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ARTICLE INFO ABSTRACT

Keywords: Critical size bone defects represent a significant challenge worldwide, often leading to persistent pain and
Criti'Ciil SiZ§ bone defects physical disability that profoundly impact patients’ quality of life and mental well-being. To address the intricate
Angiogenesis and complex repair processes involved in these defects, we performed single-cell RNA sequencing and revealed
2221112 notable shifts in cellular populations within regenerative tissue. Specifically, we observed a decrease in pro-

genitor lineage cells and endothelial cells, coupled with an increase in fibrotic lineage cells and pro-inflammatory
cells within regenerative tissue. Furthermore, our analysis of differentially expressed genes and associated
signaling pathway at the single-cell level highlighted impaired angiogenesis as a central pathway in critical size
bone defects, notably influenced by reduction of Sppl and Cxcl12 expression. This deficiency was particularly
pronounced in progenitor lineage cells and myeloid lineage cells, underscoring its significance in the regener-
ation process. In response to these findings, we developed an innovative approach to enhance bone regeneration
in critical size bone defects. Our fabrication process involves the integration of electrospun PCL fibers with
electrosprayed PLGA microspheres carrying Sppl and Cxcl12. This design allows for the gradual release of Spp1
and Cxcl12 in vitro and in vivo. To evaluate the efficacy of our approach, we locally applied PCL scaffolds loaded
with Sppl and Cxcl12 in a murine model of critical size bone defects. Our results demonstrated restored
angiogenesis, accelerated bone regeneration, alleviated pain responses and improved mobility in treated mice.

Polycaprolactone scaffold

1. Introduction 6]. The demand for bone grafts is substantial, with expenditures

exceeding 3 billion dollars in 2019 in costs and projected annual in-

Critical size bone defect as one of the most significant orthopedic
challenges has been frequently reported in millions of patients each year
in the United States and worldwide, associated with substantial
healthcare cost and economic burden [1,2]. Various factors can cause
critical size bone defect in clinic, including congenital skeletal defects,
traumatic injuries, tumor resection, bone resection due to osteomyelitis
or previous nonunion [3,4]. Despite the intrinsic tissue regenerative
capacity, critical size bone defects always lead to nonunion, therefore
resulting at patient disability and dramatically reducing the overall
health and life quality for patients. Currently, autologous bone grafts
remain the gold standard for treating these defects in clinical practice [5,
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creases of approximately 6 % [7,8]. However, this procedure is sub-
stantially hindered by limitations such as restricted availability,
including challenges related to shape and the amount that can be har-
vested. Additionally, alternative approaches utilizing allografts and xe-
nografts are also employed in clinics but with limited success, primarily
due to issues such as disease transmission, immune-rejection, and graft
failures [9,10]. In recent decades, regenerative medicine and tissue
engineering have been extensively studied and hold great promise to
improve the treatment of critical size bone defects [2,11,12].

From a perspective of biological regeneration, the failure of critical
size bone defect healing arises from multiple components, including
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deficiencies in growth factors and progenitor cells, as well as the
inability to regenerate blood vessels for oxygen and nutrients supply
[13-17]. To address these challenges, regenerative osteoprogenitor cells
like mesenchymal stem cells and iPSCs (induced pluripotent stem cells),
are commonly integrated into biomaterial scaffolds that often supple-
mented with osteogenic factors such as BMP2 to facilitate local bone
formation [18-21]. However, despite advances in stem cell research and
biomaterial technology, scaffold-based bone regeneration remains
challenging due to concerns such as cell-based immunogenicity, un-
controlled cell differentiation, and interference of the scaffold with
crucial cell-cell interactions [22-24]. In addition to cell therapy ap-
proaches, significant efforts have been dedicated to engineering
microvessel networks for potential clinical applications in recent years
[25]. Notably, the discovery of type H vessels directly linking blood
vessels and bone formation in the long bone [26], which highlights the
importance of stimulating bone regeneration through vascular restora-
tion [27-29]. The combination of three-dimensional (3D) printing with
HUVEC cells or iPSC derived endothelial cells has been particularly
utilized to predesign the geometry and architecture of the blood vessel
network [30-34]. While 3D printing allows for the creation of micro-
vessels with diameter in pm range and precise filamentous resolution,
the overall function of these vessels including permeability and perfus-
ability remains poor primarily due to the inherent low cell viability in
3D printing ink and the uncontrolled performance of endothelial cell in
vivo [35,36]. Moreover, unlike the artery network, the design of phys-
iologically functional capillary vessels for bone regeneration remains a
scientific challenge.

In this regard, leveraging angiogenesis-driven vascularization pre-
sents a promising tissue engineering approach for reestablishing the
microvessel network crucial for bone regeneration. This strategy allows
cells to recapitulate the physiological process of new vessel formation
[37,38]. A range of angiogenic factors, including vascular endothelial
growth factor (VEGF), monocyte chemoattractant protein 1 (MCP1), and
sphingosine 1 phosphate (S1P) as well as exosomes have been utilized in
combination with biomaterials to promote the sprouting of HUVECs and
facilitate the formation of functional microvessel structures [39-42]. In
addition to angiogenic factors, hypoxia-inducible factor 1 (HIF1) has
been incorporated into fabricated biomaterials to promote endothelial
cell differentiation by inducing the expression of proangiogenic factors,
such as VEGF, platelet-derived growth factor (PDGF) and fibroblast
growth factor (FGF) under hypoxia conditions [43-46]. Most recently, a
novel approach has been developed involving polymer-modified DNA
hydrogels containing tetrahedral Framework Nucleic Acid (tFNA) and
Aptamer02 (Apt02). This approach simultaneously promotes both
angiogenesis and osteogenic mineralization and has demonstrated
promising efficacy in bone regeneration in rats with critical size bone
defects [47]. However, inconsistent outcomes have also been observed
in treatments involving angiogenic factors, particularly regarding blood
vessel formation and bone formation in vivo [48,49]. This contradiction
primarily arises from a limited understanding of the mechanisms un-
derlying critical size bone defects, which impedes the optimization of
tissue engineering products and the development of mechanism-based
therapies.

Therefore, we performed single-cell RNA sequencing (scRNA-seq)
analysis in this study to explore the cellular and molecular alterations
occurring in regenerative tissues from murine critical size bone defects.
Our findings confirmed a shift towards fibrotic differentiation rather
than normal osteogenic differentiation in the tissue of critical size bone
defects, accompanied by elevated inflammatory responses and reduced
angiogenesis. To delve deeper into the underlying mechanisms, we
separately analyzed progenitor lineage and myeloid lineage, and
revealed angiogenesis and neovascularization as most significantly
diminished biological functions in both cell lineages. Notably, Spp1 and
Cxcl12 emerged as the most decreased angiogenic factors in both pro-
genitor lineage and myeloid lineage cells. These chemokines have been
previously documented to recruit endothelial cells and stimulate
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angiogenesis under both physiological and pathological conditions
[50-52]. Furthermore, genetic ablation of Sppl [53] or Cxcl12 [54] led
to impaired angiogenesis and fracture healing, suggesting their positive
roles in angiogenesis during the fracture repair process. Therefore, to
target the impaired angiogenesis process, we developed FDA-approved
polycaprolactone (PCL) scaffolds capable of sustained release of Sppl
and Cxcl12 at the site of bone defects in mice. Remarkably, localized
delivery of Sppl and Cxcl12 accelerated bone formation and alleviated
pain responses in mice, underscoring the potential of this approach as a
therapeutic strategy for treating critical size bone defects in patients.

2. Materials and methods
2.1. Critical size bone defect model

12-weeks-old male C57BL/6J wild-type mice purchased from The
Jackson Laboratory (stock 000664) were used for the critical bone
defect model [55]. Briefly, the mice were anesthetized, and the right
femur was exposed by maneuvering between the vastus lateralis and
biceps femoris longus muscles while ensuring the protection of the
sciatic nerve. Two wire saws (RISystem AG, #RIS.590.100) were then
carefully placed beneath the femur. Following this, a six-hole plate
(RISystem AG, #RIS.401.130) was positioned on the lateral aspect of the
femoral stem and secured with screws in both distal and proximal two
holes. A jig was attached to the nail tail’s end, and the wire saws were
threaded into the slots set in the jig to create a specific bone defect size
(1 mm defect and 3 mm defect). Subsequently, the synthesized scaffold
was wrapped around the defect area, followed by sequential suturing of
the muscles and skin.

2.2. scRNA-seq and data processing

The regenerative tissues from the defect gap were harvested at 3
weeks post-surgery and dissociated in 2 mg/mL Collagenase P (Roche,
#11249002001) and 2 mg/mL pronase (Millipore Sigma,
#10165921001) at room temperature for 1 h. The erythrocytes were
removed using anti-GYPA (MyBioSource, #MBS209s3646) and Strep-
tavidin Microbubbles (AKADEUM, #11110-000). Subsequently, the cell
suspension was filtered through a 30-pum strainer to yield a single-cell
suspension [56]. Two sets of single-cell libraries were prepared: one
from cells derived from a 1 mm bone defect (control, n = 3) and the
other from cells obtained from a 3 mm bone defect (nonunion, n = 3).
For each sample, ten thousand cells were loaded for processed to
generate single-cell mRNA libraries using the Chromium Single Cell 3'
kit (v3.1 Chemistry, 10 x Genomics Inc). These libraries were barcoded,
purified, and sequenced in a 2 x 150-bp paired-end configuration on an
[llumina NovaSeq platform. CellRanger pipeline (v7.0.1, https://suppo
rt.10xgenomics.com/single-cell-gene-expression/software/pipelines/1
atest/using/what-is-cell-ranger) was utilized to align reads, extract cell
barcodes and unique molecular identifier (UMI) counts, and generate
feature-barcode matrices. The reads were mapped to the mouse (mm10)
reference genome following the standard workflow of 10 x Genomics.

2.3. scRNA-seq analysis

Quality control was conducted for each dataset. Multiplets or cells
with poor quality defined by UMI counts below 5000 or exceeding
60,000, features below 2000 or above 5,000, or mitochondrial UMIs
percentages exceeding 8 %, were excluded from further analysis. Inte-
gration of datasets was performed using Seurat v4.3.0 [57]. Feature data
was normalized using the Seurat NormalizeData function, employing
global-scaling normalization, followed by scaling using the Seurat Sca-
leData function to mitigate variations from unwanted sources for
downstream analyses. Nonlinear dimensional reduction was achieved
with t-distributed stochastic embedding (tSNE) and graph-based clus-
tering was performed using the Louvain algorithm. The top 12
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statistically significant principal components were chosen empirically,
guided by testing the top 10 differentially expressed genes (DEGs) using
Wilcox’s method among clusters. Cell clusters annotation was per-
formed by examining cell type-specific marker gene expression across
clusters. Gene Ontology (GO) enrichment analysis was performed using
ToppGene Suite [58] with Benjamini-Hochberg (B&H) correction less
than 0.05. DEGs of interest identified from Seurat analysis were uploa-
ded as the input seed and overlayed with global biological processes
from the GO: Biological Process (GO: BP) database to identify significant
BP terms. Enrichment p-values were calculated using hypergeometic
probability mass function and adjusted using B&H correction. Gene set
enrichment analysis (GSEA) [59] was performed using GSEA software
(v4.3.2). The normalized expression data was retrieved and subset for
progenitor lineage (clusters 1, 4, and 5) and myeloid lineage (clusters 0,
8, and 10), respectively. GSEA was performed separately with the
expression dataset of progenitor lineage and myeloid lineage for the
identification of enriched functions affected by critical size bone defects.
The normalization mode was set to meandiv. Only those gene set with a
size of more than 15 genes were retained for further analysis. Hallmark
gene sets from the Molecular Signature Database (MSigDB) were used as
gene sets. A g-value cut-off of 0.05 was used to select statistically sig-
nificant enriched functions.

2.4. Histological analyses

The femurs (n = 5) were collected for histological assessment at 4
and 10 weeks post-surgery After fixation in 10 % neutral buffered
formalin and decalcification with 14 % ethylenediaminetetraacetic acid
(EDTA), the femurs were embedded in paraffin, sectioned at 5 pm
thickness, and stained with Alcian blue/Hematoxyline/Orange G (ABH/
OG) and tartrate-resistant acid phosphatase (TRAP) [60,61] as well as
Masson’s Trichrome to analyze the composition of regenerative tissue
and osteoclast formation in regenerative tissue. Immunofluorescence
staining for Sppl (1:50, Abcam, #ab8448), Cxcl12 (1:50, LSBio,
#LS-B2437), Endomucin (1:100, Santa Cruz, #sc-65495), and CD31
(1:100, BD Biosciences, #550274) was performed via proteinase K an-
tigen retrieval and fluorescent development using an Alexa Fluor 488 or
Alexa Fluor 594 antibody labeling kit (Thermo Fisher, #A20181 or
#A20185). IHC staining for type III collagen (1:500, Abcam, #ab7778)
was performed by proteinase K antigen retrieval and DAB (3,3-dia-
minobenzidine, Vector Laboratories, #SK4100) mediated colorimetric
development.

2.5. Micro-CT analyses

To monitor the progression of bone formation in mice, VivoCT 40
scanner (Scanco) was used to scan the surgical femur every two weeks
following the surgery. The scanning parameters were set to 70 kV, 114
pA, and a 300 ms integration time. Bone formation rate was determined
by analyzing the closure of the bone defect gap per week, as observed in
the in vivo microCT scans over a period of 10 weeks. At the end time
point, the femur was dissected at 10 weeks post-surgery and examined
using a micro-CT scanner (uCT50, Scanco) with the following parame-
ters: 55 kV, 145 pA, and a 300 ms integration time. Three-dimensional
images were generated using Scanco software. Quantifications of bone
volume fraction (BV/TV) was performed on 600 slices centered on the
midpoint of the bone defect area, as previously described [62].

2.6. Animal behavioral tests

The pain response and mobility of mice were evaluated at 10 weeks
post-surgery. Electronic Von Frey (BIOSEB, #BIO-EVF4) was used to
assess the mechanical sensitivity threshold in mice following critical size
bone defect surgeries. The electronic probe was applied to the central
area of murine hind paws to induce nociceptive pain, and the stimulus
intensity was automatically recorded upon paws withdrawal.
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Additionally, bone defect related local pain was evaluated in mice using
a Small Animal Algometer (SMALGO; BIOSEB, #BIO-SMALGO). This
involved the application of progressively increasing force at a rate of 50
g/s to both uninjured and injured femurs, with force levels automati-
cally recorded until limb withdrawal. 450 g was the maximum force
applied to prevent tissue damage. For both Von Frey and SMALGO as-
says, each mouse underwent three measurements, which were then
averaged to obtain a final readout. Furthermore, the activity of the mice
over a two-day period was monitored and analyzed using spontaneous
activity wheels (BIOSEB, #BIO-ACTIVW-M). Parameters such as travel
distance, average and maximum speed and total time spent on the wheel
were recorded for each individual mouse.

2.7. Fabrication and characterization of Spp1 and Cxcl12 releasing
scaffolds

The scaffolds were fabricated by simultaneously electrospinning
polycaprolactone (PCL) fibers and coaxially electrospraying of poly (p,L-
lactide-co-glycolide) (PLGA) microspheres containing Sppl and Cxcl12.
The PCL solution (Sigma-Aldrich, #440744) was prepared at a con-
centration of 10 wt% in chloroform, while PLGA (LACTEL, #B6010-4)
was dissolved in dichloromethane at a concentration of 5 wt%. Three
growth factor solutions were utilized, specifically 280 pg/mL Spp1, 180
pg/mL Sppl, 120 pg/mL Sppl, 70 pug/mL Cxcl12, 50 pg/mL Cxcll12, 30
pg/mL Cxcl12, 280 pg/mL Sppl + 70 pug/mL Cxcl12, 180 pg/mL Sppl +
50 pg/mL Cxcl12, and 120 pg/mL Sppl + 30 pg/mL Cxcl12.

The PCL solution stream was charged positively at +18 kV and
delivered at a rate of 5 mL/h [56,63-65]. Coaxial electrospraying was
performed using a coaxial device with inner and outer needles of di-
ameters 0.7 mm and 1.65 mm, respectively. The PLGA solution was
pumped through the outer needle at 1.2 mL/h, while the growth factor
solution was pumped through the inner needle at 0.2 mL/h. The coaxial
device was charged at +24 kV. The distance between the tip of the PCL
solution needle and the collecting mandrel, as well as between the co-
axial device tip and the collecting mandrel, was set at 20 cm. The
mandrel, rotating at a speed of 600 rpm, was negatively charged at —10
kV. The fabrication process was sustained for 30 min, following which
the scaffold was harvested from the mandrel. Scaffold without growth
factors was also fabricated and used as a control. The morphology of
scaffold was characterized using a scanning electron microscope.

2.8. Invitro and in vivo growth factor release from scaffolds

To evaluate in vitro growth factor release, 25 mg of scaffold was
placed in 500 pL of PBS and maintained at 37 °C for a duration of 28
days. At predefined time intervals, the supernatant was collected, and an
equivalent volume of fresh PBS was added. The concentrations of
released growth factors in the supernatant were determined using ELISA
kits for Spp1 (PeproTech, #120-35) and Cxcl12 (PeproTech, #300-28A)
[65]. Three biological repeats were included in each experiment.

For the assessment of in vivo growth factor release, the scaffolds
were surgically implanted in murine femurs. Briefly, a critical size bone
defect was created in murine femurs, and the broken bones were sta-
bilized using platinum plates and screws. Scaffolds with a width of 4 mm
were immediately wrapped around the surgically created gap region.
The muscles were then closed with sutures to ensure the scaffolds
remained stable in the gap region. Following implantation, at intervals
of 3 and 14 days, the scaffolds (n = 3) were removed, and any adhering
tissues were carefully removed. Subsequently, the scaffolds were incu-
bated in PBS until ELISA assays indicated no further release of growth
factors from the scaffolds, a period spanning over 7 weeks. The per-
centage of in vivo growth factor release was calculated based on the
amount released in vitro relative to the amount initially loaded into the
scaffolds.



L. Fang et al.
2.9. Endothelial cell migration and tube formation assays

To investigate the impact of different scaffolds on endothelial cell
migration and tube formation in vitro, a collagen gel model was utilized
[65]. The scaffold was positioned at the bottom of a 24-well plate, and
160 pl of collagen solution (CORNING, #354236) was layered on top of
the scaffold. Following incubation at 37 °C for 1 h to allow the solidi-
fication of the collagen solution, human umbilical vein endothelial cells
(HUVECsS) labeled with live cell tracker CM-Dil (Invitrogen by Thermo
Fisher Scientific, #C7000) were seeded onto the collagen gel at a density
of 1 x 10° cells/mL. The plates were then incubated at 37 °C. After 5
days, the cells were fixed with a 4 % paraformaldehyde solution
(Thermo Fisher Scientific, #J19943-K2). There were three biological
repeats in each culture condition. The migration of cells into the
collagen gel was visualized using a confocal microscope. Z-stack images
were captured at a thickness of 20 pm and subsequently reconstructed to
generate 3D images. The number of migrated cells and lumen density
were determined based on these images.

2.10. Osteoblast cells isolation and culture

Primary osteoblast cells were isolated from the calvarias of new born
C57BL/6J wild type mice. Briefly, calvarias were collected by carefully
removing the soft tissue and sutures, followed by digestion with 0.1 %
dispase (Sigma, #D4693) and 0,1 % collagenase P (Sigma,
#11249002001). The osteoblast cells were then stimulated with 50 pg/
mL ascorbic acid (Sigma, #57803) for maturation before treatment with
Spp1 and Cxcl12 (n = 3) for 24 h. RNA was collected for real-time qPCR
to assess the gene expression levels of Runx2, Alp and Actb. The primer
sequences for real-time qPCR were as follows: Runx2, forward: 5'-
CGTCCACTGTCACTTTAATAGCTC-3/, and reverse: 5-GTAGCCAGGTT-
CAACGATCTG-3’; Alp, forward: 5-TGACCTTCTCTCCTCCATCC-3, and
reverse: 5-CTTCCTGGGAGTCTCATCCT-3’; Actb, forward: 5-
AGATGTCCATCAGCAAGCAG-3, and reverse: 5-GCGCAAGT-
TAGGTTTTGTCA-3".

2.11. Statistics

All data were analyzed using GraphPad Prism and were presented as
mean + SD from a minimum of three independent experiments. Sig-
nificance between two groups was determined using a 2-tailed Student’s
t-test. For comparison among multiple groups, a two-way analysis of
variance (ANOVA) was used, followed by pairwise comparisons via
Tukey’s test. Statistical significance was defined as a p value less than
0.05.

3. Results and discussion

3.1. Altered cellular composition and molecular signatures in critical size
bone defects

Bone regeneration is a complicated and intricately orchestrated
process involving multiple cell lineages. However, our current under-
standing of this process remains limited, posing a significant obstacle to
the advancement of tissue engineering applications in treating critical
size bone defects. To address this knowledge gap, our study adopted a
mechanistic approach, aiming to comprehensively understand the
cellular and molecular events that govern microenvironment within
regenerative tissue following critical size bone defects. We compared the
bone regeneration process in a well-established murine 3 mm bone de-
fects model to a 1 mm bone defects. Recognizing the complexity and
heterogeneity of regenerative tissue, we utilized single-cell RNA-seq to
identify and profile individual cells, enabling us to unravel how critical
size bone defects alter the cellular and molecular programs involved in
bone regeneration. To maintain the integrity of the cell population and
minimize unnecessary contamination of original bone cells, we isolated
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the regenerative tissues within the defect gap after carefully removing
the muscle and other soft tissue (Fig. S1). The entire cell population
localized in the regenerative tissues was released through 1-h enzymatic
digestion at room temperature for subsequent single-cell RNA
sequencing (scRNA-seq). Our scRNA-seq analysis, employing an unbi-
ased clustering approach, revealed sixteen distinct cellular clusters with
unique gene expression signatures (Fig. 1A-C, S2 and S3A). In partic-
ular, three major cell populations were further identified: (a) three
progenitor lineage subsets characterized by the expression of Prrx1 and
stem cell antigen 1 (Scal/Ly6a) [66], (b) four myeloid lineage subsets
characterized by the expression of myeloid marker Cd68 [67], and (c)
one endothelial lineage subsets characterized by the expression of
Pecam1/Cd31, and pan-endothelial marker VE-cadherin (Cdh5) [68]
(Fig. 1B). Consistent with prior clinical observations and rodent models
[2], our scRNA-seq analysis demonstrated a decrease in progenitor
lineage cells and endothelial cells, alongside an increase in fibrotic
lineage cells and pro-inflammatory cells within regenerative tissue
(Fig. 1D). Specifically, the population of progenitor lineage cells dras-
tically decreased from approximately 37.5 % in 1 mm bone defects to
around 6.4 % in 3 mm bone defects. Endothelial cells were largely
depleted with only about 3 % remaining in 3 mm bone defects (Fig. 1E).
Moreover, inflammatory cells including inflammatory T cells (clusters 2)
and B lymphocytes (clusters 7, 11, and 14) were significantly expanded,
comprising more than 50 % of cells in 3 mm bone defects compared to
10 % in 1 mm bone defects. Conversely, anti-inflammatory cells (M2
macrophages, cluster 0) were significantly decreased from 16 % in 1 mm
bone defects to 4.1 % in 3 mm bone defects (Fig. 1E). The expression
levels of pro-inflammatory cytokines, such as IL-1p, IL12, TNF-a and
IFN-y were significantly elevated in these cells (Fig. S3B), indicating
heightened immune response activation and persistent chronic inflam-
mation. Altogether, these data suggest that critical size bone defects
result in a compromised microenvironment characterized by reduced
blood vessels, leading to nutritional and oxygen stress, coupled with
elevated inflammatory conditions and mechanical stress.

3.2. Diminished angiogenesis mediated by reduction of Spp1 and Cxcl12
in critical size bone defects

In addition to the evaluation of cellular composition alterations, we
conducted an analysis of differentially expressed genes and associated
signaling pathway in individual cells of regenerative tissues. Our focus
was particularly on populations showing the most profound cellular
alterations, notably within progenitor lineage and myeloid lineage.
These two cell populations, particularly Prrxl progenitors and M2
macrophages are crucial in restoring microenvironment homeostasis
and regulating the bone regeneration [69]. Within the progenitor line-
age, we observed three distinct cell types in progenitor lineage based on
lineage-specific gene signatures (Fig. 1A-C, S2 and S3), e.g., Prrx1+
progenitors (cluster 4), Osteo-chondro progenitors (cluster 1), and
MSC-like fibroblasts/fibroblast precursors (cluster 5). We employed
Gene Ontology (GO) enrichment analysis to overview the altered
signaling pathways particularly in cluster 4 and 5, respectively. Cluster 1
was not included due to insufficient cells (7 cells) remaining in 3 mm
bone defects, which could potentially hinder the robustness of com-
parison between two conditions. Notably, we identified several distinct
pathways that were altered in each individual cell lineage under critical
size bone defects. For instance, biological processes and canonical
pathways associated with progenitor cell proliferation, osteogenic dif-
ferentiation and angiogenesis were significantly decreased in Prrx1+
progenitors (Fig. 2A and S4A-B). Similarly, 3 mm bone defects reduced
the processes related to angiogenesis, blood vessel development, skeletal
tissue (bone and cartilage) development, as well as energy metabolism
(e.g., oxidative phosphorylation) that is crucial for osteoblast differen-
tiation in MSC-like fibroblast/fibroblast precursors (Fig. 2B and S4C-D).
As anticipated, GO analysis of M2 macrophage cells revealed an
increased myeloid cell differentiation and elevated inflammatory
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Fig. 1. scRNA-seq analysis of regenerative tissues from murine critical size bone defects. Sixteen cell clusters of regenerative tissues from control (1 mm defect) and
critical size bone defects (3 mm defect) at 3 weeks post-surgery (n = 3). A tSNE projection of 9569 single-cell transcriptomes, annotated post hoc and colored by (A)
clustering, or by expression of (B) selected marker genes. (C) Dot plots to visualize the changes of key feature expression across cell clusters. The size scale of the dots
represents the percentage of cells within a cluster, while the color scale represents the average expression level across all cells within a cluster. (D) The tSNE plot
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from control and critical size bone defects shown by pie charts.

responses in regenerative tissues from 3 mm bone defects. In compari-
son, M2 macrophages showed a reduced capacity to suppress inflam-
matory activation in regenerative tissues from 3 mm bone defects
(Fig. 2C and S4E-F).

We then performed unbiased Gene Set Enrichment Analysis (GSEA)
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to identify functional gene sets from a broad spectrum of differentially
expressed genes, allowing us to gain deeper insights into the functional
pathways and biological processes underlying the observed alterations
in gene expression within the regenerative tissues. Remarkably,
compared to 1 mm bone defects, two gene sets associated with
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angiogenesis and oxidative phosphorylation, respectively were signifi-
cantly decreased in progenitor lineage (cluster 4 and 5) in 3 mm bone
defects (Fig. 2D and S5A). In M2 macrophages, three gene sets associ-
ated with angiogenesis, interferon gamma response and TNFa signaling
via NFxB were reduced in 3 mm bone defects (Fig. 2E and S5B). These
findings underscore the impaired angiogenesis as a central pathway in
critical size bone defects, with pronounced enrichment observed in the
two most significantly altered cell lineages, e.g., progenitor lineage cells
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and M2 macrophages. To pinpoint the most altered genes related to
angiogenesis, we conducted a gene variant analysis and identified
Secreted phosphoprotein 1 (Sppl) as the most variant feature in M2
macrophages, and CXC motif chemokine ligand 12 (Cxcl12) in progen-
itor lineage cells (Fig. 2F). Interestingly, commonly utilized angiogenic
factors in tissue engineering, such as Vegf, Fgf and Pdgf showed either
no significant alterations or minimally changes in critical size bone
defects (Fig. 2F). Violin plot data further demonstrated significantly
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Fig. 3. Fabrication and characterization of PCL scaffold for sustained release of Sppl and Cxcl12. (A) Schematic illustration of the simultaneous electrospinning and
electrospraying system for PCL scaffold fabrication. (B) Representative SEM images of the PCL scaffold. (C) Release profiles of Sppl from PCL scaffolds loaded with
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both factors (n = 3). Data presented as mean =+ SD. *p < 0.05 by 2-way ANOVA followed by Tukey’s test.
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reduced expression levels of Sppl and Cxcll2 in progenitor cells
(Fig. 2G) and M2 macrophages (Fig. 2H). This highlights the crucial role
of Spp1 and Cxcl12 mediated angiogenesis in regulating the homeostatic
microenvironment essential for progenitor cell recruitment, prolifera-
tion, and differentiation during bone regeneration. Furthermore, we
performed immunofluorescent staining and confirmed the diminished
expression levels of Sppl and Cxcll2 in critical size defect tissues
(Fig. S6). These findings provide valuable insights into potential thera-
peutic targets for enhancing bone regeneration process in critical size

defects.
‘I ‘

HUVECs
Collagen gel

Scaffold
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3.3. Fabrication of biodegradable scaffolds for sustained release of Sppl
and Cxcl12

With our mechanistic studies providing valuable insights into po-
tential therapeutic targets for enhancing bone regeneration process in
critical size defects, we proceeded to engineer scaffolds specifically
designed to gradually release Sppl and Cxcl12. These scaffolds were
made from polycaprolactone (PCL), an FDA-approved biodegradable
polyester that has been used in tissue regeneration [70]. Employing an
innovative fabrication approach that combines electrospinning and
electrospraying (Fig. 3A), we successfully integrated electrospun PCL
fibers with electrosprayed PLGA microspheres, carrying either Sppl,
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Fig. 4. Effects of Sppl and Cxcl12 released from PCL scaffolds on endothelial cell migration. (A) Schematic representation of endothelial cell migration and
morphogenesis experiments in cell cultures. Reconstructed 3D images of HUVECs migrated into collagen gels in response to Sppl and Cxcl12 released from PCL
scaffolds. HUVECs migrated in response to (B) 280 pg/mL Spp1; (C) 70 pg/mL Cxcl12; (D) 280 pg/mL Sppl + 70 pg/mL Cxcl12; (E) 180 pg/mL Sppl; (F) 50 pg/mL
Cxcl12; (G) 180 pg/mL Sppl + 50 pg/mL Cxcl12; (H) 120 pg/mL Sppl; (I) 30 pg/mL Cxcl12; and (J) 120 pg/mL Sppl + 30 pg/mL Cxcl12. X: length; Y: width;

Z: thickness.
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Cxcl12, or a combination of both factors. The structural integrity and
composition of these scaffolds were confirmed through scanning elec-
tron microscopy (SEM) imaging (Fig. 3B), revealing PCL fiber diameters
averaging 7.4 &+ 1.0 pm and PLGA microspheres diameters averaging 6.9
+ 0.8 pm, respectively. These analyses revealed that PCL fibers closely
mimicked collagen morphology found in murine periosteum, providing
a structure with sufficient micropores for cell migration. This similarity
suggests that the electrospun PCL scaffolds may offer a suitable micro-
environment for promoting cell migration and subsequent tissue
regeneration. Additionally, we have previously demonstrated that
electrospun PCL scaffolds possess mechanical properties suitable for
bone regeneration [56]. The release profiles of Sppl and Cxcl12 from
the scaffolds were then assessed through their incubation in PBS over a
duration of 4 weeks. Notably, the release kinetics displayed a biphasic
pattern, characterized by an initial rapid release within the first 7 days,
followed by a more sustained release extending up to day 28 (Fig. 3C-F).
Scaffolds loaded with either Spp1 or Cxcl12 showed variable amounts of

Depth @ 120 um
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growth factors released, dependent on the initial concentrations, with
higher concentrations leading to greater release at each interval (Fig. 3C
and D). Similarly, scaffolds co-loaded with both growth factors
demonstrated dose-dependent release profiles, with increased release
correlating with higher initial loadings (Fig. 3E and F).

3.4. Enhanced endothelial cell migration and morphogenesis through co-
delivery of Spp1 and Cxcl12

In addition to release profile, we further investigated how the
released Sppl and Cxcl12 from the scaffolds influenced endothelial cell
migration and tube formation. To simulate the post-implantation sce-
nario where endothelial cells migrate through a collagen-rich extracel-
lular matrix in response to the released Sppl and Cxcl12, a layer of
collagen gel was placed atop the scaffold, and human umbilical vein
endothelial cells (HUVECs) labeled with live cell tracker CMDil were
cultured on the collagen gel (Fig. 4A). After 5 days, HUVECs migrated
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Fig. 5. Effects of Sppl and Cxcl12 released from PCL scaffolds on vessel formation. The densities of HUVECs migrated to the depths of (A) 120 pm and (B) 180 pm
within collagen gels (n = 3), respectively. The densities of HUVEC lumens formed at depths of (C) 120 pm and (D) 180 pm within collagen gels (n = 3), respectively.
Data presented as mean + SD. *p < 0.05 by 2-way ANOVA followed by Tukey’s test.
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into the collagen for up to a depth of 120 pm, with the cell density at this
depth significantly lower compared to scaffolds containing Spp1, Cxcl12
or both (Fig. 4B-J, 5A, and S7). The density of migrated cells at 120 pm
correlated with the initial loading of growth factors within the scaffold.
While scaffolds loaded solely with Cxcl12 did not exhibit a significant
increase in cell density with escalating initial loading, scaffolds con-
taining only Spp1 showed a significant increase in cell density with an
increase in initial loading from 120 pg/mL to 280 pg/mL. Co-delivery of
Sppl and Cxcll2 led to a significant enhancement in cell density
compared to scaffolds containing Cxcl12 alone, albeit without a signif-
icant difference compared to scaffolds containing only Sppl. Further-
more, scaffolds loaded with higher concentration of both Sppl and
Cxcl12 significantly increased cell density (p < 0.05 for 280 pg/mL Sppl
+ 70 pg/mL Cxcll2 vs. 120 pg/mL Sppl + 30 pg/mL Cxcl12). The
synergistic effect of co-delivered Sppl and Cxcl12 was evident in pro-
moting deeper migration of cells into the collagen gel. Cells within
scaffolds co-loaded with both growth factors migrated to a depth of 180
pm, whereas this depth was not reached in scaffolds loaded with a single
growth factor except for the highest concentration of Spp1 (280 pg/mL).
Consistent with results at a depth of 120 pm, scaffolds loaded with
higher concentrations of both Sppl and Cxcl12 significantly increased
cell density at a depth of 180 pm (Fig. 5B; p < 0.05 for 280 pg/mL Sppl
+ 70 pg/mL Cxcl12 vs. 120 pg/mL Sppl + 30 pg/mL Cxcl12).

We next examined the effect of Sppl and Cxcl12 release on the tube
formation of endothelial cells that had migrated into the collagen gel. At
a depth of 120 pm, lumens were exclusively observed in groups where
either Sppl alone or Sppl in combination with Cxcl12 were released
(Fig. 5C). We observed a significant increase in lumen density with
higher concentrations of Sppl in the scaffolds, whether Sppl was
administered alone or in combination with Cxcl12. However, the lumen
densities in the groups with both Sppl and Cxcl12 were comparable to
those in groups with equivalent amounts of Spp1l alone. At a depth of
180 pm, lumens formed only in groups with higher concentrations of
both Spp1 and Cxcl12 (280 pg/mL Sppl + 70 pg/mL Cxcl12; 180 pg/mL
Sppl + 50 pg/mL Cxcl12) and in the group with the highest concen-
tration of Sppl alone (280 pg/mL Sppl) (Fig. 5D). Notably, the group
with 280 pg/mL Sppl and 70 pg/mL Cxcll12 exhibited a significantly
higher lumen density than the group with 280 pg/mL Spp1 alone. These
findings demonstrate that higher Spp1 release enhances endothelial cell
morphogenesis, and the addition of Cxcl12 further amplifies this effect.

3.5. Enhanced bone regeneration in critical size bone defects treated by
local sustained release of Sppl and Cxcl12

Encouraged by the in vitro release profile and functional assessment
PCL scaffold loaded with Spp1 and Cxcl12, we proceeded to evaluate the
in vivo release profile of Sppl and Cxcl12 from the scaffolds. Specif-
ically, PCL scaffolds with 280 pg/mL Sppl and 70 pg/mL Cxcl12 were
implanted in mice by wrapping them around the femur bone directly
beneath the muscle layer. Following 3 and 14 days post-implantation,
the scaffolds retained 69.6 + 6.1 % and 61.6 + 6.8 % of Sppl, respec-
tively. Meanwhile, 54.0 & 1.7 % of Cxcl12 levels remained after 3 days,
decreasing to 43.4 + 17.1 % after 14 days (Table 1). These results
demonstrate a sustained release of Sppl and Cxcl12 from the scaffolds
over a period of at least 2 weeks, suggesting their potential utility as
therapeutic agents for enhancing bone regeneration in vivo.

Given the potential side effects associated with excessive Sppl and

Table 1

Remaining growth factors in scaffolds after 3 and 14 days of implantation.
Day 3 Day 14
Spp1 (%) Cxcl12 (%) Spp1 (%) Cxcl12 (%)
78.4 53.0 69.4 30.3
68.9 53.1 57.7 62.7
64.6 55.9 57.6 37.2

589

Bioactive Materials 36 (2024) 580-594

Cxcl12, such as rheumatoid arthritis, cancer metastasis and malignancy
[71-74], we applied this periosteum-like scaffold locally in femurs with
critical size bone defects in mice to evaluate the treatment efficacy of the
PCL scaffold (Fig. 6A). Over a period of 10 weeks, in-vivo microCT scans
revealed a gradual bone regeneration in mice treated with PCL scaffold
with either Sppl, Cxcl12, or a combination of both factors, in compar-
ison to mice treated with PCL scaffold alone (Fig. S8). Importantly,
treatment with the PCL scaffold alone showed no significant improve-
ment, with a less than 0.1 mm/week bone formation rate observed.
However, treatment with either Spp1 or Cxcl12 individually via the PCL
scaffold significantly accelerated the bone formation rate in mice with
critical size bone defects. Notably, the combined treatment with both
factors achieved the highest bone formation rate (approximately 0.25
mm/week) over the 10-week period (Fig. 6B). In addition to the in-vivo
microCT scans, we also performed the histological and microCT as-
sessments at 4-week and 10-week post bone defects to examine the tis-
sue compositions in mice. These complementary analyses revealed
distinct differences in the regenerative outcomes among the treatment
groups (Fig. 6C). Mice treated solely with the PCL scaffold exhibited
diminished angiogenesis, as evidence by the absence of Endomucin
staining in the regenerative tissue. In contrast, mice treated with
angiogenic factors demonstrated evidence of newly formed
Endomucin-positive blood vessels (Fig. 6D and E), indicating enhanced
angiogenesis. In addition to bone formation-related type H vessels
(Endomucin positive), we also detected newly formed CD31 positive
vessels in mice treated with angiogenic factors (Fig. S9). Furthermore,
mice treated with the PCL scaffold alone exhibited persistent fibrotic
scar tissue, evidenced by positive Trichrome staining and type III
collagen staining, while those mice treated with angiogenic factors
displayed newly formed bone tissue with reduced fibrotic tissue
(Fig. S10), suggesting improved bone regeneration. Notably, the com-
bined treatment with both factors resulted in the stimulation of a rela-
tively complete bone bridge in mice with critical size bone defects by 10
weeks post bone defects (Fig. 7A and B), along with active
osteoclast-mediated bone remodeling (Fig. S11). This underscores the
synergistic effects of angiogenic factors in promoting robust bone
regeneration. Previous studies have shown that Sppl and Cxcl12 have
the ability to promote blood vessel formation through MAP kinase
pathway in endothelial cells [75,76], therefore, it is plausible that
localized treatment of Sppl and Cxcl12 via PCL scaffold could syner-
gistically induce angiogenesis by activating the MAP kinase pathway. In
addition to evaluating the synergistic effects on angiogenesis, we also
assessed the osteogenic impact of Sppl and Cxcl12 on primary osteo-
blast cells. Consistent with prior reports [77-80], treatment with Sppl
and Cxcl12 significantly induced the expression levels of osteogenic
genes, such as Runx2 and Alp (Fig. S12). These data strongly suggest a
potential positive feedback regulation between the process of angio-
genesis and osteogenesis mediated by Spp1 and Cxcl12, albeit Spp1 may
potentially stimulate fibrosis in fibroblast cells under conditions of
critical size bone defects [81].

Evaluating the mechanical properties of newly formed bone tissue
proved challenging due to the difficulty in removing the fixation plate
from the bone in this critical size defect model. Consequently, we opted
to assess pain and behavior [82,83] as indicators of mobility restoration
in mice following treatment. As expected, mice subjected to angiogenic
factor treatment exhibited significantly reduced stimulus-evoked noci-
ception, as evidenced by von Frey and Small Animal Analgesiometer
(SMALGO) assessments. Conversely, mice treated with the PCL scaffold
alone demonstrated heightened sensitivity to mechanical allodynia,
observed both at the plantar surface of the paw (von Frey) and at the site
of the injured femur (SMALGO) (Fig. 7C and D). More importantly, when
compared to treatment with the PCL scaffold alone, the administration
of angiogenic factors significantly improved the mobility of mice with
critical size bone defects, as reflected by reduced rest times and
increased travel distances, as well as higher mean and maximum speeds
observed in running wheels (Fig. 7E-H). Previous studies have
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Fig. 6. Restored angiogenesis and bone regeneration in mice treated with Spp1 and Cxcl12. (A) PCL scaffolds with or without Spp1 and Cxcl12 was applied to the
mice with critical size bone defects. (B) Quantification of bony tissue formation rate based on the in-vivo microCT scans over 10 weeks. (C) Representative ABH/OG
staining of murine femurs with critical size bone defects treated with scaffold with or without Spp1 and Cxcl12 at 4 weeks and 10 weeks post-surgery. Scale bar, 500
pm. (D) Immunofluorescent staining for endomucin in regenerative tissues from critical size bone defects at 4 weeks post-surgery. Scale bar, 250 pm. (E) Quanti-
fications of the vessels in regenerative tissues based on the immunohistochemical assessment (n = 5). Data presented as mean + SD. *p < 0.05 by 2-way ANOVA
followed by Tukey’s test.
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Fig. 7. Improved bone regeneration and alleviated pain responses in mice treated with Spp1 and Cxcl12. (A) microCT images of murine femurs with critical size bone
defects at 4 weeks and 10 weeks post-surgery. Scale bar, 2 mm. (B) Quantification of BV/TV ratio based on the microCT scans at 10 weeks post-surgery (n = 5). The
results were normalized to the scaffold only group. Pain responses were evaluated in mice with critical size bone defects treated with PCL scaffolds with or without
Sppl and Cxcl12 at 10 weeks post-surgery using (C) Von Frey and (D) SMALGO assays (n = 5). The mobility of mice with critical size bone defects treated with PCL
scaffolds with or without Sppl and Cxcl12 was recorded including (E) rest time, (F) travel distance, as well as (G) mean speed and (H) maximum speed in running
wheels (n = 5). Data presented as mean =+ SD. *p < 0.05 by 2-way ANOVA followed by Tukey’s test.

highlighted the positive effects of exercise or mechanical stimulation on
bone formation and regeneration in fracture scenarios. Therefore, we
speculate that the alleviation of pain associated with critical size defects
post-treatment enabled mice to improve their mobility, while appro-
priate mechanical cues further stimulated the osteogenic differentiation
of progenitor cells and the bone regeneration process [84-86]. These
findings strongly support the localized delivery of Sppl and Cxcl12 via
PCL scaffold as a potent therapeutic strategy for the clinical manage-
ment of critical size bone defects.
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4. Conclusion

Despite significant progress in therapeutics and surgical in-
terventions, critical size bone defects remain as one of the most formi-
dable challenges in orthopedic surgery. Current treatment modalities,
such as bone graft implantation, the Masquelet technique, and distrac-
tion osteogenesis, are utilized; however, the limited availability of donor
grafts necessitates exploration of alternative approaches. Tissue engi-
neering holds promise in providing synthetic alternatives for treating
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critical size bone defect. Nevertheless, a fundamental challenge in tissue
engineering remains a barrier to successful translation and clinical
outcomes: how to recreate microenvironments to control cell viability
and cell fate effectively. To address this challenge, we employed single-
cell RNA-seq to identify and profile individual cells, comprehensively
delineating how critical size bone defects alter the cellular and molec-
ular programs involved in bone regeneration. Our analysis revealed that
diminished angiogenesis, mediated by Sppl and Cxcl12, emerged as a
converging pathway affected in several key cell lineages, including
progenitor cells, endothelial cells and myeloid cells. Recognizing
angiogenesis as a pivotal initial step to restore oxygen and nutrition in
the bone defect microenvironment and to recruit various cells for bone
regeneration, we developed a biomaterial capable of locally delivering
Sppl and Cxcll2 in a controllable manner. Our approach involved
integrating electrospun PCL fibers with electrosprayed PLGA micro-
spheres carrying Sppl and Cxcll2, enabling gradual and sustained
release of these factors in both in vitro and in vivo settings. Notably,
local delivery of Sppl and Cxcl12 via PCL scaffolds resulted in restored
angiogenesis, accelerated bone regeneration, alleviated pain responses
and improved mobility in mice with critical size bone defects. This
comprehensive study offers promising insights into addressing the
challenges associated with critical size bone defects and provides a novel
therapeutic strategy for enhancing bone regeneration and improving
patient outcomes.
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