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Purpose: Successful regeneration of cranial defects necessitates the use of porous bone fillers to facilitate cell proliferation and
nutrient diffusion. Open porous microspheres, characterized by their high specific surface area and osteo-inductive properties, offer an
optimal microenvironment for cell ingrowth and efficient ossification, potentially accelerating bone regeneration.

Materials and Methods: An in vitro investigation was conducted to assess the physicochemical properties, porosity, and biocompat-
ibility of PHA-nano-clay open porous microspheres. Subsequently, PHA-nano-clay microspheres loaded with rat bone marrow
mesenchymal stem cells were implanted into 5 mm cranial defects in rats for a duration of 12 weeks and were evaluated through
histological and immunohistochemical analyses.

Results: The incorporation of nano-clay into PHA resulted in improved mechanical properties of the porous scaffolds. Furthermore,
cell adhesion, viability, and morphology on the scaffolds were maintained. The PHA-3% nano-clay open porous microspheres
effectively enhanced the repair of cranial defects compared to the control group, without recurrence or complications.

Conclusion: Porous PHA-nano-clay microspheres, with their high specific surface area, biodegradability, and osteo-inductive
properties, can be utilized as a bone-filling material for improved bone defect repair through cell delivery. In particular, PHA-3% nano-
clay open porous microspheres exhibit promising therapeutic potential in the repair of cranial defects.

Keywords: P34HB, open porous microspheres, bone-filling biomaterial, osteo-inductivity, cranial defects

Introduction
Cranial defects are a prevalent complication in patients with trauma and surgical interventions, impacting a significant
number of individuals worldwide.'™ The high incidence of cranial defect syndrome and secondary brain injuries
emphasizes the importance of prompt skull repair.’ Despite the variety of cranial defect repair materials currently
available, they still do not adequately address the clinical demands, necessitating multiple invasive surgeries and
extensive reshaping.”®’ Autogenous bone grafts are susceptible to absorption, difficult to store, and have a high risk
of infection.® Silicone rubber materials, due to their electrostatic properties, readily attract foreign particles, triggering
postoperative foreign body reactions.® Metallic materials like titanium mesh conduct heat and electricity, which may lead
to chronic brain tissue damage due to temperature fluctuations.®*'® Therefore, it is of vital importance to develop new
regenerative materials that promote cranial bone repair.

An injectable bone filler should ideally be highly porous to support rapid cell ingrowth and vascularization, thereby
accelerating the repair process.>'""'> Biodegradable microspheres have emerged as one of the most promising injectable
micro-scaffolds that have a higher specific surface area than bulk scaffolds, improved nutrient diffusion, and flexibility in
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assembly.'* "> Porous microspheres feature interconnected porous structures, which makes them suitable for injection
and cell/tissue ingrowth.'®'” Porous microspheres have the advantage of being injectable and may reduce cell damage
during injection when serving as cell carriers for implantation.'""'* Porous microspheres can also improve the regenera-
tion of injured bone tissue by providing various biophysical and biochemical cues for cell fate modulation.>'*'* Herein,
we focused on the highly porous microspheres with sufficient internal space for cell proliferation and nutrient diffusion to
aid in tissue defect reconstruction.''-*

The biocompatibility and mechanical properties of biomaterials are the foundation for porous microspheres to
facilitate cranial defect repair. Biodegradable synthetic polymers, including polylactide (PLA) and polycaprolactone
(PCL), are unsuitable for guided bone regeneration due to acidic degradation products.?' Polyhydroxyalkanoate (PHA),
a family of bio-polyesters produced by many bacteria, is increasingly used to create matrices for drug delivery and
encapsulation and for cell and tissue regeneration.''**?*> A previous study reported that Poly 4-hydroxybutyrate(P4HB)-
based growth factor-free OPMs can enhance osteoblast differentiation of bone marrow mesenchymal stem cells (BMSCs)
in vitro and accelerate rat skull cranial defects recovery.'' Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P34HB),
a type of PHA, exhibits excellent biocompatibility and serves as a potential biomaterial for cranial bone repair.** >’

Nano-clay particles (NP) are emerging as intriguing 2D nanomaterials for bone tissue engineering with multiple
functions, including improving mechanical properties and intrinsic osteo-inductivity.***' NP can induce osteogenic
differentiation of human mesenchymal stem cells in vitro without the use of any other osteo-inductive factors.***
This pro-osteoblastic activity of NP may be due to nontoxic degradation products, such as Li, Si(OH) 4, and Mg*" and
the interactions with cellular components.** BMSCs were chosen as seeding cells because of their proven multipotent
differentiation potential, particularly down the osteogenic lineage, availability, and proliferative capacity in vitro.'®*>3¢
Additionally, rat bone marrow mesenchymal stem cells (r-BMSCs) interact through paracrine signaling processes to
modulate host cell behavior and the inflammatory response, potentially promoting a favorable regenerative
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Incorporating NP into the porous PHA microspheres is an ideal strategy for enhanced bone regeneration to mimic the
organic-inorganic nature of the bone extracellular matrix (ECM). PHA-NP OPMs have high water uptake ratio and
porosity, facilitating in- and out-transport of oxygen, nutrients, and metabolic wastes, thereby promoting cell proliferation
on and inside the microspheres.>’*® Open porous microspheres (OPMs) combined the advantages of PHA porous
microspheres and NP to serve as injectable carriers for proliferating stem cells.**** Accordingly, injectable PHA-NP
OPMs are promising candidates for cranial defect tissue engineering. This study investigated the osteogenic potential of
injectable PHA and NP composite OPMs for r-BMSC delivery in vitro and in vivo. The regenerative potentials of PHA-
NP OPMs were assessed in vivo in 5 mm rat critical-size cranial defects for 4 and 12 weeks.

Materials and Methods

r-BMSCs Isolation and in vitro Culture
r-BMSCs were isolated and collected according to the previous description. This study was approved by the animal ethics
committee of Tongji Medical College, Huazhong University of Science & Technology (Wuhan, China). Sacrifice of animals was
consistent with state regulations and laws and in accordance with the Standing Committee on Ethics in China (State Scientific and
Technological Commission of China). The protocol was approved by the ethical committee (approval number: 2019- S1154).
In brief, the neonate Sprague Dawley (SD) rats (3—5 days old) were given cervical dislocation for euthanasia, followed by
soaking in 75% alcohol for 20 min. Muscles and soft tissues attached onto femurs and tibias were removed. Then, cartilages
at both ends of the bones were cut off, and cavities were rinsed by culture medium three times till they were white. Later, the
fresh bone marrow tissues were seeded on 10 cm culture dishes with culture medium (DMEM containing 10% fetal bovine
serum (FBS) and 1% penicillin and streptomycin). Afterwards, r-BMSCs were cultured under 37 °C with 5% CO,,_ and the
culture medium was changed every 2 days. After -BMSCs achieved confluency, the r-BMSCs were passaged.

Preparations of PHA OPMs

P34HB (P(3HB-co-4HB)) OPMs were prepared by an improved method of gas-in-oil-in-water (G1/0/W2) double emulsion
assisted with releases of carbon dioxide and ammonia from ammonium bicarbonate degradation.*' In detail, 1.5 g of P34HB
(Bluepha, China) was dissolved in 30 mL methylene chloride (Sinopharm, China) to form 5 wt% concentration of the oil phase
(O). The gas phase (G1) of pro-aqueous solution contains 15 g of ammonium bicarbonate (Sinopharm, China) and 100 mL of de-
ionized water. About 5 mL of phase G1 and 15 mL of aforementioned PHA/methylene chloride solution (phase O) were mixed to
form primary emulsion (G1/0) using a homogenizer (SUNNE, China) for 2 min. Subsequently, the primary emulsion was added
dropwise to 100 mL of 0.1 wt% PVA (polyvinyl alcohol, Sigma, USA) solution under magnetic stirring (IKA, RCT, Germany) to
form a secondary emulsion (G1/0/W2), which was continuously stirred for at least 5 hours, to allow complete evaporation of the
methylene chloride. PLA and PCL OPMs were produced by the same aforementioned method described previously.*! Traditional
PHA solid microspheres (PHA SMs) as a control were also prepared by double emulsification using water as a pore-foaming
agent. All the above generated PHA OPMs and SMs, as well as PLA and PCL microspheres were washed four times using at least
2000 mL de-ionized water to completely remove residual PVA.

Nile Red Staining and Fluorescence Measurement

Dissolve 10mg Nile red powder in 10mL of methanol solution makes a storage solution at the concentration of 1mg/mL.
Phosphate Buffered Saline (PBS) was used to dilute the storage solution up to 100 times to make a working solution. The
Nile red working solution was added to the microspheres and then stained at room temperature for 10 mins. Microspheres
were washed 3 times with PBS to remove residual Nile red.

In vitro Cell Adhesion and Proliferation

CCK8

R-BMSCs were employed to investigate the cell behavior on the surface and in the internal space of OPMs. The cell
activity during proliferation was studied with CCK-8 Kit. At each time point, the medium in each well was substituted
with cell counting kit-8 working solution (CCK-8, biosharp, China), and OD values were read on a microplate reader.
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Cell Cytocompatibility
For evaluation of the cytocompatibility of the microspheres, 10 mg dry microspheres were transferred to 48-well
tissue culture plates (TCPs, Corning, USA) coated with 1% sterile agarose (Sigma, USA). Agarose effectively
separated cells and TCPs, promoting cell adherence on microspheres and avoiding non-specific cell proliferation
on TCPs. Prior to the cell cultivation, microspheres were sterilized via immersing the microspheres in 75 vol%
ethanol overnight. Subsequently, all microspheres were washed at least three times with phosphate-buffered saline
(PBS) and at least three times with culture medium without FBS. Each well (n = 6) was seeded with
2x107° r-BMSCs in ImL of culture medium. The plates containing scaffolds were cultured in an incubator at
5% CO2, 37 °C. After 6 h of incubation, the non-adhesive cells were removed with the original culture medium
and washed with fresh culture medium for 3 times. To promote proliferations, r-BMSCs on microspheres were
transferred to the 6-well TCPs coated with sterile agarose from 48-well TCP, so as to obtain more space and more
culture medium for cell growth. The culture medium was replaced every 48 h.

In brief, the scaffolds were washed three times with PBS and subsequently immersed in 2 uM fluorescein diacetate
(FDA) and PI for 30 min at 37 °C. Fluorescence images were captured with a confocal laser scanning microscope

(Nikon, Ti2, Japan), where live/dead cells display green/red fluorescence.

PicoGreen dsDNA Assay
DNA content to determine r-BMSCs proliferation, cellular DNA content was assessed using the Quant-It PicoGreen
dsDNA assay (Thermo) following the instructions.

Cytoskeleton Staining

To conduct in situ observation, microspheres loaded with cells were fixed using 4% paraformaldehyde solution
(Servicebio, China) for 20 min at room temperature and then washed three times with phosphate buffer saline (PBS).
Subsequently, cells were immersed in 0.25% Triton X-100 solution for 20 min and then washed 3 times with PBS. To
stain actin, cells were incubated with Phalloidin-Alex568 (Invitrogen, USA) for 40 min at room temperature and
removed residual reagents with PBS to reduce the noisy backgrounds. Finally, stained cells on microspheres were
observed under confocal laser scanning microscopy (CLSM, Nikon, Ti2, Japan).

Scanning Electron Microscopy

After fluorescence observation, microspheres loaded with cells were fixed for 10 h with 4% paraformaldehyde overnight
and then dehydrated in ethanol solution with a series of concentrations of 30%, 50%, 60%, 70%, 80%, 90%, 95% and
100%, each for 15 min, respectively. They were subsequently treated under frozen drying overnight to remove residual
ethanol for observation under scanning electron microscopy (SEM). 15s gold spaying was completed onto mold-made
samples, followed by scanning at 5 kV.

In vitro Differentiation and Characterization

The r-BMSCs were seeded on microspheres, cultivated for 7 days and induced in osteogenic induction medium for 21 days. The
osteogenic induction medium was added to replace the original medium. Osteo-inductive medium was exchanged at 2 day
intervals. Using an alizarin red staining kit (Beyotime, China), calcium deposition (Ca) of cells on microspheres was observed
under an optical microscope. Calcium content measurement: Mineralized samples were dissolved into 0.5 M acetic acid (0.4 mL)
overnight and quantified by the calcium assay kit in line with specific protocols. To investigate osteogenesis-differentiation of
r-BMSCs on/in microspheres, the expression levels of osteogenic genes on day 14 and day 2 were estimated by quantitative real-
time polymerization chain reaction analysis (qQPCR). Four types of gene markers were found expressed, including bone
morphogenetic protein 2 (BMP2), Osteocalcin (OCN), mothers against DPP homolog 1 (Smadl), and Runt-related transcription
factor 2 (Runx2). The qPCR primers are listed in Table 1.
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Table | Primers Used in qPCR

Primer name | Orientation | Sequence (5°-3")

GAPDH Forward CCGAGGGCCCCACTAAAGG
Reverse TGCTGTTGAAGTCACAGGAGACA

RUNX2 Forward AGATGATGACACTGCCACCTCTG
Reverse GGGATGAAATGCTTGGGAACT

BMP-2 Forward CCACTCCACAAACGAGAAAAGC
Reverse CGCTTTTGCAGCTGGACTTAA

Smad-| Forward TTACCTGCCTCCTGAAGACC
Reverse TTCCGCATACACCTCTC

OCN Forward TGCCAGGTCACCAAATACCA
Reverse TGAGTACTGAGAGGCCCCAA

Rat Cranial Defects Model and in vivo Microcarriers Implantation

For evaluating whether microcarriers implant enhanced osteogenesis in vivo, this work utilized 40 male adult Sprague
Dawley rats weighing 180-220 g and randomized them into 4 groups, including (i) Blank; (ii) PHA; and (iii) PHA-3%
NP; (IV) PHA@r-BMSCs; (V) PHA-3%NP@BMSC (n = 10 rats per group). All surgical process in the experiments
were approved by the animal ethics committee of Tongji Medical College, Huazhong University of Science &
Technology (Wuhan, China). Sacrifice of animals was consistent with state regulations and laws and in accordance
with the Standing Committee on Ethics in China (State Scientific and Technological Commission of China). The protocol
was approved by the ethical committee (approval number: 2019-S1154). Preoperatively, isoflurane and subcutaneous
injection of buprenorphine were used for rat anesthesia before making a 3-cm sagittal incision in the scalp center. The
5.0-mm diameter trephine was used to drill two parallel cranial defects in every rat, followed by implanting microspheres
in the defect area and incision closure.

Micro-CT Analysis

At 4 and 12 weeks after surgery, rats were sacrificed to dissect the skulls, which were immersed within 4% paraformal-
dehyde. Micro-CT scanning was then conducted to assess bone tissues within defect areas (5 mm diameter). VG studio
software was used to reconstruct sample 3D images.

Histological and Immunohistochemical (IHC) Analyses

All samples were formalin-fixed for 7 days and subsequently decalcified in EDTA for 1 month followed by paraffin
embedding, dehydration with gradient ethanol and slicing in 3-um sections for hematoxylin and eosin (H&E, Beyotime,
China) and Masson’s trichrome staining. The antibodies are listed in Table 2. Histological and immunohistochemical

images were recorded.

Table 2 Antibodies

Antibody Name | Dilution | Company | Cat.no.

Anti-OCN 1:100 Abcam ab93876
Anti-Col| 1:200 Abcam ab6308
Phalloidin 1:1000 Abcam ab176757
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Statistical Analysis

All data are shown as the mean + standard deviation. Each assay had at least three replicates and was repeated three times
independently. One-way analysis of variance (ANOVA) or two-way ANOVA followed by Tukey, Sidak, or Bonferroni
correction or the two-tailed Student’s #-test was performed to analyze the statistical significance. Statistical significance
was set at P < 0.05.

Results

Preparation and Characterization of Microspheres

Morphology and Nile red staining of PLA, PCL, and PHA microspheres reveal that the pore walls of the PLA, PCL, and
PHA solid microspheres (SMs) are smooth (Figure 1A). Conversely, PLA, PCL, and PHA OPMs have a large surface
area with pores throughout the OPMs (Figure 1B). Confocal laser microscopy (CLSM) was used to evaluate the viability
and distribution of r-BMSCs cultured on the microspheres on days 1, 5, and 10 after cell seeding. Representative images
of PLA, PCL, and PHA solid microspheres and porous microspheres by live-dead cell staining were revealed (Figure 1A
and B). The average number of r-BMSCs on the solid microspheres began to reduce but r-BMSCs on the porous
microspheres continued to proliferate from day 1 to day 10. R-BMSCs proliferated well on open porous PLA, PCL, and
PHA microspheres compared to the r-BMSCs on solid microspheres. The largest amount of r-BMSCs proliferated and
migrated on PHA OPMs (Figure 1C and D). Cytoskeleton staining images of r-BMSCs proliferated on PLA, PCL, and
PHA OPMs and SMs showed that more cells proliferated on the PHA OPMs than other microspheres on day 10, which
was consistent with the live-dead cell staining (Figure 1E and F).

Preparation and Characterization of Composite PHA-NP OPMs

PHA-NP microspheres were prepared using the gas-liquid double emulsion (Figure 2A). PHA-NP OPMs diameters
ranged from 100 to 800 pum, with a highly open and interconnected porous surface (Figure S1A and B). The overall
porosity rate of the microspheres decreased as the NP concentrations increased, with higher porosity rate at NP
concentrations of 1-3% (Figure 2B). The results indicated that NP-based scaffold integrity rate also decreased as NP
concentration increased, with higher integrity rate at NP concentrations of 1-3% (Figure S1C). Fourier Transform
Infrared Spectroscopy (FTIR) was employed to verify the obtained microsphere compositions. All samples exhibit the
characteristic peaks of PHA. The characteristic peaks of nano-clay were found in PHA-1%NP, PHA-3%, and PHA-5%
(Figure S1D).

PHA-3% NP porous microspheres with NP critical concentration were selected for further microsphere preparation
parameter studies. The microsphere porosity changed significantly as primary emulsification stirring speeds increased
from 8,000,10,000 to 12,000 rpm (Figure 2C). Compared to PHA-3%NP OPMs produced by 8,000 rpm primary
emulsification stirring speeds, the porosity of PHA-3%NP OPMs produced by 10,000 rpm and 12,000 rpm primary
emulsification stirring speeds decreased to approximately 15% and 11%, respectively (Figure 2D). However, the micro-
sphere morphology and porosity did not change significantly as secondary emulsification stirring speeds increased from
200, 400, to 600 rpm (Figure 2E and F). Figure 2G and H depicted that as the diameter of porous microspheres increased
from 100 to 300 um, their porosity gradually increased (Figure 2G and H). Cytoskeleton staining images showed that the
largest amount of r-BMSCs proliferated and migrated on 300pm PHA —3% NP OPMs from day 4 to 14 (Figure 21 and J).
Therefore, microspheres with a primary emulsification rate of 8,000 rpm, a secondary emulsification rate of 400 rpm and
a diameter of 300 um were chosen for further research.

In vitro r-BMSC Encapsulation

Bright field images of microspheres show similar surface morphology of PHA microspheres with different NP
concentrations at 300 pm size (Figure 3A). The biocompatibility of microspheres was evaluated using r-BMSC culture
and viability tests. CLSM was used to evaluate the viability and distribution of -BMSCs cultured on the microspheres on
days 1, 4, 7, and 10 after cell seeding. Bright green fluorescence reveals that the cells are healthy, with red signal strands
for dead cells (Figure 3B). No obvious toxicity was found on all these microspheres, and cell viability was higher at the
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Figure | Preparation, morphology, and biocompatibility of PLA, PCL, and PHA OPMs and SMs. (A) Morphology, Nile red staining and live and dead r-BMSCs of PLA, PCL,
and PHA SMs. (B) Morphology, Nile red staining and live and dead -BMSCs of PLA, PCL, and PHA OPMs. (C) Quantification of average cell number on PLA, PCL, and PHA
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and PHA OPMs and SMs with phalloidin on days 10 (red: -actin, blue: 4’,6-diamidino-2-phenylindole (DAPI)). (F) Quantification of r-BMSCs cytoskeleton area/microsphere
area of PLA, PCL, and PHA OPMs and SMs on days 10. The bars are 100 pm. (*p < 0.05; ***p < 0.0001).

later time points when NP was incorporated (Figure 3B and C). The viability of --BMSCs grown on the PHA-3%NP
microspheres was higher than any other group from day 1 to day 10. (Figure 3B and C). Figure 3D depicts cell
proliferation from days 1 to 14, with the microspheres covered with a red fluorescence-stained cytoskeleton. Cells can
adhere with extended filopodia to all microspheres. However, the r-BMSCs spread more extensively on the PHA-3%NP
than on others (Figure 3E). When the culture period was extended to 14 days, a significantly higher growth rate was
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observed in the PHA-3%NP group, as indicated by the calculated result of cells in the scaffolds (Figure 3E). Cell growth
on the PHA-3%NP scaffold was more promising than that on the other PHA-NP scaffold, possibly due to the higher NP
concentration in the PHA-NP scaffold, which promoted cell growth. The PHA-3%NP scaffold with a primary emulsi-
fication rate of 8,000 rpm, secondary emulsification rate of 400 rpm and diameter of 300 um were chosen as the
microspheres to repair cranial defects and load more cells based on the above findings.

In vitro Osteogenesis of r-BMSCs Cultured on Microspheres

Both PHA-3%NP and PHA microspheres have homogeneous pores on the surface and inside the microsphere.
Additionally, r-BMSCs could adhere to the beam and steadily proliferate as the culture time increased. The adhesion
and growth state of r-BMSCs on microspheres were comprehensively examined using SEM. R-BMSCs spread well on
external frameworks and inner microspheres (Figure 4A). Compared to PHA microspheres, the higher number of pores
on/in the PHA-3%NP microspheres may be more beneficial for cell proliferation (Figure S1E, F and 4B). The Cell
Counting Kit-8 assay was used to assess cell proliferation in the scaffolds on days 1, 4, 7, and 10. As anticipated, all
scaffolds exhibited non-significant toxicity after 10 days of co-culturing. The proliferation rate was higher in the PHA-
3%NP OPMs group than in PHA OPMs after 10 days (Figure 4C). Figure 4D depicts the Pico Green dsDNA assay data
correlating to cellularity. DNA content in the NP-containing microspheres increased gradually, revealing significant
improvements over the non-NP-containing PHA microsphere counterparts after 10 days (Figure 4D).

Bone-related genes, including bone morphogenetic protein 2 (BMP2), Osteocalcin (OCN), mothers against DPP
homolog 1 (Smadl), and Runt-related transcription factor 2 (Runx2), respectively, were observed up-regulated for cells
on/in PHA-3%NP@BMSC group, whereas these gene expressions in cells on PHA microspheres showed only a slight
increase or no change on 21d (Figure 4E-H).

R-BMSCs on/in OPMs can be induced in vitro to osteogenesis. After 7 d of proliferation, --BMSCs on/in micro-
spheres were transferred to osteogenic induction medium (OIM) and incubated for 21 days. On day 14 and day 21,
alizarin red staining, an osteogenesis marker of calcium nodules, was found to be significantly higher on/in PHA-3%NP
OPMs than that detected PHA OPMs. Furthermore, increased calcium depositions (Ca) observed under alizarin red
staining were visible with PHA-3%NP OPMs from day 14 to day 21 (Figure 4I). High calcium deposition for cells on
PHA-3%NO OPMs can be attributed to improved mechanical properties by the NP (Figure 4J).

In vivo Application of Cell Loaded Composite Microspheres in Bone Regeneration
Micro-CT Evaluation
As PHA-3%NP@BMSC scaffolds showed in vitro osteogenesis, further analysis of in vivo osteogenic effect was
conducted in rat cranial defect models (Smm in diameter) (Figure S2A). Rat euthanasia was performed at 4 and
12 weeks postoperatively. Then, the defect locations were gathered, aiming to evaluate bone repair through micro-CT
analysis and histology (Figure 5A).

Micro-CT was used to reveal the new bones generated in bone defects at 4 weeks and 12 weeks post-implantation.
A small amount of newly formed bone was observed in 3D reconstruction images after 4 weeks of treatment. When the
treatment period was prolonged to 12 weeks, PHA-3%NP@BMSC group exhibited more newly formed bone tissue than
the other groups in 3D reconstruction images (Figure 5B). Finally, micro-CT showed that PHA-3%NP@BMSC group
had more than 2-fold higher bone volume (Figure 5C), bone volume/total volume ratio (Figure 5D) than NC and PHA
microsphere group.

Histological Analysis of Bone Regeneration

Hematoxylin and eosin staining (Figure SE and F) and Masson’s trichrome staining (Figure 6A) of the scaffolds revealed
PHA-3%NP@r-BMSC microspheres exhibit slow degradation rates compared to pure PHA microspheres. There were
only a few new bones formed in the control group. On the contrary, a large number of osseous tissues along the junction
of the defects were observed in the PHA-3%NP@r-BMSCs group at 12 weeks. This was consistent with the micro-CT
observation that the nano-clay could promote bone healing in vivo. Consistent with H & E staining, Masson’s trichrome
staining revealed that consecutive collagen fiber bundles and ossified tissues were arranged compactly in the defect area
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Figure 4 Morphology and in vitro differentiation of -BMSCs on/in OPMs (A) SEM images of r-BMSCs grown on the PHA OPMs and PHA-3%NP OPMs. (B) Bright field
images of section of PHA OPMs and PHA-3%NP OPMs. (C) CCK-8 analysis of r-BMSCs on/in PHA OPMs, PHA-3%NP OPMs on days |, 4, 7, and 10. (D) Pico Green dsDNA
assay of r-BMSCs on/in PHA OPMs, PHA-3%NP OPMs on days |, 4, 7, and 10. (E-H) Quantitative real-time polymerization chain reaction of bone-related gene markers
expression of r-BMSCs during osteo-inductive differentiation for 14 and 2| days on/in PHA OPMs versus PHA-3%NP OPMs. (I) Alizarin red staining of calcium (CaZ+)
deposition of -BMSCs grown on/in microspheres. The bars are 100 ym. (J) Quantitative analysis of Ca** deposition of r-BMSCs grown on/in microspheres. (**p < 0.01;
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in the PHA-3%NP@r-BMSCs group, while the control groups only demonstrated the connected fibers with a few new
bones formed (Figure 6A and B). The other groups presented the behaviors in between the PHA-3%NP@r-BMSC and
control groups. The results of the osteogenesis efficiency were further confirmed by immunohistochemical staining of
OCN, which was expressed to the highest extent in PHA-3%NP@r-BMSC group as well. In order to evaluate neovascu-
larization in the bone defect area, the CD31 immunohistochemical staining was further performed.
Immunohistochemistry analysis revealed that the PHA-3%NP@BMSCs group exhibited the largest CD31 positively
expressed area. The quantitative analysis of the number of vessels further confirmed the observed results (Figure 6C—F).

Discussion

Cranial defect is common sequela after injury and surgery, affecting millions of patients globally.”** The incidence of
cranial defect syndrome and secondary brain injury is high, making timely skull repair crucial.>’ There is a wide range of
cranial defect repair materials available, yet the current options still fail to fully meet clinical needs.®'® Autogenous bone
graft is prone to absorption, difficult to preserve, and susceptible to infection. Silicone rubber materials, with their
electrostatic surfaces, easily attract foreign bodies, leading to postoperative foreign body reactions. Metallic materials
(such as titanium mesh) conduct heat and electricity, potentially causing chronic brain tissue damage due to temperature
fluctuations.®®**3® Inappropriate selection of skull repair materials or unsatisfactory shaping can result in surgical
failure, increased susceptibility to infection, and even death in severe cases.’>>** Therefore, the development of new
skull repair strategies holds significant importance.

PHA-3%NP@r-BMSCs with osteo-inductivity, biodegradability, and high specific surface area have the potential to
be developed as biomaterial scaffolds for filling bone defects as they can effectively promote the vascularization and
osteogenesis in the bone defect regenerated microenvironment, thereby improving the quality of bone repair. The
important foundation for tissue engineering repair of cranial defects lies in good biocompatibility, appropriate hardness,
and osteo-conductivity biomaterials.** Composite made from natural polymers PHA and NP are promising candidates for
enhancing bone regeneration by mimicking the compositions of native bone.'®** This material stiffness was intended to
facilitate r-BMSCs differentiation into osteoblasts. Compared to common biopolymers such as PLA and PLGA, the most
prominent feature of PHA is that its biodegradation does not lead to the rapid release of lactic acid or glycolic acid, which
can be harmful to cells and tissues.'""'*%*

Nano-clays demonstrate good osteo-conductivity, meaning they can guide the growth and differentiation of bone cells
on their surface, thereby accelerating the regeneration process of bone tissue.>* This pro-osteoblastic activity of NP may
be due to nontoxic degradation products, such as Li, Si(OH) 4, and Mg2+, and the interactions with cellular
components.** Nano-clays can also be combined with other bioactive molecules or nanomaterials to form composites
with multiple functions. For example, by combining nano-clays with organic hydrogels, bone sealants with self-healing,
antibacterial, and antioxidant activities can be prepared.***> However, the strength of this composite material is
insufficient to support the repair of cranial defects. PHA-NP materials exhibit good biocompatibility, enabling them to
form stable interfaces with surrounding tissues in vivo, reducing the occurrence of rejection reactions and inflammatory
responses.

Porous microspheres, compared to traditional bulk biomaterials, possess a larger specific surface area, which
facilitates accelerated transfer rates of oxygen and nutrients.*>*® This characteristic significantly enhances the efficiency
of cell loading on the surface of the microspheres, while also better maintaining the differentiation phenotype of the cells.
This provides a more favorable microenvironment for the repair of cranial defects.'®'® PHA-NP microspheres, which
preserve the open porous structure, are excellent injectable micro-scaffolds for tissue engineering. The porous structure
of PHA-3%NP@r-BMSCs aids in cell-to-cell connections and communication, further promoting cell proliferation and
differentiation. When applied in vivo, PHA-3%NP porous microspheres provide a 3D biomimetic microenvironment
similar to that in vivo. Nano-clay exhibits good osteogenic capacity, promoting the proliferation and differentiation of
loaded r-BMSCs on the scaffold, thereby facilitating the repair of cranial defects (Figure SE and F, 6A and B). In the
future, with the continuous development of nanotechnology and biotechnology, the application prospects of PHA-3%
NP@r-BMSCs in bone repair will become even broader.
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The joint effect of the r-BMSCs and nano-clay is more clearly observed during histological examination for tissue
response and integration. The combined effect of r-BMSCs and nano-clay can improve the osteo-conductivity and osteo-
inductivity of synthetic PHA microspheres for enhanced bone formation and scaffold integration (Figure 6A and B).
Previous studies required the incorporation of mineral content or osteogenic growth factors to induce bone tissue
infiltration in the rat cranial defect.'® The positive endogenous regenerative outcome of PHA-3%NP@BMSCs could
be due to bone-enhancing nano-clay and several r-BMSC paracrine effects, including the secretion of factors that recruit
host cells.

The degradation mode of most PHAs is unique and mild, with PHA undergoing gradual degradation over a period of
approximately 1 to 5 years.>**®?* The non-toxic degradation products can be gradually absorbed by the body. PHA
degradation rates reported in both in vivo and in vitro studies in the literature may provide some reference value for this
research. According to limited literature reports, the fiber membranes prepared from P34HB degrade by 6.2 £ 0.72%
in vitro within the first month and by 12.2 + 0.41% in vitro within the second month.?* In addition, degradation rates of
P34HB not only relevant to in vivo or in vitro degradation microenvironment but also associated with morphologies,
grafting ratios, and molecular weights, as reported in the literature.”* >® We hope this information can provide some
reference for our study.

PHA-3%NP@BMSC microspheres exhibit slow degradation rates, which may facilitate the maintenance of the
morphology for an extended period in vivo (Figure 6A and B). We observed that by the fourth week, neovascularization
and abundant immune cells had begun to appear around the PHA-3%NP@BMSC. As the cranial bone gradually repairs,
PHA-3%NP@BMSC gradually degrades in rats. By the twelfth week, the morphology of the microspheres began to
change, transitioning from round to oblate, and more blood vessels started to grow into them. P34HB is a biomaterial
with excellent biocompatibility and biodegradability, and it can be developed into microspheres loaded with BMSCs for
cranial bone repair. Neo-bone tissue has grown into a porous structure, tightly integrating the micro-scaffold with the
surrounding tissue. The degradation rate and structural stability of the micro scaffold must be consistent with the
ossification rhythm.

PHA-3%NP@BMSC microspheres exhibit low swelling and slow degradation rates, making them suitable for cranial
defect repair. Experimental validation has confirmed their excellent repair effects. To more intuitively observe the
degradation rate of PHA-3%NP@BMSC in vivo, we plan to utilize PHA-3%NP@BMSC for long-term cranial bone
repair in large animals, such as pigs or monkeys, which will enable us to observe the degradation rate in vivo on an
annual basis. Lastly, but importantly, additional studies are required to elucidate the specific mechanisms and detailed
pathways through which PHA-3%NP@BMSC promotes the repair of cranial defects.

Conclusion

PHA-3%NP@r-BMSCs with osteo-inductivity, biodegradability, and high specific surface area have the potential to be
developed as biomaterial scaffolds for filling bone defects as they can effectively promote the vascularization and
osteogenesis in the bone defect regenerated microenvironment, thereby improving the quality of bone repair.
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