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ARTICLE INFO ABSTRACT
Keywords: Well-designed artificial scaffolds are urgently needed due to the limited self-repair capacity of bone, which
Centripetal microgrooves hampers effective regeneration in critical defects. Optimal scaffolds must provide physical guidance to recruit

Immune regulation
Hydrogels

Prussian blue nanoparticles
Bone regeneration

cells and immune regulation to improve the regenerative microenvironment. This study presents a novel scaffold
composed of dual-sided centripetal microgrooved poly(D,L-lactide-co-caprolactone) (PLCL) film combined with a
dynamic hydrogel containing prednisolone (PLS)-loaded Prussian blue nanoparticles (PB@PLS). The micro-
grooves on the surface of the PLCL film were imprinted using a micropatterned polydimethylsiloxane (PDMS)
template. Following aminolysis, the PLCL film was covalently grafted with the EM-7 peptide via glutaraldehyde.
Functional group analysis, surface morphology and hydrophilicity were evaluated using X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and an optical contact angle measuring instrument,
respectively. Bone regeneration-related cells (e.g., bone marrow mesenchymal stem cells, macrophages, Schwann
cells, and endothelial cells) cultured on PLCL films tended to align along the stripes and migrate from the pe-
riphery toward the center region in vitro. Subsequently, the PLCL film was encapsulated in an immune-regulating
hydrogel synthesized from thiol-modified gelatin and Cu?* in the presence of PB@PLS nanoparticles, which
demonstrated excellent antioxidant properties. This scaffold significantly accelerated critical-sized bone regen-
eration, as evidenced by an increase in the volume of newly formed bone and histological images in vivo. This
innovative approach holds substantial promise for clinical applications in bone regeneration and broader tissue

repair.
1. Introduction [1]. Bone provides structural support and maintains the overall orga-
nization of the human body [2]. Mature bone’s hierarchical, anisotropic
Critical-sized bone defect is highly prevalent due to trauma, tumors, structure, which comprised of dense cortical and spongy cancellous
congenital malformations, and acquired developmental abnormalities bone, is critical to its mechanical function. The Haversian system,
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containing nerves and blood vessels, ensures nutrient delivery and
neural communication. Cancellous bone’s trabeculae house hemato-
poietic and mesenchymal stem cells, supporting bone regeneration and
hematopoiesis [3]. Bone’s self-repair capacity is significant but limited.
Defects exceeding this capacity can trigger chronic inflammation,
potentially resulting in prolonged or incomplete healing [4]. Autografts
are considered the gold standard for bone regeneration in clinical
practice [5]. Nevertheless, they present several challenges, such as the
requirement for a secondary surgical procedure, limited donor avail-
ability, potential mismatches in donor tissue volume, and delays in
surgical scheduling [6]. Tissue engineering offers a promising approach
to repairing osteoporotic bone defects. Advances in biocompatible
scaffolds with sufficient strength, appropriate degradation rates, and
enhanced osteogenic activity are central to this field [6,7].

Rapid recruitment of various cells and stem cells to the injury site can
accelerate the regeneration of the central area, significantly influencing
the overall repair rate of the damaged region [8-10]. Enhancing the
migration of autologous stem cells can effectively reduce the immune
rejection and infection risks associated with the transplantation of
foreign cells. Numerous studies have demonstrated that cell-substrate
interactions can modulate cellular behavior through diverse mecha-
nisms. The contact interfaces include groove-ridge patterns, oriented
electrospun fibers, nanoparticle-enhanced surfaces, and microporous
surfaces [11-15]. Biochemical cues, such as cytokines introduced
through chemical grafting, play a pivotal role in cellular behavior.
Previous studies have demonstrated that oriented microgroove struc-
tures of a specific size can induce the directed migration of Schwann
cells (SCs) while concurrently promoting the polarization of macro-
phages towards the M2 phenotype [11,12,16]. Therefore, we investi-
gated the application of topographic structures in critical-sized bone
repair.

This study is inspired by the structure of a spider’s web. The intricate
webs spun by spiders serve as effective tools for capturing their prey.
Spider silk contains mucus secreted by the spiders, which enables them
to maneuver across the web’s surface and effectively stabilize their
captured prey. Whether the spider captures its prey in the center or
along the edges of the web, the radial structure allows the spider to reach
the prey in the shortest distance and with the fastest speed [17,18]. This
concept inspires us to fabricate a “spider web” liked structure using a
radial centripetal microgroove architecture to capture cells within the
bone defect area. This design aims to promote the migration of healthy
cells from the periphery toward the center of the injury, thereby facili-
tating bone repair. In this study, we utilized a biodegradable polymer,
poly(D,L-lactide-co-caprolactone) (PLCL), to fabricate a dual-sided
centripetal microgrooved PLCL (MG-PLCL) film. This film effectively
captures endogenous repair cells in the vicinity of the injury site and
guides their migration towards the defect center. Furthermore, an
optimal “web” for cell capture must not only provide essential physical
support and directional guidance for cell migration but also deliver
biochemical cues and assist in modulating the hostile regenerative
microenvironment [4]. Zheng et al. reported that bone marrow mesen-
chymal stem cells (BMSCs)-targeting EM-7 peptides (pep) are affinity
peptides that specifically bind to and capture BMSCs. Furthermore, as
the density of the pep increases, there is a notable enhancement in the
number, adhesion area, and adhesive capabilities of cells on biological
materials [19]. In our study, we modified the surface of MG-PLCL with
pep using a chemical grafting method to enhance its adhesive properties,
creating an excellent cell-catching “web".

In the initial stage of a bone defect, ischemia and hypoxia resulting
from vascular injury and acute inflammation create a detrimental
microenvironment for bone regeneration. This adverse condition dis-
rupts the balance between oxidative and antioxidative pathways, lead-
ing to the accumulation of reactive oxygen species (ROS) and the
polarization into a pro-inflammatory M1 phenotype [20,21]. Reducing
the accumulation of ROS and the secretion of pro-inflammatory factors
can promote the transformation of M1 phenotype macrophages into the
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anti-inflammatory M2 phenotype [22]. This shift aids in the secretion of
anti-inflammatory factors and mediators that can recruit osteanagenesis
related cells. By modulating the microenvironment in this manner,
conditions can be optimized to facilitate bone regeneration [23]. Pred-
nisolone (PLS) is a glucocorticoid with potent anti-inflammatory prop-
erties, commonly employed in clinical practice. However, its direct
high-dose administration is frequently linked to adverse inflammatory
responses, which can restrict its therapeutic application. This limitation
is further exacerbated by the compound’s non-targeted action, poor
water solubility, and short half-life [24-26]. Notably, the utilization of
nanodelivery systems can significantly expand the application of PLS.
These systems enhance the drug’s targeting capabilities, improve its
solubility, and prolong its half-life, thereby optimizing therapeutic
effectiveness while minimizing adverse effects. Prussian blue nano-
particles (PB) serve as promising drug delivery vehicles due to their
unique chemical composition and hollow structure, which enable them
to mimic multiple enzyme effects and facilitate efficient drug delivery
[27]. Additionally, these nanoparticles possess photothermal properties
and exhibit excellent biocompatibility [28,29]. Consequently, utilizing
the biological features of PB nanoparticles for the transport of PLS can
effectively regulate bone regeneration by optimizing the oxidative and
inflammatory microenvironment.

Gelatin is renowned for its excellent biocompatibility and biode-
gradability, which promote cell adhesion and facilitate its widespread
applications in bone tissue engineering [30]. Yang et al. employed
sulfhydryl gelatin (Gel-SH) at the tendon-to-bone interface, leveraging
its ability to form reversible covalent bonds with copper ions (Cu®").
This approach has been shown to enhance bone regeneration by regu-
lating osteoblast differentiation and promoting angiogenesis [31]. In
this study, we developed a novel artificial scaffold featuring a pep
modified dual-sided centripetal microgrooved surface (MG-PLCL/pep),
combined with dynamic hydrogels capable of delivering
prednisolone-loaded PB nanoparticles (PB@PLS) for the repair of
critical-sized bone defects (Fig. 1). We thoroughly characterized the
fundamental physicochemical properties of the scaffolds, focusing on
topography, size, antioxidant capacity, anti-inflammatory effects, and
biocompatibility. Additionally, we assessed the guidance of bone
regeneration-related cells in vitro. The scaffolds were subsequently
implanted into bone defects in rats, and we conducted systematic
micro-CT and histological analyses of the newly formed bone.

2. Materials and methods
2.1. Materials

PLCL (L-lactide and e-caprolactone with a molar ratio of 75: 25, Mw
35 kDa) were customized from Jinan Daigang Biotech Co., Ltd., China.
Freeze-dried Gel-SH were kindly obtained from Guoqing Pan’s group in
Jiangsu University, China. Hollow mesoporous prussian blue nano-
particles were purchased from Nanjing Jike Biotechnology Co., Ltd. The
prepolymer and cross-linking agent to generate polydimethylsiloxane
were purchased from Dow, USA. Anhydrous ethanol, 1,4-dioxane, 1, 6-
hexanediamine, tert-butanol, isopropyl alcohol, Copper (II) sulfate
pentahydrate and glutaraldehyde (25 %) were purchased from Sino-
pharm Chemical Reagent Co., China. Polyformaldehyde fixative (4 %)
was purchased from Lanjieke Technology Co., Ltd. Ninhydrin hydrate
(98 %) was obtained from Macklin Biochemical Co., Ltd. EM-7 peptides
were customized from GL Biochem Ltd., China. Milli-Q water was used
for all the experiments (Millipore, USA).

2.2. Preparation and characterization of dual-sided centripetal MG-PLCL
films

2.2.1. Preparation of dual-sided centripetal MG-PLCL films
0.3 g of PLCL was dissolved in 3 mL of 1,4-dioxane to create a ho-
mogeneous solution, which was then degassed under vacuum and
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Fig. 1. Schematic illustration of the synthesis and preparation of the dual-sided centripetal microgrooved immune-regulating scaffold for enhanced bone

regeneration.

poured into a custom polytetrafluoroethylene (PTFE) mold, allowing a
PLCL film to form as the solvent evaporated. Dual-sided centripetal
microgrooves were imprinted on the film using a two-step replicating
template method. Polydimethylsiloxane (PDMS) stamps with comple-
mentary microstructures were first fabricated from microgrooved silicon
master plates. The microgrooved PDMS stamps were pressed onto both
sides of the PLCL film at 190 °C, ensuring precise alignment while the
film was in a viscous state. In contrast, the flat PLCL (F-PLCL) film was
prepared using flat PDMS in a viscous flow state. Subsequently, the films
were immersed in a 10 % (v/v) solution of 1,6-hexamethylenediamine in
isopropyl alcohol for 10 min to introduce amine groups, followed by
thorough washing with plenty of water. The films were then soaked in a
2 % (v/v) glutaraldehyde solution for 3 h, rinsed, and treated with pep
solution for another 3 h to promote polypeptide grafting. Finally, a 0.5
mm diameter punch was used to create a hole at the center of the cir-
cular pattern on the film, followed by eight radial cuts directed towards
the center, resulting in a three-dimensional (3D) centripetal topographic
guiding scaffold with upper and lower connecting structures.

2.2.2. Characterization of dual-sided centripetal MG-PLCL films

The surface morphology of the PLCL films and PDMS stamps were
observed by scanning electron microscope (SEM, Zeiss Sigma 500,
Germany) after gold spraying. The hydrophilicity of the films was
measured by optical contact angle measuring instrument (Kriiss
DSA30S, Germany). The ninhydrin assay was used to quantify the graft
density of dual-sided amino groups on PLCL films. Pep grafted on PLCL
films was characterized by X-ray photoelectron spectroscopy (XPS,
Shimadzu Axis Supra+, Japan). The degradation experiments were
performed by soaking PLCL films in phosphate buffered saline (PBS) and
incubating them on a shaking bed at 37 °C. The films were removed at a
fixed time (1, 3, 5, 7, 14, 21, 28 days), then dried and weighed. The
initial weight of the films was recorded as Wy, and the weight of the
films at different time points was recorded as W;. The degradation rate
was calculated based on the formula: degradation rate (%) = (Wo—Wy)/
Wy x 100 %.

2.3. Preparation and characterization of hydrogel containing PB@PLS

2.3.1. Preparation of PB@PLS and hydrogel

Equal volumes of 1 mg/mL PB were mixed with 5 mg/mL PLS and
stirred under vacuum for 30 min. The mixture was then centrifuged at
10,000 g for 15 min. Following this, the freeze-dried Gel-SH was re-
suspended in the PB@PLS solution and dissolved at 50 °C to obtain
10 % Gel-SH hydrogel prepolymer. This solution was transferred into a
cylindrical PTFE mold with a diameter of 0.5 cm. The PLCL film was
then immersed in the hydrogel solution, which was mixed with a 0.05 M
copper sulfate solution to form a cohesive glue [31]. The volume ratio of
hydrogel prepolymer and copper sulfate solution was 20: 6.

2.3.2. Characterization of PB and PB@PLS

The morphology of mesoporous PB and PB@PLS were observed by
transmission electron microscope (TEM, Hitachi HT7700, Japan). The
average size of nanoparticles was calculated by quantitative analysis of
TEM images. The size and charge of the nanoparticles were measured by
using the particle size and Zeta potential analyzer (Brookhaven, OMNI,
USA). The release of PLS from PB@PLS was also measured according to
the standard curve analyzed by ultraviolet spectrophotometry (Shi-
madzu, UV-2700, Japan). The antioxidant capacity of the particles was
characterized by DPPH free radical scavenging ability detection kit
(Solarbio, China) in vitro.

2.3.3. Characterization of hydrogel

The content of sulfhydryl in Gel-SH was determined by Total Sulf-
hydryl Assay Kit with DTNB (Solarbio, China). The morphology was
observed by SEM after breaking in liquid nitrogen, and the pore sizes
were quantified by SEM images. The rheological behavior was evaluated
using a dynamic visco-elastic spectrometer (Rheometer, TA DHR3,
USA). Each sample was tested between 40 mm aluminide parallel plates
with a gap of 3 mm maintained at 37 °C using 200 pL hydrogel. The
frequency for strain sweep measurements was set at 1 Hz, with a strain
range of 0.1 %-1000 %. For oscillation frequency measurements, a
strain of 1 % was maintained while varying the frequency from 0.1 rad/s
to 100 rad/s. The compression properties of the scaffolds were evaluated
by universal material testing machine (Instron 5300, USA), with a speed
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set at 0.1 N/min. The compression modulus was calculated for de-
formations ranging from 5 % to 25 %. Each set of experiments included 6
parallel samples. Additionally, the swelling rate of the hydrogel was
determined by soaking the freeze-dried hydrogel in PBS and measuring
its weight at various time intervals (1, 2, 3, 4, 5, 6, 12, and 24 h). Before
weighing, the samples were taken out, and excess surface water was
absorbed using filter paper. The initial weight of the freeze-dried
hydrogel was W,, the weight at different times was Wy, and the
swelling rate (%) = (Wx-W,)/W, x 100 %.

2.4. Cell evaluation

2.4.1. BMSCs and bone marrow-derived macrophages isolation and culture

Sprague-Dawley rats (3 weeks old) and C57BL/6 mices (8 weeks old)
were obtained from Jinan Pengyue Experimental Animal Breeding Co.,
LTD. (Shandong, China). According to the previous method, the animals
were first euthanized and soaked in 75 % alcohol for sterilization [32].
Both legs were removed, and the soft tissue was carefully stripped in a
safety cabinet. Cuts were made at the epiphyses of both the femur and
tibia. BMSCs were collected from rats via the a-MEM (Procell, Wuhan,
China) flushing out the bone marrow of the rats while bone
marrow-derived macrophages (BMDMs) were obtained from mice using
DMEM (Solarbio, China) treatment.

2.4.2. Antioxidant capacity of PB and PB@PLS in vitro

5 x 10° cells were seeded in the 48-well plate and cultured for 12 h.
Then the culture medium was exchanged into DMEM (Control), 750 pM
H,0, in DMEM, 20 pg/mL PB and 750 uM Hy0, in DMEM, 20 pg/mL
PB@PLS and 750 pM Hy0; in DMEM. Intracellular ROS level was
detected by Dihydroethidium (DHE, Solarbio, China) after 24 h. In
addition, cell counting kit-8 (CCK-8, Gibco, USA) was used to detect cell
survival at 1, 3, and 5 days.

2.4.3. Cell viability assay

3 x 10° BMSCs were cultured on various films fixed at the bottom of
a 96-well plate. The cell viability was assessed using the CCK-8 by
measuring absorbance at 450 nm with a microplate reader (Molecular
Devices SpectraMax ABS, USA) after 1, 3, and 5 days. To evaluate
biocompatibility, Schwann cells and human umbilical endothelial cells
(HUVECs) were also cultured on the films using the same procedure.

A hydrogel embedded with PB@PLS was prepared following estab-
lished protocols [33]. Cells were cultured with the extract for 1, 3, and 5
days, and their proliferation was evaluated using the CCK-8 assay. First,
the hydrogel was soaked in PBS for 24 h to eliminate excess sulfate ions.
It was then immersed in «-MEM supplemented with 20 mg/mL fetal
bovine serum and incubated at 37 °C for an additional 24 h. Subse-
quently, 3 x 10° per well BMSCs were seeded into a 96-well plate and
cultured with the extracts.

2.4.4. Cell morphological characterization

Immunofluorescence staining was performed to characterize the
morphology of BMSCs on various PLCL films, including F-PLCL, MG-
PLCL, and MG-PLCL/pep. 3 X 10* BMSCs, BMDMs and RAW264.7
were seeded and cultured per well for 3 days and 7 days in a 48-well
plate, after which they were fixed with 4 % paraformaldehyde (PFA)
for 15 min. Following fixation, the cells were washed with PBS, per-
meabilized with 0.1 % Triton X-100, and blocked with 5 % bovine serum
albumin. F-actin was stained with Alexa Fluor 488 Phalloidin (1:1000;
Abcam, UK), and the macrophage markers CCR7 (Proteintech, China)
and CD206 (Proteintech, China) were incubated for 2 h. Additionally,
cell nuclei were stained with DAPI (Thermo Fisher Scientific, USA). The
cell length-to-width ratio and orientation angles relative to the grooves
were analyzed using ImageJ software, based on images captured by a
fluorescent confocal microscope (Nikon Ti2-E, Japan).

The BMSCs spheroids were fabricated by seeding 5 x 10° cells per
well (80 pL) in a sharp-bottom 96-well plate which pretreated 5 %
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pluronic (Sigma, USA) for 12 h. Next, the cell spheroids were transferred
on MG-PLCL/pep films and cultured for 24 h, and stained with Calcein
AM (Yeasen, China) for fluorescent detection.

BMSCs, SCs, BMDMs, and HUVECs were cultured on PLCL films for 3
days, then fixed in 4 % PFA for 2 h and rinsed with PBS. The samples
underwent gradient dehydration used a mixture of tert-butanol and
ethanol at concentrations of 5 %, 15 %, 30 %, 50 %, 70 %, and 100 %,
with each step lasting 10 min. Finally, the samples were freeze-dried for
SEM analysis. Images were analyzed using Image J software to measure
the orientation angles of the cytoskeleton, which reflects cell orienta-
tion. The cytoskeletal orientation angle was defined as the angle be-
tween the longitudinal axis of the cytoskeleton and the axis of the
centripetal microgrooves [34].

2.4.5. Expression of osteogenic, angiogenic and neurogenic genes

Real-time quantitative fluorescent PCR (qQRT-PCR) was employed to
analyze the expression of genes including ALP, Col-1, Runx2, BSP,
VEcad, PDGFp, CD31, VEGFa, HIF1, and Angl. BMSCs were differenti-
ated and cultured in osteogenic conditions for 10 days. After culturing
HUVECs on the PLCL films for 3 days, total RNA was extracted using the
SteadyPure RNA Extraction Kit (Accurate Biology, China). The RNA was
quantified with a NanoDrop (Thermo Fisher Scientific, USA) and con-
centration was normalized. Reverse transcription was conducted using
the Evo M-MLV RT Premix for qPCR (Accurate Biology, China) to syn-
thesize complementary DNA (cDNA). qRT-PCR was performed using
SYBR Green detection reagent (SYBR Green Premix Pro Taq HS qPCR
Kit, Accurate Biology, China), with GAPDH served as the internal con-
trol. The primers used were listed in Table S1.

A co-culture system was employed to investigate the expression of
ALP, where BMSCs were cultured in the lower chamber and scaffolds
were placed in the upper chamber for 7 and 14 days respectively.

2.5. Hemocompatibility assay

5 mL of fresh blood were collected into an anticoagulant tube,
centrifuged at 1500 rpm to isolate the red blood cells (RBCs) and washed
three times with PBS. The RBCs were then resuspended to create a 2 %
(v/v) suspension and co-incubated with the various groups at 37 °C for
12 h. Following incubation, the supernatant was collected, and absor-
bance at 545 nm was measured. Triton X-100 and PBS served as positive
and negative controls in the co-culture with the RBC suspension,
respectively.

For the blood coagulation assay, 100 pL of fresh blood was added to
the scaffold. The clotting time was recorded from the moment calcium
chloride solution was added. Following complete coagulation, deionized
water was added to resuspend the clot, and the absorbance of the su-
pernatant was measured at 545 nm.

2.6. Animal study

All related procedures in this study were approved by the Animal
Care and Use Committee of Qingdao University and were carried out in
accordance with the guidelines of the National Institutes of Health Guide
for Care and Use of Laboratory Animals (No. GB14925-2010). Sprague-
Dawley rats (average weight ~250 g) were anesthetized, and a longi-
tudinal incision was made in the skin above the skull. A 5 mm diameter

Table 1
Different compositions scaffolds of animal study groups.
Group F-PLCL/pep MG-PLCL/pep PB@PLS Hydrogel
Control - - - -
A - - - v
B v - - v
C - v - v
D - v v v
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defect was created bilaterally along the sagittal suture using a circular
serrated drill bit. The defect area was then filled with different scaffolds
(Table 1), while the control group received no filling. 8 weeks post-
surgery, the rats were euthanized, and the skulls were removed and
fixed in 4 % PFA for subsequent assessment [35]. The bone volume
fraction (BV/TV) and bone mineral density (BMD) was calculated based
on the 3D images of micro-CT (PerkinElmer Quantum GX2, Japan) The
newly formed bone tissue was observed by Hematoxylin and eosin
(H&E) staining and Masson staining.

3. Results and discussion
3.1. Characterization of dual-sided centripetal MG-PLCL/pep film
Critical-sized bone defects can lead to persistent pain, elevated

complication rates, and a markedly diminished quality of life. Artificial
scaffolds possess physical guidance cues that regulate cell phenotype,
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cytoskeleton arrangement, migration and differentiation, along with
chemical properties that can reduce ROS. These factors play a crucial
role in the immune microenvironment, which significantly impacts bone
tissue regeneration. Despite the development of various tissue engi-
neering stents for treating severe bone defects, their therapeutic effects
remain unsatisfactory. Moreover, there has not yet been a report on the
preparation of an effective topography-guided regulation approach that
simultaneously modulates multiple cell scaffolds in conjunction with
biochemical signals. In this study, we investigated a dual-sided cen-
tripetal MG-PLCL/pep film combined with a dynamic hydrogel made
from Gel-SH and Cu?*, loaded with PB@PLS (Fig. 2a). This innovative
scaffold effectively regulates cellular adhesion and migration while
exhibiting remarkable antioxidant properties. Furthermore, it can
significantly enhance bone repair in a rat model, as evidenced by an
increase in newly formed bone volume and supportive histological im-
agery. With its unique topographical cues and inflammation regulation
capabilities, this novel scaffold holds substantial promise for clinical
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Fig. 2. Characterization of dual-sided centripetal MG-PLCL/pep film. (a) Schematic illustration of the fabrication of MG-PLCL/pep. (b) SEM images of F-PLCL film.
The dextral image is a magnified view. (c) SEM images of the cross section of F-PLCL film. The black arrows indicate the cross section. (d) SEM images of MG-PLCL/
pep film. The dextral image is magnified view. (e) SEM images of the cross section of MG-PLCL/pep film. The black arrows indicate the cross section. (f) XPS analysis
showing the distribution patterns of H, C, N and O contents on various surfaces. High-resolution XPS spectra of N 1s elements of pep on MG-PLCL/pep film. (g) Water
contact angle on various films. (h) Degradation behavior of various films in PBS. All data are presented as mean =+ standard deviation (SD). *p < 0.05, **p < 0.01,

and ***p < 0.001.
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applications in bone regeneration and the repair of various tissues.

First, a PDMS stamp featuring a centripetal microgroove structure
was fabricated from an original silicon wafer mold [12]. SEM images
revealed that the width of the microgrooves progressively increased
from the center towards the edge, with both the groove and ridge widths
at the edge measuring 80 pm, and a microgroove depth of 10 pm
(Figs. Sla and b). Notably, MG-PLCL film was successfully replicated on
the surface using the PDMS stamp, in contrast to F-PLCL film (Fig. 2b,
Slc). The surface of the MG-PLCL/pep film exhibited a well-ordered
arrangement of centripetal microgrooves (Fig. 2d). The images
demonstrated that the grooves and ridges became wider as they
approached the edge, with the width at the edge also measuring 80 pm.
Importantly, the chemical modification process did not compromise the
micro-structure of the MG-PLCL surface, and the morphology of the
microgrooves was unspoiled. In comparison to the cross-section of
F-PLCL film, both the upper and lower surfaces of the MG-PLCL film
were symmetrically modified with a regular shapes structure, main-
taining a depth of 10 pm and a thickness of approximately 150 pm
(Fig. 2¢, e, Figs. S1d and e). Our fabrication method only requires the
application of pressure in a viscous flow state, without being influenced
by external environmental factors such as humidity. This approach ex-
hibits more straightforward, controllable, and reproducible. Most
importantly, the micro-structure is more stable and remains unaffected
by the fabrication process [1,36].

To graft pep onto the MG-PLCL film using glutaraldehyde, amido was
first introduced through amolysis. The amino density was measured to
be approximately 0.7 pmol/cm? though the ninhydrin method [37]. The
XPS results exhibited similar C 1s signals at 262.7 eV for both groups;
however, a significant enhancement in the N 1s signal at 397.2 eV was
observed in the MG-PLCL/pep films (Fig. 2f) [38]. This result confirmed
that the peptide was successfully modified.

Surface hydrophilicity is crucial for initial cell interaction, serving as
an indicator of cell-material compatibility. Hydrophilic surfaces pro-
mote cell adhesion [2]. Water contact angles were 81.1° for the F-PLCL
film and 76.2° for the MG-PLCL film (Fig. 2g, Fig. S1 f). Water droplets
displayed isotropic distribution on the MG-PLCL film. The
multi-directional microgrooves enhanced capillary action, facilitating
water droplet spreading. Peptide decoration reduced the contact angle
to 60.6°, indicating increased hydrophilicity. This finding was consistent
with the results of previous studies [19].

In order to investigate the degradation performance, the quality loss
of various films in PBS was measured. There was no significant differ-
ence among F-PLCL (1.75 % + 0.48) and MG-PLCL (2.01 % + 0.64) and
MG-PLCL/pep (3.12 % + 0.87) groups after 28 days (Fig. 2h). Repairing
critical-sized bone defects is a prolonged and complex regenerative
process. Suitable biodegradable biomaterials provide mechanical sup-
port for tissue regeneration and guide cell infiltration, while their
controlled degradation prevents complications and eliminates the need
for secondary surgery [2,3]. Overall, we successfully prepared micro-
grooved PLCL films with pep modifications, exhibiting hydrophilic
surface and regular morphology.

3.2. Characterization of PB@PLS, hydrogels and scaffolds

3.2.1. Characterization of PB@PLS

After tissue damage, a significant amount of ROS is generated. PB
nanoparticles have the capability to effectively eliminate these ROS. PLS
is effective in reducing inflammation and enhancing the healing process
of injured tissue. PB and PB@PLS were characterized by TEM (Fig. 3a
and b). As shown in Fig. 3a, the original PB nanoparticles exhibit a
hollow cube frame structure. However, after mixing with PLS and stir-
ring under vacuum, the mesoporous pores of PB nanoparticles were
filled with it. Although the value of hydrodynamic diameters and
polydispersity indices (PDI) of PB (198.0 + 4.1 nm, 0.17) and PB@PLS
(198.2 & 3.7 nm, 0.16) were similar (Fig. 3c, Fig. S2), the Zeta potential
was changed from —16.8 + 1.3 mV to —23.5 + 1.1 mV (Fig. 3d). Since
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PLS carries a negative charge, it is logical that it was successfully loaded.

Bone regeneration is a prolonged repair process characterized by
acute inflammation that can last over a week following an injury [23].
The half-life of PLS in the human body is only 4 h, making its slow
release advantageous for reducing inflammatory response and
enhancing therapeutic efficacy. In our study, we utilized hollow PB
nanoparticles as the carrier for PLS, and we evaluated the in vitro release
profile of PB@PLS. As shown in Fig. 3e, PB@PLS demonstrated sus-
tained and controlled release behavior, with cumulative release reach-
ing approximately 98.9 % after 7 days of incubation.

3.2.2. Antioxidant properties of the PB@PLS

Previous studies have confirmed that PB nanoparticles can effec-
tively remove overproduction of ROS such as hydrogen peroxide (H202),
hydroxyl radical (-OH), and superoxide anion (02") at the site of injury
[39]. DPPH, a single electron free radical, is commonly used to quan-
titatively assess antioxidant capacity. Our study in vitro demonstrated
that high concentrations of PB and PB@PLS (1 mg/mlL) exhibited
enhanced free radical scavenging ability (Fig. 3f). Consequently, we
applied the antioxidant PB@PLS at this concentration in subsequent
experiments. Notably, the incorporation of PLS significantly improved
the free radical clearance rate and bolstered antioxidant capacity across
both high and low concentration groups. We hypothesized that the
addition of PLS increases the negative charge of PB nanoparticles,
facilitating electron loss and enhancing their oxidation potential.

3.2.3. Characterization of hydrogel

The sulthydryl groups in gelatin could react reversibly with copper
ions, resulting in the formation of a dynamic hydrogel (Figs. S3a, b, ¢)
[38]. Firstly, the content of sulfhydryl groups in Gel-SH was quantita-
tively detected. The standard curve of sulfhydryl concen-
tration/absorbance was drawn by DTNB method to calculate, and the
concentration of sulfhydryl in the 10 % w/v hydrogels prepolymer was
3.48 pmol/L (Fig. S3d). SEM images revealed that micropores are in
interconnected condition, evenly distributed, which can be used as a
bionic extracellular matrix (ECM) suitable for cell growth (Fig. 3g), and
the pore size of hydrogels is about 31.8 + 5.0 pm (Fig. 3h). As reported,
stem cells cultured on a gelatin scaffold with a 30 pm aperture are more
likely to differentiate towards osteogenesis [40,41]. In this study, the
metal-based dynamic hydrogels could exert regulatory effects on
osteogenesis in BMSCs while promoting substance exchange. We
assessed the stability and mechanical properties of the hydrogels by
evaluating their gel kinetics before and after the introduction of
PB@PLS. Frequency scanning was conducted to investigate the changes
in storage modulus (G") and loss modulus (G") with varying strain fre-
quency (Fig. 3j and k). Throughout the entire frequency range, G’
consistently surpassed G’, indicating the formation of stable hydrogels.
In comparison to the blank hydrogels, the frequency sweep resulted for
hydrogels incorporating PB@PLS (hydrogel/PB@PLS) exhibited mini-
mal variation, suggesting that the addition of nanoparticles did not
adversely affect the properties of the hydrogels. Subsequently, the var-
iations in G’ and G" with increasing strain amplitude were evaluated
(Fig. 3m and n). As illustrated, G' remained stable within the linear
viscoelastic region and then sharply decreased with the continuous in-
crease in strain amplitude, demonstrating a pronounced Payne effect.
Notably, under the same strain conditions, the incorporation of PB@PLS
significantly enhanced G’ while only slightly increasing G". This sug-
gested that PB@PLS may augment the cross-linking density of the
hydrogel because of the barrier effect of space physics [42]. Further-
more, we evaluated the compression properties of the hydrogels (Fig. S4
a). The stress-strain curves for both groups were nearly identical
(Fig. 31), indicating no significant difference in fracture strength (Fig. S4
b). Additionally, the compression modulus between Hydrogel and
Hydrogel/PB@PLS showed no statistical significance (Fig. 31). These
findings suggested that the inclusion of PB@PLS nanoparticles may
disrupt the originally stable hydrogels network; although there might be
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Fig. 3. Characterization of PB@PLS, hydrogels and scaffolds. (a) TEM image of PB nanoparticle. (b) TEM image of PB@PLS nanoparticle. (c) Size distribution of PB
and PB@PLS nanoparticles. (d) Zeta potential of PB and PB@PLS nanoparticles. (e) PLS release from PB nanoparticle. (f) The clearance effect of different con-
centration of PB and PB@PLS nanoparticles on DPPH. (g) SEM image of freeze-dried hydrogel. (h) Pore size distribution calculated by SEM images. (i) Representative
compression stress-strain curves (j, k) Frequency sweep measurements of hydrogel and hydrogel/PB@PLS. (1) Compressive modulus of Hydrogel, Hydrogel/PB@PLS
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an increase in crosslinking density, it remains below the threshold
necessary to affect mechanical properties. Additionally, the supplement
of MG-PLCL/pep significantly enhanced the compressive modulus of the
hydrogel encapsulating MG-PLCL/pep and PB@PLS (Scaffold). The
PLCL film exhibited elasticity and malleability, and did not fracture
under stress. Instead, it became flattened and thinner even when sub-
jected to the instrument’s maximum load (200 N). Currently, dynamic
hydrogels always demonstrate mechanical properties inferior to those of
bone tissue due to their reliance on reversible covalent bonds or other
physical crosslinking methods. Critical-sized bone defect require a
scaffold with sufficient strength to support new tissue formation [43].
Our hydrogel encapsulating a dual-sided centripetal microgrooved PLCL
disk not only enhanced mechanical strength but also regulated cell
migration, promoting bone regeneration.

Next, we examined the behavior of hydrogels in a PBS environment.
As shown in Fig. S5, the freeze-dried hydrogels underwent rapid
expansion within 2 h, achieving swelling equilibrium after 3 h, indi-
cating their capacity to absorb and retain water. Additionally, during
hydrogels degradation, the release of PB and PB@PLS nanoparticles
were controlled (Fig. 30). The release profiles indicated that PB nano-
particles effectively transported PLS without compromising the integrity
of the 3D network structures.

3.3. Antioxidant properties of the PB@PLS co-cultured with BMSCs in
vitro

Elevated intracellular ROS levels damage osteoblasts and induce
apoptosis. ROS-scavenging biomaterials mitigate oxidative stress, pro-
moting bone regeneration. Osteo-immunomodulatory biomaterials
further enhance repair by balancing immune response and bone meta-
bolism [44]. To evaluate the ROS-scavenging activity of PB@PLS, HoO2
was applied to stimulate BMSCs [20]. Firstly, the concentrations of
BMSCs sensitive to HpO and PB@PLS were explored respectively
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(Figs. S6a and b). 750 pM Hs02 and 20 pg/mL PB@PLS were finally
selected for subsequent experiments. After 12 h of continuous stimula-
tion, BMSCs exposed to Hy0O, exhibited significantly elevated ROS
levels, as indicated by strong red fluorescence (Fig. 4a). The introduction
of PB and PB@PLS notably reduced the fluorescence signal, with
PB@PLS demonstrating the most substantial decrease (Fig. 4b). Quan-
titative analysis using the CCK-8 assay further confirmed that PB effec-
tively mitigated ROS and rescued the cells from HyO»-induced damage
(Fig. 4c). Importantly, the combination of PLS and PB yielded a higher
clearance rate compared to PB used alone. Inmunomodulators balance
inflammatory responses and mitigate drug-resistant bacterial infections.
Reducing intracellular ROS in implantable scaffolds further minimizes
infection risk [45,46].

3.4. Evaluation of the behavior of BMSCs on PLCL films

The substrate structure interfacing with the cells is strategically
engineered to positively modulate their arrangement and behavior,
thereby regulating their spreading morphology and guiding their
migration direction. This approach can effectively enhance the recruit-
ment of repair cells to the defect site [47,48]. To investigate the
arrangement of BMSCs on the MG-PLCL/pep film, we performed fluo-
rescent staining of actin filaments and nuclei [49]. As shown in Fig. S7,
the fluorescence on F-PLCL film exhibited a cloud-like distribution,
whereas MG-PLCL film displayed a centripetal stripe pattern. Although
the centripetal radial grooves of MG-PLCL/pep film were stained, the
cellular structure was not discernible due to the adsorption of dye.
Under high magnification, the cytoskeleton in cells on F-PLCL film
appeared randomly arranged with irregular spreading (Fig. 5a). In
contrast, the majority of cells on MG-PLCL film and MG-PLCL/pep film
were primarily located within the microgrooves, with the remaining
cells situated on the ridges. These cells were noticeably elongated and
oriented along the centripetal microgrooves. Despite significant
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Fig. 4. Antioxidant properties of the PB@PLS co-cultured with BMSCs in vitro. (a) Representative fluorescence images of BMSCs stained with DHE after 12 h in-
cubation with 750 pM H,0, and 20 pg/mL concentrations of PB or PB@PLS nanoparticles. (b) Fluorescence quantitative analysis based on the relative images. (c) The
intracellular ROS scavenging of PB and PB@PLS for 1, 3 and 5 days by CCK-8 assay. H,O, concentrations: 750 pM, PB or PB@PLS concentrations: 20 pg/mL. All data
are presented as mean + SD. One-way ANOVA for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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non-specific adsorption on MG-PLCL/pep film, the F-actin filaments of
the cells were aligned parallel to the direction of the grooves. We
calculated the ratio of cell length to width on the surface, as well as the
angle between the cell axis and the position of the groove (Fig. 5b). The
length/width ratio of cells on F-PLCL film is 2.9 + 0.68, indicated that
the cells spread evenly in all directions. In contrast, the ratios for
MG-PLCL film and MG-PLCL/pep film were 9.2 + 2.0 and 9.3 + 2.1,
respectively. The increase in these ratios suggested that the micro-
grooved architecture promoted cell extension, with no significant dif-
ference observed between the two groups (Fig. S8a). The orientation
angles of F-PLCL film ranged from 13.0° to 88.0°, suggesting a random
distribution of cells. In comparison, MG-PLCL film and MG-PLCL/pep
film exhibited narrower distribution ranges of orientation angles,
spanning from 1.2° to 14.8° and 1.8°-20.4°, respectively (Fig. S8b). This
indicated that the cells are predominantly arranged parallel to the mi-
crogrooves, which facilitates a more directed orientation distribution. In
addition, the OD value of cells on MG-PLCL/pep film was significantly
higher than that on PLCL film without pep after 5 days culture (Fig. 5c).
The modification of pep markedly enhanced the adhesion of BMSCs onto
the surfaces, which aligns with the nuclear fluorescence area observed in
Fig. 5a. The substrate’s architecture is designed to positively influence
cell arrangement and behavior, controlling cell spreading and directing
cell migration [47,48]. Cellular responses and activities are likely
influenced by the ECM [6]. Substrate stiffness significantly affects cell
adhesion, with cells generally adhering better to stiffer surfaces.
Conversely, smooth surfaces can impede cell attachment [50,51]. Cells
tend to spread more extensively on rigid 2D surfaces and also in softer
3D environments [41,52]. Our study demonstrated that cells tended to
spread in microgrooved surfaces due to the cell-substrate interactions.
During bone regeneration, a significant number of cells accumulate
at the injury site. We prepared BMSCs spheroids to mimic the natural
status of aggregated cells and inoculated them at various locations on
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the films to investigate the cell migration (Fig. 5d). Centrosymmetric
films exhibit isotropic properties, therefore BMSC spheroids were inoc-
ulated at the edge, inner center, and middle of microgrooves to simulate
cellular behavior in various positions during practical application. After
3 days of migration, cells at the edges primarily moved inward, while a
significant number of cells located at the interior center tended to
migrate outward. Notably, cells positioned in the middle exhibited
greater inward migration, indicating a preference for moving toward
narrower grooves. We hypothesized that variations in groove and ridge
widths may differentially influence the migration of BMSCs. Within
narrow grooves, BMSCs are more likely to reach both sides of the trench
wall, thereby increasing the available sites for cell attachment. This
suggested that the design of centripetal microgrooves is effective in
promoting the migration of BMSCs toward areas of reduced width,
thereby accelerating the repair process in central regions of bone de-
fects. This was demonstrated by higher expression of osteogenesis
related genes (Col-1, ALP, Runx2, BSP) on MG-PLCL film than that on F-
PLCL film (Fig. S9 a). The microgrooved structure significantly regulates
the cytoskeleton of cells, potentially influencing intracellular gene
expression and osteogenic outcomes through epigenetic mechanisms.
Additionally, co-culturing the entire scaffold with BMSCs demonstrated
that the copper ions and peptides promoted the expression of key factors
and proteins essential for bone regeneration (Fig. S9 b, c).

3.5. Evaluation of the behavior of various cells on PLCL films

The process of bone healing is complex and involves multiple cell
types. The injured areas are populated not only by skeletal progenitor
cells, stem cells, osteoblasts, and chondrocytes but also include various
inflammatory, endothelial, hematopoietic, and other tissue cells [23].
Therefore, we further investigated the alignment and motility behavior
of BMDMs, SCs and HUVECs [53].
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Fig. 6. Evaluation of the behavior of various cells on PLCL films. (a) Representative SEM images of BMDMs on F-PLCL/pep films. (b) SEM images of BMDMs on MG-
PLCL/pep films. (c) Length/width ratio and orientation angles of BMDMs on MG-PLCL/pep films by SEM. The radius represents length/width ratio. The central angle
represents the angle between the cells with the microgrooves. (d) SEM images of SCs on F-PLCL/pep films. () SEM images of SCs on MG-PLCL/pep films. (f) Length/
width ratio and orientation angles of SCs on MG-PLCL/pep films by SEM. (g) SEM images of HUVECs on F-PLCL/pep films. (h) SEM images of HUVECs on MG-PLCL/
pep films. (i) Length/width ratio and orientation angles of HUVECs on MG-PLCL/pep films calculated by SEM images. All data are presented as mean =+ SD.



Y. Wu et al.

BMDMs were extensively exposed on MG-PLCL/pep film (Fig. 6a and
b). The cellular arrangement in the microgrooves was elongated due to
topographical regulation, resulting in fewer branches compared to that
observed on flat surfaces. The cells spread along the microgrooves in a
spindle-like shape (Fig. S10 a). The orientation angles of spindle cells in
grooves were nearly less than 45.0° (Fig. 6¢). The cells length/width
ratio of microgrooves was 3.8 + 1.1, whereas that of the flat BMDMSs was
1.8 + 0.5. Macrophages exhibit distinct morphologies depending on
their differentiation in vitro [54,55]. M1 macrophages display a
fried-egg-like shape with extensions in all directions, while M2 macro-
phages become elongated and adopt a spindle shape (Fig. S10 b) [56].
We quantified the number of M1 and M2 macrophages in the same field
of view based on their morphology (Fig. S10 c) and observed a signifi-
cant increase in the proportion of M2 macrophages on the MG-PLCL
film, suggesting that microgrooves promote macrophages differentia-
tion towards the anti-inflammatory M2 phenotype [13]. Additionally,
we performed immunofluorescence staining for M1 and M2 polarization
markers in RAW264.7 cells, using CCR7 as a membrane marker for M1
macrophages and CD206 for M2 macrophages (Fig. S10 d). Comparison
between the F-PLCL and MG-PLCL groups revealed no significant dif-
ference in CCR7 expression. However, the MG-PLCL film facilitated the
differentiation of macrophages towards the M2 phenotype, resulting in
high CD206 expression. Consequently, quantitative analysis indicated
an increased M2/M1 macrophage ratio, consistent with previous
research findings in Fig. S10 ¢ (Fig. S10 e).

In addition, we investigated SCs, the primary cells in peripheral
nerves. Due to their characteristic fusiform shape, SCs provide a more
intuitive means of monitoring cellular morphology compared to other
species (Fig. 6d and e). Our findings indicated no significant differences
in the length-to-width ratio between flat and microgroove substrates
after three days of culture. However, a remarkable difference was
observed in the orientation angles (Fig. 6f, Fig. S10 f). SCs on flat sub-
strates exhibited orientation angles ranging from 1.1° to 88.9°, while
those on microgrooves ranged from 1.2° to 48.4°. These results suggest
that SCs preferentially align along the microgrooves, whereas cells on
flat surfaces exhibit random growth patterns. Additionally, CCK-8 assays
confirmed that SCs can effectively proliferate on MG-PLCL/pep films
(Fig. S10 g).

We investigated the gene expression of HUVECs associated with
angiogenesis on scaffolds. SEM images revealed that the long axis of the
HUVEC nuclei aligned nearly parallel to the grooves of the film (Fig. 6g,
h, i). Additionally, the cells demonstrated proliferation on the film
(Fig. S10 h). Our findings indicated that the incorporation of micro-
grooves and peptides enhances the expression levels of vasostimulating
genes, such as VEcad, PDGFf, CD31, VEGFa, HIF1, and Angl. This
enhancement was likely a key factor in the ability of MG-PLCL/pep films
to synergistically promote bone regeneration (Fig. S11).

3.6. Bone regeneration assessment in vivo

Before the evaluation in vivo, we first verified the biocompatibility of
the scaffold extract in vitro (Fig. S12 a). The results confirmed that
motivated by the promising performance of scaffolds osteoinductivity,
angiogenesis, the regulation of redox homeostasisin and migration in
vitro.

Bone repair scaffolds inevitably come into direct or indirect contact
with blood in vivo [57]. The scaffolds’ hemocompatibility was assessed
via co-culture with blood cells [58]. A hemolysis assay showed no he-
molysis after 12 h of contact between the scaffolds and red blood cells,
unlike the Triton X-100 positive control which exhibited significant
hemolysis (Fig. S12b). Quantitative analysis showed no significant
absorbance difference between the scaffold groups and the PBS control,
confirming good hemocompatibility (Fig. S12c). To assess thrombosis
risk, blood coagulation index (BCI) and blood recalcification time were
measured (Fig. S12d). After adding a procoagulant agent, clotting time
fell within the normal range (Fig. S12e), indicating good
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biocompatibility comparable to PBS.

Hence, we futher evaluated its potential as a substitute for bone
regeneration in vivo in rat model with a large calvarial defect (Fig. 7a and
b). The rats without intervention as control group compared with groups
treated scaffolds owned different components (Table 1). After 8 weeks of
transplantated the scaffold in rats, H&E staining of major organs,
including the heart, liver, spleen, lung, and kidney, were not signifi-
cantly different between groups (Fig. S13). Hence, the scaffolds were
biocompatible in animals and had potential for in vivo application. 3D
micro-CT imaging revealed significant bone regeneration in group D,
demonstrating effective repair. This was followed by Group C, Group B
and Group A (Fig. 7c). There was almost no bone formation in the
Control group because of the difficult repair capacity. In addition, the
micro-CT data was quantitatively analyzed. The bone mineral density
(BMD) of Control, A, B, C and D groups were 0.25 + 0.01 g em3,0.29 &
0.01 gem™3,0.33 +0.01 gem ™2, 0.35 4+ 0.03 gem > and 0.39 + 0.03 g
cm_3, respectively (Fig. 7d). The bone volume/total volumes (BV/TV)
were 6.46 £ 2.89 %, 11.44 + 3.63 %, 15.78 + 1.82 %, 18.68 + 1.75 %
and 22.33 + 1.98 % (Fig. 7e). The BMD and BV/TV values of the
treatment groups receiving macropatterned PLCL films (B, C, D group)
were significantly higher than those without films, which means the
performance of promoting bone regeneration were better. Histological
examination used H&E staining and Masson’s trichome staining sup-
ported the results of micro-CT, confirming an enhanced therapeutic ef-
fect with significant fibrosis and new bone formation in group D
(Fig. S14).

4. Conclusion

Inspired by the architecture of spider webs, we have developed a
novel artificial scaffold that integrates physical guidance with immune
regulation for the repair of critical-sized bone defects. This scaffold
consists of dual-sided centripetal microgrooved PLCL film combined
with a dynamic hydrogel containing PB@PLS nanoparticles. The regular
grooves and ridges on the PLCL film become wider as they approach the
edge, with the width at the edge measuring 80 pm. The morphology of
the microgrooves remained intact after aminolysis, glutaraldehyde
coupling and peptide grafting, demonstrating excellent stability.
Compared to a flat surface, the microgrooves regulated cell alignment
with a smaller orientation angle and induce cell migration from the
periphery toward the center region. Moreover, the ROS level in BMSCs
was significantly decreased when co-cultured with the PB@PLS nano-
particles. In vivo assessment indicated that the scaffold significantly
enhanced new bone formation, as evidenced by an increased BV/TV
ratio of 22.33 + 1.98 % compared to the other groups. This study
highlights the potential of scaffolds that integrate physical guidance and
antioxidant properties for bone regeneration and other tissue engi-
neering applications.
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+ SD. One-way ANOVA for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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