (B) CCK-8 assay of bioprinted
scaffolds on days 1, 3 and 5. (C) Live/dead cell stainng of bioprinted scaffolds on days 1, 3 and 5. (D) TRITC/DAPI staining of bioprinted scaffolds on day 5. (E) CCK-8

assay of hydrogel scaffolds in co-culture with RAW 264.7 cells.
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Consequently, developing biomaterials with antibacterial properties is
crucial for preventing and managing bone infections [48]. To evaluate
the antibacterial performance of the hydrogel scaffolds, antibacterial
assays were performed against E. coli and S. aureus (Fig. 4A). Colony
count analyses revealed that both the LUT@ZIF-8/GelMA and
ZIF-8/GelMA groups significantly reduced colony counts, while the
LUT/GelMA group showed minimal changes (Fig. 4B). After 24 h, the
bacterial viability in the ZIF-8/GelMA and LUT@ZIF-8/GelMA groups
significantly decreased (Fig. 4C-D). The live/dead staining images of
E. coli and S. aureus are shown in Fig. 4E. The GelMA group mainly
exhibited green fluorescence, indicating a high proportion of live bac-
teria. In contrast, the ZIF-8/GelMA group and the LUT@ZIF-8/GelMA
group showed a significant amount of red fluorescence, suggesting
that most bacteria had lost viability. The quantitative results of the
live/dead bacterial staining demonstrated that the LUT@ZIF-8/GelMA
hydrogel scaffold effectively inhibited bacterial growth (Fig. 4F-G).

These findings suggests that the LUT@ZIF-8/GelMA hydrogel scaf-
fold possesses significant antibacterial activity, likely attributable to the
combined release of luteolin and Zn?*. The antibacterial properties of
Zn?" have been well documented, including its ability to disrupt bac-
terial cell membranes, leading to cellular damage [49,50]. Additionally,
luteolin has been reported to inhibit DNA topoisomerases I and II,
thereby impairing bacterial nucleic acid and protein synthesis [51,52].
In our study, the limited antibacterial effect of the LUT/GelMA group is
likely due to the relatively low concentration of luteolin within the
hydrogel scaffold.

3.4. Biocompatibility and cytotoxicity of bioprinted scaffolds

Bioprinted scaffolds loaded with rBMSCs were fabricated via bio-
printing to evaluate their encapsulation capability for stem cells. In
parallel, hydrogel scaffolds without rBMSCs were also prepared to assess
their impact on macrophage proliferation (Fig. 5A).

Cell proliferation in different groups was evaluated by measuring cell
viability at multiple time points using the CCK-8 assay. As shown in
Fig. 5B, cell proliferation increased over time, with significant growth
observed on days 1, 3, and 5. Live/dead staining further confirmed that
cells were uniformly distributed within the scaffolds, with the majority
of cells remaining viable (Fig. 5C). On day 5, TRITC-phalloidin staining
revealed that rBMSCs extended in all scaffold groups, with more pro-
nounced cell spreading observed in the LUT@ZIF-8/GelMA group
compared to the GelMA group, indicating that LUT@ZIF-8/GelMA en-
hances cell extension (Fig. 5D). TRITC-phalloidin staining on day 7
showed that all groups supported cell extension, indicating that the
hydrogel matrix successfully mimics the characteristics of the extracel-
lular matrix, providing a favorable microenvironment for cell adhesion
and spreading (Fig. S11). To evaluate the scaffolds’ effect on macro-
phage proliferation, a CCK-8 assay was performed with RAW 264.7 cells.
The results indicated that after 3 days, no noticeable cytotoxicity was
observed in any of the scaffolds (Fig. 5E).

These findings demonstrate that all groups exhibited excellent
cytocompatibility. The appropriate concentrations of LUT@ZIF-8
nanoparticles did not compromise the biocompatibility of the bioink.
The rBMSCs within the bioprinted hydrogel scaffolds were able to pro-
liferate and extend, and the hydrogel scaffolds did not hinder the pro-
liferation of RAW 264.7 cells.

3.5. In vitro osteogenesis with bioprinted scaffolds

Bone marrow mesenchymal stem cells play a pivotal role in bone
homeostasis and tissue regeneration, serving as essential seed cells in
tissue engineering. BMSCs can directly osteogenic differentiation while
also promoting tissue repair through paracrine signaling pathways [53].
However, bone defect areas often lack sufficient endogenous mesen-
chymal stem cells, making tissue regeneration challenging. Compared to
acellular bone fillers, introducing exogenous BMSCs into bone defect
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sites via scaffolds loaded with rBMSCs significantly enhances bone
regeneration outcomes [54]. Additionally, biomaterials used in bone
tissue engineering should possess bioactivity that promotes BMSCs
osteogenic differentiation. To assess the osteogenesis-promoting effect
of hydrogel scaffolds, a series of experiments were conducted (Fig. 6A).

Alkaline phosphatase is critical in bone formation, as it hydrolyzes
phosphates to release phosphoric acid for hydroxyapatite synthesis and
degrades pyrophosphate, thereby alleviating its inhibitory effect on
bone mineralization, thus promoting osteogenic differentiation [55].
ALP activity reflects the differentiation level of osteogenesis, and the in
vitro osteogenic potential of the bioprinted scaffolds was evaluated
through ALP staining and semi-quantitative analysis. ALP staining re-
sults revealed more intense staining in the LUT@ZIF-8/GelMA group
compared to the other groups (Fig. 6B). This was corroborated by
semi-quantitative analysis of ALP activity, which confirmed a significant
increase in ALP activity in the LUT@ZIF-8/GelMA group (Fig. 6C-D).
Additionally, ALP staining of rBMSCs co-cultured with hydrogel scaf-
folds further supported this finding (Fig. S12). Co-culturing rBMSCs with
various hydrogel scaffolds under osteogenic induction for 21 days, ARS
staining and quantitative analysis revealed that the LUT@ZIF-8/GelMA
group exhibited the highest density of mineralized nodules, indicating
its superior ability to promote mineralization (Fig. 6E-F). The ARS
staining results of rBMSCs loaded in the bioprinted scaffolds were
consistent with these findings (Fig. S13). RT-qPCR analysis of osteogenic
gene expression after 10 days of induction demonstrated significantly
higher gene expression of RUNX2, COL1A1, ALP, and OCN in the
LUT@ZIF-8/GelMA group compared to other groups, indicating
enhanced osteogenic activity (Fig. 6G-J). ZIF-8/GelMA and LUT/GelMA
groups exhibited comparable trends, although their effects were weaker
compared to the LUT@ZIF-8/GelMA group. The results of Western blot
showed that the expression of osteogenesis-related proteins RUNX2 and
ALP were significantly elevated in the LUT@ZIF-8/GelMA group
compared with the other groups (Fig. 6K-M).

These results underscore the ability of the LUT@ZIF-8/GelMA
hydrogel scaffold to promote osteogenic differentiation of BMSCs. Fla-
vonoids, known for their unique chemical structures and biological ac-
tivities, are widely recognized for stimulating osteogenesis [56].
Previous studies have shown that luteolin enhances ALP activity and
collagen synthesis in osteoblasts, thereby promoting mineralization,
with the Wnt signaling pathway implicated in this process [57,58]. Our
findings further confirm the potential of luteolin in bone regeneration
applications. Moreover, low concentrations of Zn?>* have been shown to
promote the BMSCs osteogenic differentiation via the TGF-p and
PI3K-AKT signaling pathways, while excessive concentrations of Zn%"
can induce apoptosis [8]. The gradual degradation of ZIF-8 nano-
particles encapsulated within the hydrogel facilitates the controlled
release of Zn?", effectively maintaining optimal ion concentrations. In
this study, the synergistic release of luteolin and Zn?* from
LUT@ZIF-8/GelMA bioprinted scaffolds contributes to the enhanced
osteogenic effects observed.

3.6. Regulation of macrophage polarization by hydrogel scaffolds

The implantation of biomaterials into bone defects elicits a foreign
body reaction, with macrophages playing a central role in this response
[59,60]. M1 macrophages are crucial for pathogen clearance and the
removal of necrotic tissue, in addition to their role in degrading and
phagocytizing biological materials [61,62]. M2 macrophages are
involved in tissue healing and regeneration [63,64]. As the first re-
sponders to bone biomaterials, macrophages exhibit remarkable plas-
ticity, making inflammatory modulation a promising approach to
enhance bone healing. The physicochemical properties and bioactive
components of biomaterials dictate the functional state of macrophages
[7]. Recent studies on biodegradable biomaterials for tissue regenera-
tion have increasingly focused on promoting the polarization of mac-
rophages from the pro-inflammatory M1 phenotype to the reparative M2
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phenotype [65-67]. To evaluate the inflammatory regulation effects of
the LUT@ZIF-8/GelMA hydrogel scaffolds, a series of experiments were
conducted (Fig. 7A).

iNOS is a typically associated with M1 macrophages, whereas CD206
is commonly used to identify M2 macrophages [68]. IF staining revealed
that the LUT@ZIF-8/GelMA hydrogel scaffold effectively suppressed
iNOS expression while enhancing CD206 expression, indicating a shift
from the M1 to the M2 macrophage phenotype (Fig. 7B). Quantitative
analysis of the IF staining further confirmed this shift (Fig. 7C). These
findings were corroborated by flow cytometry, which showed a reduc-
tion in iNOS-positive cells in the LUT@ZIF-8/GelMA group compared to
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the other groups, suggesting a decrease in M1 macrophages (Fig. 7E-F).
To further explore the inflammatory regulation properties of the scaf-
folds, RT-qPCR was performed to assess gene expression in RAW 264.7
cells. The results demonstrated that the LUT@ZIF-8/GelMA group
significantly downregulated the expression of M1l-associated pro-in-
flammatory cytokines, including TNF-a and IL-14, while upregulating
the expression of M2-related anti-inflammatory markers such as IL-4 and
IL-10. (Fig. 7G-J). Additionally, the ZIF-8/GelMA and LUT/GelMA
groups influenced macrophage polarization in a similar trend to the
LUT@ZIF-8/GelMA group, although to a lesser extent.

These findings confirmed that LUT@ZIF-8/GelMA hydrogel scaffolds
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effectively regulate macrophage polarization, promoting the M2
phenotype. Previous studies have demonstrated that luteolin induces
M2 polarization, suppressing inflammation through the modulation of
p-STAT3 and p-STATS6 signaling [24]. Additionally, luteolin has been
reported to inhibit osteoclast differentiation in macrophages, further
emphasizing its role in inflammatory regulation and bone remodeling
[69]. The degradation of ZIF-8 nanoparticles also releases Zn2+, which
are known to influence macrophage polarization [70]. In this study, the
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combined release of luteolin and Zn®>" from the LUT@ZIF-8/GelMA
hydrogel scaffolds synergistically induced M2 macrophage polariza-
tion, created an anti-inflammatory immune microenvironment and
highlighted the scaffold’s strong inflammatory regulation properties.

3.7. Osteogenic differentiation mediated by inflammatory regulation

The intricate interplay between the skeletal and immune systems has
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fueled the emergence and rapid progress of osteoimmunology. Macro-
phages play a pivotal role in initiating and enhancing bone repair by
supporting the formation of bone callus. Transgenic mice that induce
macrophage apoptosis show complete loss of bone formation due to
macrophage depletion. Studies have shown that macrophages influence
osteogenic differentiation of MSCs through direct contact with osteo-
genic cells and secreting growth factors and exosomes [71,72]. There-
fore, the inflammatory regulation effects of biomaterials at the
implantation site are critical to the success of bone regeneration [11]. To
assess whether inflammatory regulation of RAW 264.7 cells by
LUT@ZIF-8/GelMA hydrogel scaffolds could promote osteogenic dif-
ferentiation in rBMSCs, RAW 264.7 cells were exposed to LPS and
hydrogel scaffolds from each group. Following treatment, the culture
medium was replaced, and the supernatant was collected to prepare
conditioned medium, which was then used to induce osteogenic differ-
entiation in rBMSCs (Fig. 8A).

Alkaline phosphatase staining and ARS staining were utilized to
assess the impact of hydrogel scaffolds on the osteogenic differentiation
of rBMSCs under inflammatory microenvironment stimulation. ALP
staining after 7 and 14 days of treatment revealed that the LUT@ZIF-8/
GelMA group exhibited higher ALP staining intensity compared to other
groups, a finding confirmed by quantitative ALP staining analysis
(Fig. 8B-D). After 21 days, ARS staining demonstrated a significantly
greater density of mineralized nodules in the LUT@ZIF-8/GelMA group
(Fig. 8E-F). ZIF-8/GelMA and LUT/GelMA groups exhibited similar
trends to the LUT@ZIF-8/GelMA group, but the changes were weaker.
The impact of hydrogel scaffolds on the osteogenic differentiation of
rBMSCs under inflammatory microenvironment was evaluated at the
genetic level using RT-qPCR. RT-qPCR analysis showed elevated
expression of osteogenesis-related genes (RUNX2, COL1A1, ALP, and
OCN) in the LUT@ZIF-8/GelMA group, relative to the other groups
(Fig. 8G-J). The results of Western blot further confirmed this, showing
significantly increased RUNX2 and ALP protein expression in the
LUT@ZIF-8/GelMA group (Fig. SK-M).

These results indicate that macrophage polarization induced by
LUT@ZIF-8/GelMA hydrogel scaffolds mitigates the adverse effects
caused by the inflammatory microenvironment and enhances the oste-
ogenic differentiation of rBMSCs. This aligns with previous studies
showing that M2 macrophages secrete cytokines essential for bone for-
mation [11]. Co-culturing MSCs with M2 macrophages has been shown
to promote matrix mineralization [73]. As anticipated, in this study, the
luteolin and Zn?* released from the LUT@ZIF-8/GelMA hydrogel scaf-
folds modulate macrophage polarization, fostering an immune micro-
environment that supports tissue regeneration.

3.8. In vivo assessment of bioprinted scaffolds

In vivo inflammatory regulation and osteogenic properties of the
LUT@ZIF-8/GelMA hydrogel scaffolds were evaluated using a rat cra-
nial defect model (Fig. 9A). At 8 weeks post-surgery, cranial samples
were harvested for micro-CT scanning to assess bone regeneration
(Fig. 9B). Micro-CT imaging revealed that the LUT@ZIF-8/GelMA
hydrogel scaffolds induced the most extensive bone regeneration, fol-
lowed by the LUT/GelMA and ZIF-8/GelMA groups. Minimal bone
regeneration was observed in the GelMA group. Quantitative analysis of
BV and BV/TV further confirmed these observations, with the LUT@ZIF-
8/GelMA group showing significantly higher values compared to all
other groups (Fig. 9C-D).

Histological analysis was performed to further assess bone formation
(Fig. 10A-B). H&E and Masson’s trichrome staining showed that the
LUT@ZIF-8/GelMA group demonstrated robust new bone formation in
the defect area, whereas the LUT/GelMA, ZIF-8/GelMA, and GelMA
groups exhibited limited bone regeneration. In contrast, the Blank group
showed minimal new bone formation, with the defect predominantly
filled by fibrous tissue. These histological findings correlate with the
micro-CT results, reaffirming that the LUT@ZIF-8/GelMA hydrogel
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scaffold induces the most significant osteogenic effect. Additionally, the
hydrogel scaffolds underwent extensive degradation, with only minimal
residual hydrogel remaining at the bone defect site, indicating favorable
biodegradability in vivo. Inmunohistochemical staining further evalu-
ated the expression of bone formation markers RUNX2 and OCN. The
LUT@ZIF-8/GelMA group significantly elevated RUNX2 and OCN
expression levels compared to the other groups (Fig. 10C). These results
demonstrate that LUT@ZIF-8/GelMA hydrogel scaffold possesses sig-
nificant osteogenic potential and effectively promotes bone
regeneration.

Recent advances in genetic lineage tracing, flow cytometry, and
single-cell analysis have highlighted the complexity and plasticity of
macrophage functions, underscoring their critical role in bone remod-
eling [11,74]. Modulating macrophages at the site of bone defects
through biomaterial implantation has emerged as a promising thera-
peutic strategy [75-77]. Building on the promising osteogenic effects of
LUT@ZIF-8/GelMA hydrogel scaffold observed in vivo, we next inves-
tigated its ability to modulate the immune microenvironment within the
bone defect site. To investigate macrophage polarization, IF staining was
performed at the early stage of bone regeneration (Fig. S14). In com-
parison to the Blank group, an increase in iNOS-positive cells was
observed in the bone defect region of the GelMA group, indicating a
local inflammatory response induced by the implanted material. In
contrast, the LUT@ZIF-8/GelMA group showed a reduction in
iNOS-positive cells, suggesting an alleviation of the inflammatory
response. Furthermore, CD206-positive cells were significantly more
abundant in the LUT@ZIF-8/GelMA group compared to both the Blank
and GelMA groups, indicating that the LUT@ZIF-8/GelMA hydrogel
scaffold promotes M2 macrophage polarization in vivo.

The biosafety of LUT@ZIF-8/GelMA hydrogel scaffolds was assessed
through histopathological analysis of the rats’ vital organs, conducted 8
weeks post-implantation. H&E staining showed no notable adverse ef-
fects or organ damage across the experimental groups, in contrast to the
Blank group (Fig. S15). These results further confirmed the favorable
biosafety profile of the LUT@ZIF-8/GelMA hydrogel, aligning with the
in vitro toxicity assay outcomes.

In summary, the in vivo studies confirmed the dual osteogenic po-
tential and inflammatory regulation of the LUT@ZIF-8/GelMA hydrogel
scaffolds. The scaffolds significantly promoted M2 macrophage polari-
zation during the early osteogenic phase, establishing an anti-
inflammatory microenvironment conducive to osteogenesis. This in-
flammatory modulation, combined with the scaffold’s osteogenic
properties, resulted in enhanced bone formation after 2 months. These
findings highlight the potential of LUT@ZIF-8/GelMA hydrogel scaf-
folds as a promising platform for bone regeneration through the syner-
gistic regulation of osteogenesis and immune response.

Our study demonstrates the great potential of LUT@ZIF-8/GelMA
hydrogel scaffolds in bone regeneration; however, the present study is
subject to certain limitations. Previous studies have shown that adjust-
ing the composition of the reaction solvent can enhance the drug loading
efficiency of luteolin in ZIF-8 nanoparticles [22]. Our current study still
has room for further optimization of the reaction conditions to improve
the drug loading efficiency. Furthermore, previous studies have
demonstrated crosstalk between BMSCs and macrophages, with BMSCs
capable of modulating macrophage polarization [78-80]. However, this
study did not assess the role of macrophage-BMSC interactions affecting
the osteogenic potential of the bioprinted scaffolds, which remains to be
explored.

4. Conclusion

In summary, we developed a novel LUT@ZIF-8/GelMA hydrogel
scaffold to address the challenges of insufficient endogenous stem cells
and the inflammatory microenvironment in bone defects. Functional-
ized with LUT@ZIF-8 nanoparticles, the hydrogel scaffold enabled the
controlled release of luteolin and Zn?'. The LUT@ZIF-8/GelMA
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Fig. 8. Osteogenic differentiation mediated by inflammatory regulation. (A) Schematic illustration of osteogenic differentiation induced by conditioned me-
dium. (B) Alkaline phosphatase (ALP) staining after 7 and 14 days of conditioned medium treatment. (C,D) Quantitative analysis of ALP staining. (E,F) Alizarin red S
staining and quantitative analysis of mineralization after 21 days of conditioned medium treatment. (G-J) Relative mRNA expression of osteogenesis-related genes
after 10 days of conditioned medium treatment. (K) Western blot analysis of osteogenesis-related proteins expression after 10 days of induction. (L,M) Quantification
of osteogenesis-related proteins expression levels. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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