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Abstract:

Inspired by the bionic mineralization theory, organic-inorganic composites with hydroxyapatite
nanorods orderly arranged along collagen fibrils have attracted extensive attention. Planted with an
ideal bone scaffold will contribute greatly to the osteogenic microenvironment; however, it remains
challenging to develop a biomimetic scaffold with the ability to promote intrafibrillar mineralization
and simultaneous regulation of immune microenvironment in situ. To overcome these challenges, a
scaffold containing ultra-small particle size calcium phosphate nanocluster (UsCCP) was prepared,
which could enhance bone regeneration through the synergetic effect of intrafibrillar mineralization
and immunomodaulatory. By efficient infiltration into collagen fibrils, the UsCCP released from the
scaffold achieved intrafibrillar mineralization. It also promoted the M2 type polarization of
macrophages, leading to an immune microenvironment with both osteogenic and angiogenic
potential. The results confirmed that the UsCCP scaffold had both intrafibrillar mineralization and

immunomodulatory effects, making it a promising candidate for bone regeneration.

1. Introduction

The growing incidence of bone injuries has led to an increasing demand for rapid and effective
therapies to heal defective bone. Bone transplantation is now a well-established treatment for bone
defects; however, the source of autologous bone grafts is limited and allogeneic bone may develop
immune responses.™ These limitations have stimulated the rapid development of bone tissue
engineering. With the advancement of bionics, biomaterials mimicking the structural, mechanical
and biological characteristics of natural tissues have attracted extensive attention.®* Haversian
bone-mimicking scaffolds improve the capacity of cells to reside in the graft based on their structural
design, demonstrating great potential in accelerating blood vessel growth and facilitating new bone
formation.” Bionic collagen nano-hydroxyapatite scaffolds with optimized structure possess high

biocompatibility, superior mechanical properties, osteoconductivity, and osteoinductivity.[G]
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Triggered by the biological cues of natural bone, bone regeneration requires macroscopic tissue
alignment and microscopic structural repair, whereas biomimetic strategies to facilitate bone

healing at the nanoscale have been rarely reported.

Biomineralization is a common process in nature, in which organisms form minerals with multi-level
ordered structure, including the bones and teeth of vertebrates.”! Natural bone is a complex tissue
with hierarchical structures and remarkable mechanical properties in terms of hardness and
toughness.”® These properties are attributed to the collagen fibers that are densely mineralized with
hydroxyapatite nanoparticle and aligned unidirectionally, forming the basic composite of native
bone. % As such, the biomineralization of collagen is necessary for the unique physiological and
mechanical properties of these tissues. Notably, amorphous calcium phosphate (ACP) is the
precursor phase for bone formation.!***? With the development of biomineralization, increasing
evidence shows that the small-sized ACP precursor phase can penetrate into collagen fibers, deposit
in the internal nanoscale space, and promote intrafibrillar mineralization through the formation of
co-oriented arrays of lamellar hydroxyapatite (HAP) crystal within the fibrils.**>** Small-sized
calcium phosphate has been synthesized and used as the mineral source of biomineralization.*>™”
Great progress has been achieved in the exploration of intrafibrillar mineralization and the
development of composite materials with natural bone composition and structure.™® Zhou et al.
proposed a calcium phosphate prenucleation clusters (CaP-PNCs)/starch complex, which included
amorphous calcium phosphate nanoclusters and could repair tooth tissue defects. The CaP-
PNCs/starch complex provided a smart mineral source supply for biomimetic mineralization and a
new pathway for the design of biomimetic materials." Xu et al. noted that CMC is a biodegradable,
biocompatible, non-toxic and antibacterial material, which could stabilize ACP in solution to form
amorphous nanoprecursors. Hence, they prepared a CMC/ACP scaffold and realized the
mineralization of dentine collagen fibers. However, the effect of small size was ignored, and the

direct roles of cells and materials were overlooked.” Yao et al. prepared small-sized calcium
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phosphate with polyacrylic acid (PAA) and polyaspartic acid (PASP) as stabilizers. It achieved 95%
collagen mineralization in vitro and effectively repaired the tibia of osteoporosis mice.”"! Many
studies suggested that small-sized calcium phosphate plays an excellent role in promoting
intrafibrillar mineralization, and stable preparation methods of small size calcium phosphate have
been proposed.?*?* Nevertheless, the safe and effective stable preparation technology of calcium

phosphate at the nanoscale is still challenging for material applications.

The role of ACP in bone biomineralization has been widely recognized, and ACP is increasingly
applied in the development of biomaterials as implant materials to repair bone tissue. Wei Teng et
al. synthesized mineralized collagen fibers and ACP to mimic the components and hierarchical
structure of woven bone to preserve the alveolar ridge.*” However, immune responses initiated by
the implantation of bone biomaterials significantly affected the wound healing and tissue
remodeling process.””>*® A beneficial immune microenvironment modulated by biomaterials could
promote bone healing and regeneration.”””? Materials inducing the transition of immune cells from
an inflammatory to an anti-inflammatory phenotype exhibit enhanced bone inductivity.?*?* Thus,
ideal bone scaffolds should provide an excellent osteogenic microenvironment. A great number of
products (e.g., ions, functional groups and biomolecules) are released from biomaterials into the

microenvironment after the implantation of ACP biomaterials, prompting the body's immune

[32] [33]

response and triggering a cascade response.[3°'31] The exact chemical composition”, crystallinity
and particle size™ of the organic-inorganic composite calcium phosphate material will affect the
polarization of macrophages, which can result in different effects during tissue repair. Compared
with HAP or bone with high crystallinity, the small-sized ACP phase has higher solubility, can act on
macrophages faster, and cause a minor inflammatory response.®***! Additionally, studies have
extensively suggested that small particles escape more easily after being endocytosed by cells, while

large particles stay within the cells and cause damage.?®*”! The above researches revealed that the

small particle size of ACP seems to be more conductive for immune regulation. It is challenging to
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develop a biomimetic ultra-small particle size composite scaffold that can simultaneously promote

intrafibrillar mineralization and regulate the immune microenvironment in situ.

In this study, we prepared a scaffold containing ultra-small particle size of about 1.88 £ 0.26 nm
calcium phosphate nanocluster (UsCCP) with carboxymethyl chitosan (CMC) and polyaspartic acid
(PASP) as stabilizers. The existing research suggests that PASP, a non-collagenous protein, directs the
crystal nucleation.®® CMC has the benefits of being non-toxic, degradable and low
immunogenicity.?? As an amphoteric electrolyte, it has been generally used to stabilize ACP."*"! The
UsCCP in the scaffold, as an inorganic filler, could significantly promote intrafibrillar mineralization.
Subsequently, the immunomodulatory effects of this UsCCP released from the scaffold on
macrophages, the osteogenic effect of the activated bone immune environment on mouse bone
marrow stromal cells (mBMSCs), and the angiogenesis effect on human umbilical vein endothelial
cells (HUVECs) were investigated. In brief, an organic-inorganic scaffold containing UsCCP was
developed, and its regulatory effect on macrophages was evaluated. It could synergistically induce
intrafibrillar mineralization, and is expected to achieve an orderly biomimetic regulation of bone

healing and guide effective bone tissue regeneration (Figure 1A).

2. Results and Discussion
2.1 Preparation and properties of UsCCP.

In this study, we fabricated a scaffold containing UsCCP. High concentrations of Ca**/PO,> can be
stabilized in UsCCP with two biocompatible polymer additives, CMC and PASP. Due to the
introduction of carboxymethyl groups into CMC, it could be used as an anionic polymer below its
isoelectric point, enabling chelation with more ca®* " Moreover, its anti-inflammatory properties
have been proved by many researches, which led to the application of carboxymethyl chitosan as a

potential organic stabilizer in the UsCCP scaffold.*” However, this polymer also leads to
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precipitation when mixed with a high concentration of Ca**.**! Thus, we adopted PASP combined
with Ca®* as the CMC competitor. A considerable number of negatively charged carboxylic acid
groups on the CMC and PASP side chain could bind Ca®* and prevent Ca®* from precipitating with
PO,> immediately, forming a more stable calcium phosphate nanocluster. Besides, we conducted a
series of tests to verify that the prepared scaffold contains UsCCP. The mineral phase formed was
observed with high-resolution transmission electron microscopy (HRTEM), and its orientation was
analyzed by the Selected Area Electron Diffraction (SAED) (Figure 1B). The cluster size was around
1.88 £ 0.26 nm and the clusters seemed to consist of amorphous material (inset of Figure 1B). The
prepared solution containing UsCCP could be lyophilized to obtain the scaffold (Figure 1C). The
Fourier Transform Infrared Spectroscopy (FTIR) results in Figure 1D exhibit the phases in the UsCCP
scaffold. The broad absorption bands at about 1062 cm™ (phosphate stretching (v3)) and 542 cm™
(phosphate bending (v4)) and broad X-ray diffraction (XRD) (Figure 1E) diffraction patterns suggested
the amorphous nature of the material. These experimental results all verified that the substance
contained in UsCCP scaffold was ultra-small calcium phosphate nanocluster. The internal
morphology of UsCCP scaffold was observed by scanning electron microscope (SEM) (Figure 1F1, F2).
The results revealed that the UsCCP scaffold has a uniform porous structure, with nanopores nested
in micrometer-sized pores, and the porosity of UsCCP scaffold was 51.08%. In this way, it can mimic
the natural extracellular matrix, support cell adhesion and proliferation, and provide sufficient space
and nutrition.***! The energy spectrum of Energy Dispersive Spectroscopy (EDS) showed that the

calcium and phosphorus elements were evenly distributed in scaffold (Figure 1G1, 2). The

degradation of UsCCP scaffold was performed (Figure S1), with a weight loss of approximately 89 wt%

after 10 days. Mechanical property of UsCCP scaffold was studied with compression test. The result
showed that compression modulus of scaffold was taken as the slope value at 3% strain (figure S2)
and the value was 2.04 £ 0.162 Mpa. Overall, a stable preparation technique was provided for the

synthesis of a scaffold containing UsCCP.
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2.2 Collagen intrafibrillar mineralization

Intrafibrillar minerals are critical for the desirable mechanical properties of collagen fibril and the
biomimetic regeneration of hard tissues. The strength and toughness of bone are based on the
degree of mineralization within the fibers."**® Therefore, HRTEM was used to test the
mineralization effect of UsCCP on collagen fibers, and the results were illustrated in Figure 2A-D.
When co-cultured with the UsCCP scaffold, since the scaffolds could be gradually dissolved in
solution to release UsCCP, UsCCP could be observed on the surface of collagen fibrils at 1 h (Figure
S3). The collagen fibrils were partially mineralized within 12 h (Figure 2C), and most of them were
mineralized within 24 h (Figure 2D). At the same time, we added the HAP group as a comparison to
conduct the collagen intrafibrillar mineralization experiment. Most mineral deposits formed in the
finished HAP group were located outside the collagen fibers (Figure 2B). To compare the effects of
large size ACP (LsACP) and UsCCP in promoting intrafibrillar mineralization, the LsACP group was
added. HRTEM results showed that the LsACP were spherical particles with a diameter of 72.43 ¢
13.86 nm (Figure S4 A) and the results indicated that no intra-collagen mineralization occurred at
12h and 24h (Figure S4 B, C). Under a high-resolution transmission electron microscope, the collagen
fibrils of the UsCCP group (Figure 2E) demonstrated that the mineral crystals in the fibers grew
toward the long axis of the collagen fibrils. The SAED presented a typical arc pattern, confirming that
the mineral phase was HAP. The lattice fringe of the mineral in the mineralized collagen fibril was
observed by HRTEM, the interplanar distance was calculated, which one of was 0.339 nm, matching
with (002) plane of HAP (Figure S5). In addition, (002) diffraction arches of the mineralized collagen
SAED patterns appeared with symmetrical arches, suggesting that the HAP crystal arrangement was
aligned along the c-axis of collagen fibers, which was consistent with the characteristics of
mineralized collagen in biological bones.® The element map inspection showed that the calcium
and phosphate elements in the fiber were evenly distributed (Figure 2F1-4). Stochastic Optical

Reconstruction Microscopy (STORM) technology can achieve sub-diffraction accuracy to confirm the
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intra-fibrous mineralization of type | collagen fibers." Figures 2G1-4 clearly illustrate the spatial
relationship of minerals in collagen fibrils. In the three-dimensional (3D) image, fluorescent
molecules are distributed along the z-axis, where red and green represent the fluorescence of
collagen and calcium phosphate, respectively, and yellow is formed by the spatial superposition of
red collagen and green calcium phosphate, indicating that mineral deposits were located inside
collagen fibers. Therefore, benefiting from the intrafibrillar mineralization realized by UsCCP, a
relatively uniform structure with the integration of calcium phosphate mineral phase within the fibril
was achieved. STORM sub-diffraction accuracy and 3D-Storm provided mineralization along different

z-axes, thus confirming intrafibrillar mineralization.
2.3 Regulation of the inflammatory microenvironment and immune response of macrophages.

There are different regulatory mechanisms at different stages of bone healing, including early
inflammation, immune regulation, angiogenesis, osteogenic differentiation, and biomineralization,
which involve the interactions of multiple cells.®® The implantation of biomaterials may cause
inflammation and local tissue damage by activating macrophages, and prolong wound healing.
Therefore, the interaction between implanted biomaterials and immune response is inevitable and
should be emphasized. Macrophages dynamically regulate the formation and repair of natural bone,
and produce abundant, multi-type and constantly changing cytokines. During this process,
macrophages are firstly transformed into M1-type macrophages and secrete pro-inflammatory
factors. During the repair process, M1-type macrophages transform into M2-type, which participate
in anti-inflammatory and tissue repair. This suggests that better bone healing effect can be achieved
by the timely termination of pro-inflammatory response by optimizing M1-M2 conversion at the
early stage of bone injury. When the material comes into contact with tissue, it gradually degrades
and releases bioactive substances that alter the surrounding bone marrow microenvironment.®"

The release of Ca®* into the local environment has been confirmed as the key for osteoinduction,
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which can stimulate the gradual inflammatory response by forming calcium phosphate in the
biomaterial/tissue microenvironment.®*** Calcium is an effective anti-inflammatory component in
the formulation: as a divalent cation, it can affect the polarization of macrophages.” Therefore, the
UsCCP scaffold was co-coltured with macrophages, and used inductively coupled plasma mass
spectrometry (ICP-MS) to detect the change in calcium and phosphorus ion concentrations in the
medium on day 1 and 2. In this experiment, the pure medium was used as the positive control, and
CMC/PASP was taken as the negative control. Figure S6 shows that the content of calcium ions in the
medium of UsCCP group was significantly higher than that in the other two groups, and the increase
was about 30 ppm compared with the Control group. Due to the introduction of exogenous calcium
ions in the UsCCP group, the calcium ion content continued to rise, while the Ca** concentration
increase in the UsCCP group was lower than that in the other two groups on the second day
compared with the first day. This may have been induced by the formation of calcium phosphate
and the elevation of macrophage numbers. Endocytosis takes up part of the calcium ions. Similarly,

the content of phosphate ions was the highest in the UsCCP group.

The pH value of human body fluids is stably maintained between 7.35-7.45, which is called acid-base
balance. With the release of degradation products of biological materials, the pH value of the
environment around the materials change, subsequently affecting the functions of cells related to
tissue regeneration.[‘m] Studies have suggested that the polarization state of macrophages is also pH-
dependent. The alkaline environment (pH=8.4) can facilitate the proliferation of macrophages and
contribute to the polarization of M1 macrophages. With the decrease in pH, macrophages tend to
polarize towards the M2 phenotype.lss] Accordingly, changes in the environmental pH value can
indicate the state of macrophages. It is urgent to detect the pH change in the cultured environment
of macrophages when they are co-cultured with materials. Our test results (Figure S7) demonstrated

that the pH value of the medium generally increased on the first day. This increase in the UsCCP
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group was particularly significant and reached about 8.25. The environmental pH decreased rapidly

over time and dropped to about 7.5 on the third day.

The scaffold was co-cultured with RAW 267.4 cells through transwell migration assay to clarify the
bone immunomodulatory effect of UsCCP scaffold (Figure 3A). The effect of UsCCP scaffold on the
vitality, proliferation and adhesion of RAW 267.4 cells was investigated. The results of the live/dead
assay are depicted in Figure S8. With the passage of time, all groups had increased live cell numbers,
while the UsCCP group had a significantly higher number of living cells than the Control group. On
the contrary, the UsCCP group had the fewest dead cells (Figure S8a, b). Image J was used to count
the number of live and dead cells in different groups. The results showed that, compared with the
Control group and the CMC/PASP group, the number of live cells in the UsCCP group was
significantly increased (Figure S8c, d). The CCK-8 results were in consistent with the live-dead assay
data (Figure S9). Thus, it was established that UsCCP and CMC/PASP groups facilitated the
proliferation of macrophages, and the effect of UsCCP group was particularly significant. Changes in
the cell morphology were related to different functional states of cells, including cell proliferation
and apoptosis, stem cell differentiation, and macrophage polarization.®”*® It has been
demonstrated that the cell shape of polarized macrophages undergoes significant changes, and M2
macrophages exhibit a slender shape compared with MO/M1 macrophages.® The results for
cytoskeleton and nucleus staining of RAW264.7 cells cultured with different groups for 1 and 2 days
are presented in Figure 3B. On the first day, cells of the UsCCP group appeared to attach and spread
more conspicuous in comparison to CMC/PASP group, and cells of the Control group were rounded
in shape with multiple pseudopodia protruding. On day 2, the cells cultured in UsCCP group became
larger and elongated, and exhibited a spindle shape with significant M2 activation characteristics.
While cells on Control and CMC/PASP groups remained a similar oval shape with no filopodial
extensions. These results suggested that UsCCP released from the scaffold promoted cell stretching

and spreading compared with other groups. In summary, the CCK-8, live/dead and cytoskeleton
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staining assays initially revealed that UsCCP had good biocompatibility and could promote cell

proliferation.

Other tests were conducted to further explore the regulatory effect of UsCCP on the polarization of
RAW264.7 cells. The ratio of M1 and M2 of RAW264.7 cells was checked by flow cytometry (Figure
3C). At the same time, FlowJo V10 was used to quantify the percentage of CD11c and CD163 positive
cells. As indicated in Figure 3E, on day 1, the number of CD11c and CD163 positive cells was limited
in all groups, while the proportion of M1 and M2 cells in the UsCCP group was higher than that in

other groups. On day 2, the expression of CD11c in the UsCCP group was slightly downregulated,

while the expression level of CD163 was significantly upregulated compared to the other two groups.

Moreover, immunofluorescence staining was performed to evaluate the expression of interleukin-1
receptor 1 (IL-1R1, green, a pro-inflammatory marker) and arginase-1 (Arg-1, red, an anti-
inflammatory marker) in RAW264.7 cells after being cultured for 1 and 2 days. Consistent with the
results of flow cytometry, the expression trend of Arg-1 on days 1 and 2 was UsCCP > CMC/PASP >
Control, and the opposite trend was detected in the expression of IL-1R1 (Figure 3D and S10).
Regarding the result for day 1, the M1 and M2 indicators increased at the same time. This was
probably because UsCCP released from the scaffold could activate macrophages quickly and respond
faster to the surrounding environment, leaving macrophages in a state of differentiation. Because of
the exposure to the biological material as an exogenous foreign body, the activated macrophages
also speeded up the conversion and utilization of UsCCP scaffold in the body. On day 2, the milder
inflammatory response subsided, and the activated macrophages transformed into the M2 type that
was conducive to tissue remodeling and repair. Then, reverse transcription-polymerase chain
reaction (RT-PCR) and western blot assays were employed to detect the expression of related
inflammatory genes and proteins in the cells. The results of RT-PCR (Figure 3G) suggested that on
day 1, UsCCP group not only up-regulated the gene expression of inflammatory cytokines (IL-18,

INOS, IL-6, and TNF-a) but also increased the gene expression of anti-inflammatory cytokines (Arg-1,
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IL-4, IL-10, IL-1Ra). Meanwhile, the gene expression of M1 and M2 markers (CD86 and CD206) was
increased. On day 2, the expression of inflammatory cytokine genes in the UsCCP group began to
decline, while the anti-inflammatory cytokine maintained a considerable expansion. Moreover, Arg-1
and INOS protein, which are polarization markers of RAW264.7 cells, were detected by Western blot.
Compared with the Control group, the expression of Arg-1 and INOS in the UsCCP group and the
CMC/PASP group increased on day 1, and that of the UsCCP group slightly increased compared with
the CMC/PASP group (Figure 3F and S11). On day 2, compared with the Control group, the
expression of Arg-1 in UsCCP group significantly increased, while the expression of INOS did not
change remarkably. These data were consistent with flow cytometry and immunofluorescence
staining data, implying that UsCCP caused a milder inflammatory response and promoted

macrophage M2 polarization.

In order to compare LsACP and UsCCP scaffold on the immune regulation of macrophages, LsACP
was co-cultured with RAW264.7 cells. Immunofluorescence staining results showed that the
expression of IL-1R1 in LsACP was much higher than that in UsCCP group, and the expression of Arg-
1 in LsACP was much lower than that in UsCCP. Fluorescence quantitative results showed that there
was a significant difference between the two groups (Figure S12A, B). The results of RT-PCR (Figure
S12C) suggested that LsACP group up-regulated the gene expression of inflammatory cytokines on
day1l and 2. These data implied that UsCCP released from the scaffold caused a milder inflammatory
response and promoted macrophage M2 polarization, while LsACP showed stronger inflammatory

response.

2.4 Response of mBMSCs and HUVECs to the macrophage inflammatory microenvironment.

Bone immunomodaulation involves interactions between biological materials, immune and bone cells.

The immune system and the skeletal system share many regulatory molecules, including cytokines,

chemokines, receptors, and transcription factors.® Bone formation and vascularization are mutually
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coupled phenomena during bone development and growth, which have been widely investigated.®
Different biomaterials can have different osteogenic inductive abilities by regulating the polarization
and functional state of macrophages.® Figure S13 presents the analysis of the expression levels of
genes related to osteogenesis and angiogenesis in RAW 264.7 cells, which suggests that the cells
have a reparative potential. Therefore, the response of mBMSCs and HUVECs to the inflammatory
microenvironment induced by biomaterials and macrophages was tested to further evaluate the
osteogenic effects of UsCCP. A conditioned medium was used as an indirect co-culture mode to
detect the effects of inflammation-related cytokines on mBMSCs and HUVECs (Figure 4A).%% The
character of mBMSCs was identified using flow cytometry. The results suggested that mBMSCs
strongly expressed a high level of the mesenchymal stem cell markers CD29 and CD90 and exhibited

the negative expression of the hematopoietic cell markers CD34 and CD45 (Figure S14).

Alkaline phosphatase (ALP) activity has been used as an initial indicator of osteoblast
differentiation.!®® Also, alizarin red S (ARS) staining was adopted to detect the production of
extracellular calcium deposits during mineralization.® In this study, ALP activity and ARS staining
had the highest degree in the UsCCP group (Figure 4B, C, and S15,16). The transcription levels of
osteogenic genes on day 3 and 7 were presented in Figure 4D, and those of osteogenic genes in the
UsCCP group were significantly increased compared with the Control and CMC/PASP groups. In brief,
the immune microenvironment induced by UsCCP released from the scaffold promoted early
osteoblast differentiation of mBMSCs, which was in line with previous findings that M2 macrophages

could generate a favorable osteo-immunomodulatory microenvironment to promote osteogenesis.

Wound healing experiments and tube formation assays were performed to evaluate the effects of
interaction between macrophages and biomaterials on angiogenesis.'®® Figure 4E visually illustrates
the migration speed of cells from different groups, which is in the order of UsCCP > CMC/PASP >

Control. Figure 4F shows a quantitative evaluation of cell migration, where a larger healing area
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indicates better cell migration ability. The wound healing area rate of the UsCCP group was about
66.3%, which was significantly higher than that of other groups, implying that UsCCP group
significantly enhanced the migration of HUVECs. After HUVECs cultured with different CMs for 24 h,
RT-PCR was employed to investigate the expression of representative endothelial marker genes
stromal cell-derived factor 1 (SDF-1) and von Willebrand factor (vWF) (Figure 4G). Compared with
the Control group, the UsCCP group exhibited significant upregulation of both genes. Figure 4H
demonstrates the optical microscope images of HUVEC cultured on Matrigel for 6 h under different
CMs. Compared with the other groups, the UsCCP group had the largest number of nodes and
junctions and a prominent tubular structure, reflecting a good tendency to form tubes. From the
guantitative analysis presented in Figure 41, the UsCCP group had the longest tubes and the largest
number of branches. Thus, UsCCP released from the scaffold exhibited superior pro-angiogenic
properties to the immune microenvironment of RAW264.7 cells and facilitated the angiogenesis of

HUVECs in vitro.

2.5 Osteogenesis in vivo.

Based on the results of in vitro studies, rat skull defects were used to further evaluate the osteogenic
ability of UsCCP scaffold. As for the number of animals, we originally selected 5 rats of each group at
each time point for comparison. However, due to uncontrollable factors, including accidental death
of some animals during post-operative feeding for individual animal differences and sample damage
for improper sampling operations, there are only 3 valid data available for each group. In addition,
after serious consideration of animal ethical issues and reference to many high-quality literatures
using three animal samples for statistics (Nature Medicine'®, Science Immunology[67], Nature
Communications'®®, etc.), we finally decided to use 3 valid data of each group for statistical analysis
in the manuscript. After 4 and 8 weeks into the experiment, micro-CT scanning was performed to
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observe and analyze the regenerated bone. As depicted in Figure 5A, new bone was formed, the
skull defect was partially healed, and the width of the skull defect in all groups was reduced at 4
weeks. In the defect, the newly formed bone tissue grew from the edge to the center. The defect
center in the Control group and the CMC/PASP group was still clearly visible, while a large volume of
new bones was observed in the defect center of the UsCCP group; therefore, the UsCCP group had
better osteogenesis ability. By the 8 week, the defect in the UsCCP group was almost completely
covered by new bone, and the new bone tissue was more continuous. Although the defect range in
the Control group and the CMC/PASP group was lower than that in the 4 week, there was still a large
gap between the experimental group. The ratio of bone surface area to tissue volume (BV/TV) and
the average trabecular thickness (Th.Th) of the UsCCP group were significantly higher than those of
the other two groups (Figure 5B, D). Bone mineral density (BMD) is the main factor in evaluating the
quality and strength of regenerated bone indicators. The results demonstrated that the bone density
of the UsCCP group was the highest, reaching approximately 13 times that of the Control group after

8 weeks (Figure 5C).

Hematoxylin-eosin (H&E) and Masson’s trichrome staining were performed to identify newly
regenerated bone tissue and evaluate the in vivo osteogenic efficacy of UsCCP scaffolds in a rat
critical-sized calvarial defect. The H&E staining (Figure 5E1, 2, 4, 5) detected more H&E red-stained
areas in the defective areas treated with UsCCP scaffold compared with those in the other groups.
Additionally, more small blood vessels were formed in the UsCCP group. This could help the new
bone to differentiate from the original bone and make the cells in the defect area grow effectively.
Masson’s trichrome staining (Figure 5E3, 6) indicated the cartilage collagen (blue) and mature bone

(red), where the darker red shows a more mature callus.

The in vivo biocompatibility of UsCCP scaffold was detected through serum biochemical indices,

including alanine amino transferase (ALT), aspartate amino transferase (AST), alkaline phosphatase

This article is protected by copyright. All rights reserved.

15

85UB017 SUOWWOD BAeaID 3|deol|dde 8Ly Ag peuienob 8e sspoiie O ‘88N Jo S8In1 10} ArIq1T 8UIUO A8|IAA UO (SUORIPUOD-PUe-SWLBH W00 A3 | 1M AeIq U1 |UO//SONY) SUORIPUOD pue swiis | 8y} &8s *[£202/€0/80] U0 AriqiTauliuo AB|im Ariqi Aisieaun oenn AQ 8rSTOZZ0Z WUPe/Z00T OT/I0p/W0D Ao 1M AReiq 1 ul|uo//Sdiy wo. papeojumoq ‘el ‘659226T2



Accepted Article

WILEY-VCH

(ALP), blood urea nitrogen (BUN), serum creatinine, and serum calcium. The UsCCP group presented
no significant difference compared with the Control group, implying that the addition of materials
did not cause major abnormalities in the liver and kidney function (Figure S17). Subcutaneous
implantation was further studied to reveal the degradation of UsCCP scaffold in vivo. The UsCCP
scaffold were implanted subcutaneously in rats (Figure S18A), and samples were collected on day 3,
7, and 14 (Figure S18B, C). After 3 days of implantation, the material was absorbed to a smaller
extent, and a thick fibrous envelope was formed around it, with a considerable number of
inflammatory cells. On day 7, the envelope was reduced, and inflammatory cells had infiltrated into
the material. On day 14, almost all the material had been absorbed, leaving only small clumps of

inflammatory cells.
2.6 Transcriptome sequencing analysis.

In order to examine the molecular mechanism of UsCCP scaffold, transcriptome sequencing analysis
was conducted on cells cultured in different groups. All Pearson correlation values among samples
were higher than 0.97, indicating good specimen stability (Figure $S19). The Venn diagram of genetic
variations (Figure S20) suggested many differences (1701) between the Control and UsCCP groups
but only a slight discrepancy (233) in the Control and CMC/PASP groups. The volcano plot showed
that, compared with the Control group, the number of significantly upregulated genes in
macrophage cells cultured with UsCCP and CMC/PASP scaffold was 1099 and 86, while the number
of downregulated genes was 602 and 147, respectively (Figure S21). Notably, there were many
differences in gene expression between the UsCCP and CMC/PASP groups. The results suggested

that UsCCP scaffold played a critical role in stimulating macrophages.

The 20 differential genes of the Control group vs. the UsCCP group were presented in Figure 6A,
consisting of 17 upregulated genes and 3 downregulated genes. These genes play an essential role in
cell proliferation, cell cycle, cell adhesion and migration, especially immune response, and
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inflammation regulation. For instance, ornithine decarboxylase 1 (ODC1), associated with cell
activation and proliferation, also inhibited inflammatory responses and ROS-induced apoptosis of
macrophages.’®® The E26 avian leukemia oncogene 2,3' domain (EST2) inhibits inflammatory
cytokines through the MAPK/NF-kB signaling pathway, and the elevated expression of EST promotes
cell survival.”” The C-type lectin domain family 4 member E (Clec4e) was shown to play a role in cell

adhesion and intercellular signal transduction and activate macrophage functions in vitro.”"

Next, GO term enrichment analysis was performed on the top 20 genes (Figure 6B, S22). Among
these GO Terms of Biological Process, the performance of immune-related pathways was particularly
prominent. As demonstrated by the top enriched up KEGG pathways (Figure 6C), many pathways
were related to the immune system, including rheumatoid arthritis, graft-versus-host disease, IL-17
signaling pathway, C-type lectin receptor signaling pathway, T cell receptor signaling pathway, and
allograft rejection. Moreover, the NF-kappa B signaling pathway and TNF signaling pathway
significantly contributed to immuno-inflammatory responses. All differentially expressed genes in
the inflammatory response and immune response were analyzed through the Gene Ontology (GO)
database analysis. Five upregulated genes and five downregulated genes related to inflammatory
response and immune response were illustrated in Figures 6D and E, respectively, presenting
remarkable immune regulation and anti-inflammation trends. Figure 6F shows the genes related to
the polarization of macrophages, indicating significant macrophage activation and polarization trend

to the M2-type. Figure S23 depicts the Pearson's correlation of Figure 6D, E and F.

In brief, a safe and effective scaffold containing UsCCP was prepared to facilitate osteogenesis and

vascularization by promoting intra-fibrous mineralization regulating macrophage polarization.

3. Conclusions

In this study, a simple method was employed to prepare a scaffold containing UsCCP. The scaffold
could release the UsCCP at the bone defect site, adjust the calcium ion concentration in the bone
This article is protected by copyright. All rights reserved.
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marrow microenvironment and change the pH value, then activate macrophages and facilitate the
M2 type polarization of macrophages. Our experimental setup led to the formation of an immune
microenvironment conducive to osteogenesis and angiogenesis. Besides, the UsCCP in the scaffold
could penetrate the collagen fibers, enhance the mineralization of collagen fibers, and induce the
same microstructure as natural mineralized fibers. This dynamic regulation of various biological
functions plays a role in cells and the extracellular matrix, participates in all stages of bone healing,
and promotes bone regeneration in the body. The biomaterial used in this study has a high
application value; it demonstrates the potential of a new concept of synergistic and efficient

regulation for the construction of bone tissue engineering.

4. Experimental Section

Synthesis of UsCCP

CMC and PASP were used as the matrix materials to prepare UsCCP. First, 0.2 mL of 1 M CaCl,
(Aladdin, USA) solution was dropwise mixed with 0.15 mL of 0.3 g mL™ PASP (Chengdu Aikeda
Chemical Reagent Co., Ltd, China) solution. The mixed solution was slowly injected into 1 mL of 10%
CMC (Nantong Feiyu Biological Technology Co., Ltd, China) solution with gentle stirring to obtain
solution A. Next, 0.134 mL of 1 M Na,HPO, (Aladdin, USA) solution was mixed with 1 mL 10% CMC
solution and stirred to obtain solution B. Finally, solutions A and B were mixed and stirred until the
solution was completely homogeneous, and the pH value was adjusted to 7.4 prior to use. The
concentrations of calcium and phosphorus ion in the final dispersion were 80.5 mM and 53.9 mM,
respectively. The UsCCP was frozen at -80°Gn advance for 2 h. Then, the sample was frozen in a
vacuum freeze dryer for 24 h to produce the scaffold material. The controlled sample (CMC/PASP)

was synthesized without the addition of CaCl, and Na,HPO,.

Characterization
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A high-resolution transmission electron microscope (HRTEM, 2100F, Japan) was employed to
examine the internal form of the material and observe the diameter of calcium phosphate
nanocluster. The sample was dissolved in ethanol and diluted 100 times before each test. Mineral
crystallinity was examined using selected area electron diffraction (SAED) with HRTEM. Scanning
electron microscopy (SEM, GeminiSEM 300, Germany) with an EDS system was used to evaluate the
microstructure of UsCCP scaffold with a 3 kV accelerating voltage, followed by coating with gold in
an ion sputtering instrument. The porosity of UsCCP scaffold was calculated using image J. The
sample was ground into powder, mixed with potassium bromide and underwent FTIR (IRAffinity-1,
Shimadzu, Japan) scanning with 30 scans at 4 cm™ resolution from 400 to 4000 cm™ to examine the
characteristic peak. The phase composition was analyzed by XRD (Bruker D8 ADVANCE, Bruker,
Germany) with a 40 kV acceleration voltage and a 40 mA current. The diffraction intensity data were
scanned from 10° to 70° in the 26 range. The degradation of UsCCP scaffold was conducted in
aseptic water. Briefly, 1 ml UsCCP was frozen in a vacuum freeze dryer for 24 h and weighed (WO0).
Each sample was then soaked in 2ml aseptic water and kept in cell incubator (37°CCO2 5%). The
aseptic water was changed every other day. On day 1,3,5,7,10, five samples were taken out and
stored at -80°Ceach time. Finally, all these samples were freeze-dried and then measured the
residual mass (Wt). Degradation rate (%) = (WO - Wt) / WO x 100%. For compression test, scaffold
was placed at the center of a couple of flat probes. Tests were conducted at a loading rate 2
mm/min and at room temperature. The compression modulus was calculated by the stress and
strain within the elastic zone (1-3% strain). Five repeated tests were conducted to ensure the

repeatability of experiments.
Collagen mineralization

First, preprocessed collagen solution was prepared as follows: 8.33 mL of 3 mg mL™ type | collagen,

rat tail (Gibco-Invitrogen, USA) was transferred into 0.5 mL assembly solution containing 50 mM
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glycine solution and 200 mM potassium chloride, whose pH value was pre-adjusted to 9.2. The
preprocessed collagen solution was dripped onto 300-mesh formvar/carbon coated nickel TEM grids
and water-bathed overnight at 37°CThe TEM grids were immersed in 0.05% glutaraldehyde solution
at 37°Gor 1 h to cross-link the collagen. Then, they were soaked into the mineralizing solution of
UsCCP, HAP at 37°(For 1h, 12 h and 24 h. After mineralization, the TEM grids were taken out, and
gradient elution was performed sequentially with deionized water, 50% ethanol and 100% ethanol.
Finally, the mineralization of collagen was observed by HRTEM (JEM2100F, Japan). The lattice fringe

of the mineral in mineralized collagen fibril was calculated by Gatan Microscopy Suite Software.

For the STORM experiment, the laser confocal culture dish (LCCD) was amino-silanized with
aminopropyltriethoxysilane (APTES) for 2 h to immobilize collagen fibrils, washed with anhydrous
ethanol and deionized water, and oven-dried before use. The preprocessed collagen solution was
dripped onto the APTES-modified LCCD glass, incubated at 37°Gfor 12 h, and added with 0.05 wt%
glutaraldehyde to further cross-link collagen fibrils for 1 h. Before mineralization, the type | collagen
fibrils were labeled by immunofluorescent staining. The collagen fibrils were incubated with type |
collagen rabbit anti-mouse antibody (1:200, Abcam, USA) at 4°Covernight and then colored with
mouse anti-rabbit 594 secondary antibodies (1:500, Abcam, USA) for 1 h at room temperature. The
UsCCP scaffold was used to mineralize collagen fibers at 37°GFor 24 h, and 10 pumol calcein AM
(BestBio, shanghai, China) was employed to label the mineralized collagens. The samples were
immersed in an imaging buffer and observed through a Nikon Ti-E inverted optical microscope (N-
STORMY/AIR, Japan). After taking STORM images, the reconstruction of each 3D super-resolution

image was performed with Nikon NIS Elements 4.30 software.
lon concentration and pH test

RAW 264.7 cells were co-cultured with UsCCP and CMC/PASP scaffold through transwell migration

assay (Figure 3A) to detect the concentrations of calcium and phosphorus ion. At each time point,
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the culture medium was collected, and the ion release was tested by ICP-MS (Agilent7800, USA). For
the assessment of pH variation, the culture medium was measured with a pH meter (METTLER

TOLEDO, FiveEasy Plus) to obtain the pH value at 1, 2, 3, and 4 days.
Cell culture

In this work, the murine macrophage-like cell line RAW264.7 (the Cell Bank of the Chinese Academy
of Sciences of Shanghai) was adopted for macrophage experiments. The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin/streptomycin (Sigma, USA) at 37°Gn a 5% CO, atmosphere. Cells were
routinely passaged every third day. HUVECs (ATCC, USA) were cultured in an endothelial cell medium
(ECM, Sciencell, USA) with 5% FBS and 1% endothelial cell growth supplement/heparin kit (ECGS/H,
Promocell). Four-week-old male C57BL/6J mice were adopted to extract mBMSCs according to
previous reports.’? Fluorescent staining was performed to identify mBMSCs through CD45-APC,

CD90-PE, CD29-FITC (eBioscience), and CD34-FITC (BioLegend).
Macrophage response

RAW264.7 cells were co-cultured with UsCCP or CMC/PASP scaffold through transwell migration
assay (Corning, USA), and the cells cultured in a normal medium were used as the Control group.
CCK-8 assay and live/dead assay were utilized to evaluate the cytocompatibility for 1, 2 and 3 days in
accordance with the instructions. The live and dead cell numbers were calculated by Image J
(National Institute of Health). Each group contained three replicates. To analyze the effect of UsCCP
on cell morphology, the cell cytoskeleton was observed. After being co-cultured with three different
groups for 1 and 2 days, the cells were stained with 70 nmol rhodamine-phalloidin (Cytoskeleton Inc,
USA) and 5 pug/mL DAPI (Solarbio, Beijing, China). Subsequently, confocal laser scanning microscopy

(CLSM, Leica Microsystems, German) was used to take photographs.
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The expression of CD11c (M1 marker) or CD206 (M2 marker) in Raw 264.7 cells were detected by
flow cytometry. After 1 and 2 days of co-culture, the cells were stained with Fixable Viability Stain
520 (BD Pharmingen, USA), the Fc-receptors were blocked with purified rat anti-mouse CD16/CD32
(BD Pharmingen, USA), then labeled with PE-conjugated anti-mouse CD163 (BD Pharmingen, USA)
and PE-cy7-conjugated anti-mouse CD11c antibodies (BD Pharmingen, USA) for 1 h in the dark. Next,
cells were assayed with a flow cytometer (BD Biosciences Pharmingen, CytoFLEX LX, USA), and the

data were analyzed with Flowjo software.

Macrophage polarization was studied through the immunofluorescence staining assay. For the
staining step, IL-1R1 (1:100, Santa Cruz Biotechnology, USA) was used as a pro-inflammatory marker,
and Arg-1 (1:50, CST, USA) was adopted as an anti-inflammatory marker. After being cultured with
different materials for 1 and 2 days, the cells were incubated with primary antibodies at 4°C
overnight. Subsequently, the secondary antibodies goat anti-rabbit Alexa Fluor 594 and goat anti-
mouse Alexa Fluor 488 (1:500, Abcam, USA) were incubated with the cells at room temperature for 1
h. Images were taken with confocal laser scanning microscope. The fluorescent density of images

was quantified by Image J software.

The relative gene expression levels of macrophages cultured in different groups were investigated by
real-time PCR assays. After 1 and 2 days of incubation, total cell RNA was extracted using the TRIZOL
reagent (Invitrogen) and reverse-transcribed to cDNA by means of a PrimeScript RT reagent kit
(Takara Bio, Japan) following the manufacturers’ instructions. Specific gene primers for TNF-q, IL-6,
IL-1B1, INOS, IL-10, Arg-1, IL-4, IL-1Ra, CD86, CD206, BMP2, VEGF, PDGF-BB, and GAPDH were
commercially synthesized (Sangon Biotech Co., Ltd, China). The specific primer sets are listed in
Table S1. Quantitative real-time PCR analysis was performed with a mixture of BioEasy SYBR Green |,
cDNA templates and primers. All mRNA values were normalized against GAPDH expression using the

-AACt
)

comparison Ct (2 method.
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After 1 and 2 days of co-culture, the Arg-1 and INOS proteins levels of three groups were measured
by western blot using antibodies including rabbit-anti-arginase-1 (CST, USA, 1:1000), rabbit-anti-
INOS (HuaAn Biotechnology Co., Ltd., China, 1:1000), and anti-GAPDH (Proteintech, USA, 1:1000).
The protein was separated on sodium dodecyl sulfate-polyacrylamide electrophoresis gel,
transferred onto PVDF membrane (Millipore, USA), incubated with primary antibodies overnight at
4°Cthen incubated with a horseradish peroxidase-conjugated secondary antibody (1:10000) at room
temperature for 1 h. The immunocomplexes were visualized by ECL chemiluminescence (NCM
Biotech, Suzhou, China). All proteins were normalized to the value of GAPDH. The relative integrated

density of protein bands was analyzed by Image J.
Collection and preparation of CM

Raw 264.7 cells were co-cultured with different groups for 2 days. Then, the culture medium of the
respective groups was collected and centrifuged at 1500 rpm for 15 min at 4°CThe filtered
supernatants were mixed with a complete culture medium at the ratio of 1:2 to obtain conditioned
medium (CM). Subsequently, the osteogenic-inducing medium was prepared. Moreover, mBMSCs
and HUVECs were cultured on plates in a complete medium in a 5% CO, incubator at 37°(or 24 h.
Next, the culture medium was changed into different CMs to examine cell proliferation and the
osteogenic and angiogenic ability of CM. The culture medium was refreshed every 2 days during the

experimental period.
Expression of osteogenesis/angiogenesis-related genes

The mBMSCs and HUVECs were plated on 6-well plates. After 24 h of incubation, the culture medium
was replaced by osteogenic-inducing CM. On days 3 and 7, total RNA from cells in different groups
was extracted by TRIZOL. The expression levels of mouse mRNA encoding genes were detected for
ALP, OPN, COL I, OSX, OCN, Runx2, SDF-1, and vWw, with the housekeeping gene GAPDH as the

internal control.
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After 3 and 7 days of cultivation in osteogenic-inducing CM, cells were stained with the BCIP/NBT
ALP Color Development Kit (Beyotime, China). Furthermore, the ALP activity of mBMSCs was
measured with an ALP activity kit (LabAssay™, Japan) and quantified by their OD values. On day 14
after osteogenic induction, ARS staining (Solarbio, China) was performed to examine the
extracellular matrix mineralization of mBMSCs stimulated by CM. For quantitative results, 10%
cetylpyridinium chloride (CPC; Sigma-Aldrich, USA) was added to dissolve mineralized nodules, and

the absorbance of the solutions at 570 nm was measured using a microplate reader.

HUVECs were seeded in a 12-well plate. After the cells reached 100% confluence, monolayer HUVECs
were carefully scratched with 10 pL pipette tips and the medium was replaced with the CM. Images
were taken using an optical microscope after incubation for 8 h. The area percentage of wound

healing was calculated by Image J software.

A tubule-forming experiment was performed to evaluate the angiogenesis ability of different CMs."”*!

Briefly, 50 puL Matrigel™ (BD, USA) was added to a 96-well plate and incubated at 37°Gor 30 min for
matrigel gelatinization. Then, HUVECs suspended with different CM were inoculated to the gel and
images were taken by an optical microscope after 6 h of incubation. Six images were analyzed by
Image J software for respective groups.”’® The number of new tubes, total branching points and

length of the total tube were calculated for the quantitative analysis of angiogenesis.
Rat subcutaneous implantation experiment

Eight male Sprague Dawley rats (4 weeks, 100-120 g) were anesthetized, and the dorsal hair was
shaved. Then, two independent subcutaneous incisions were created on the back of each rat, and
UsCCP scaffold was implanted. Each scaffold had the same size. Rats were euthanized by CO,
asphyxiation after 3, 7 and 14 days of implantation. The dorsal tissue was harvested, trimmed, fixed,
processed into paraffin blocks, and sectioned into 4 um thickness. According to standard

procedures, the sections were deparaffinized, hydrated, and stained with hematoxylin and eosin.
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Rat calvarial bone defect model

In order to examine the effects of UsCCP scaffold on regeneration of new bone in bone defects, a
total of 20 male Sprague Dawley rats (8 weeks, 220-250 g) were randomly divided into two groups
(UsCCP group, CMC/PASP group). After being anesthetized, 5 mm-sized critical calvarial defects were
constructed on two sides of the mediocranial suture with a trephine bur.”®! All the defects on the
left side were used as the blank group, and the defects on the right side were implanted with UsCCP
or CMC/PASP scaffold. After post-operation for 4 and 8 weeks , the samples were harvested and

subjected to osteogenesis evaluation.

All animal experimental procedures were approved by the Medical Ethics Committee of Zhejiang

University (approval number: ZJU20200126).
Micro-CT analysis and histological evaluation

After 4 and 8 weeks, the rats were euthanized. The calvarial tissues were harvested and soaked in
10% neutral buffered formalin for 24 h for osteogenesis evaluation. The Micro-CT system (MIlLabs U-
CT-XUHR, Netherlands) was used to analyze some changes in the skull. Scanning was performed
with a resolution of 20 um, and the projections were acquired at the angle of 360°. Micro-CT images
were acquired at 80 keV and 500 mA. The data were put into the IMALYTICS Preclinical software for
reconstruction and analysis. A 5-mm diameter round-shaped region of interest (ROI) around the
epicenter of the defect was analyzed. After setting a determinate threshold, the new bone volume
fraction (BV/TV), bone mineral density (BMD) and thickness (Th. Th) in the defect site were
calculated directly on 3D images of the specimen.All samples were decalcified with 5%
ethylenediaminetetraacetic acid (EDTA) for two months. Then, samples were dehydrated,
embedded in paraffin and cut into 5 um sections. These were stained with hematoxylin and eosin
(H&E, Solario) and Masson’s trichrome (Solario) separately, and observed using an Olympus VS200

to evaluate the formation of new bone.
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After surgery for 4 and 8 weeks, the blood for different groups was collected for liver and kidney
function tests. The blood biochemical parameters were measured with an automatic biochemical
analyzer (Wuhan servicebio technology CO., LTD), including alanine amino transferase (ALT),

aspartate amino transferase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN), serum

creatinine, and serum calcium.
Transcriptome analysis

The cells were subjected to transcriptome analysis at 2 days. Briefly, the cells were treated with
TRIZOL for the extraction of total RNA, then eukaryotic mRNA was enriched by Oligo(dT) beads and
reverse transcribed into cDNA. Next, the cDNA fragments were purified and amplified. FPKM
(fragment per kilobase of transcript per million mapped reads) value of each gene was calculated to
quantify its expression abundance and variations using StringTie software. The DEGs, GO (gene
ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analyses were
performed using R software. The false discovery rate (FDR) < 0.05 and absolute fold change > 2 were

set as the thresholds for significantly differential expression or differential enrichment.
Statistical analysis

All experiments were conducted in triplicate, and the results were presented as mean + standard
deviation (SD). Prism Software version 8.01 (GraphPad) was used for the statistical analysis. One-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test were performed to determine

statistical significance. P < 0.05 and p < 0.01 indicated significance and high significance, respectively.
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Figure 1: The characteristics of UsCCP. (A) Schematic illustration of this experiment. (B) TEM image
and SAED pattern (inset) of UsCCP, scale bar: 20nm. (C) Digital photograph of UsCCP scaffold. (D)
FTIR spectra of UsCCP scaffold. (E) XRD analysis of UsCCP scaffold. (F1) The SEM image of UsCCP
scaffold, scale bar: 100 um. (F2) Local magnified SEM image of (F1), scale bar: 25 um. EDS mapping
images of UsCCP scaffold, (G1) calcium, (G2) phosphorus, scale bar: 25um.
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Figure 2: Effect of UsCCP to mineralization process of collagen mineralization. (A) TEM image
of the native collagen fibrils. (B)TEM image of collagen fibrils after incubated with HAP at 37°C
for 24h. (C, D) TEM images of collagen fibrils after incubated with UsCCP scaffold at different
time points at 37°CC) 12h, D) 24h. (E) A local magnified image of D (inset shows SAED
patterns of collagen fibrils). (F) EDS mapping images of collagen fibrils in E: oxygen (F2),
calcium (F3) and phosphorus (F4). (G) The xy projections of STORM images of mineralized
collagen fibrils in the UsCCP group at 24h. G1) collagen fibrils were labeled with Alexa Fluor
594 dye (red fluorescence); G2) HAP was labeled with calcein (green fluorescence); G3)
merge image of G1 and G2. G4) 3D STORM image of the mineralized collagen fibrils in the
UsCCP group at 24h. (H) Z-slice of STORM images of the mineralized collagen fibrils in the
UsCCP group at 24h. Scale bar: 1 um (A-D), 100 nm (E-H).
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Figure 3: The response of RAW264.7 cells cultured with UsCCP scaffold. (A) Schema of co-culture of
cell and materials. (B) Phalloidin staining was performed to observe the morphology of RAW264.7
cells on day 1 and 2. DAPI: blue, Phalloidin: red. Scale bar: 20 um. (C)The scatter plot of flow
cytometry detection of M1 and M2 macrophage surface markers CD11c and CD163. (D)
Representative pictures of Arg-1 (red) and IL-1R1 (green) immunofluorescence staining of Raw 264.7
cells after UsCCP treatment for day 1 and 2. Scale bar: 20um. (E) Mean Fluorescence Intensity (MFI)

of CD163 and CD11c in the three groups. (F) The protein expression of Agr-1 and INOS was
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determined by Western blot analysis. (G) RT-PCR detection of pro-inflammatory and anti-

inflammatory related genes of different groups in macrophages cultured for day 1 and 2. Data

representthe mean  S.D. (n = 3). Significant differenceswere derived from ANOVA followed by

Tukey's post hoc test: *, # P < 0.05, **, ## P < 0.01, * represents comparison with Control group, #

represents comparison with CMC/PASP group.
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Figure 4: The influences of biomaterial-mediated immunomodulatory effects on the osteogenic

differentiation of mMBMSCs and angiogenesis of HUVECs in vitro. (A) Schema of conditioned medium
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preparation and cell culture (B) ALP staining after incubated for 3 and 7 days. (C) ARS staining after
incubated for 14 days. (D) The mRNA expression of osteogenesis-related genes was analyzed after
incubated for 3 and 7 days. (E) Representative images of cell migration of HUVECs, Scale bar: 200um.
(F) The percentage of coverage after 8h of wound healing; (G) The relative gene expressions of SDF-1
and vWF in HUVECs after incubated for 24h. (H) Representative images of tube formation for 6h,
Scale bar: 200 um. (I) Quantitative analysis of total tube length, total branch points and total tubes
points per field. Data representthe mean + S.D. (n = 3). Significant differenceswere derived from
ANOVA followed by Tukey's post hoc test: *, # P < 0.05, **, ## P < 0.01, * represents comparison

with Control group, # represents comparison with CMC/PASP group.
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Figure 5: In vivo osteogenesis ability of UsCCP scaffold in rat calvarial defect for 4 and 8 weeks. (A)

The micro-CT images of the bone defect. (B-D) The quantitative analysis of micro-CT: B) BV/TV; C)

BMD, D) Th.Th. (E) H&E and Masson staining of the defect area after implanted, Scale bar: 500 um

(E1, E4), 100 um (E2, E3, E5, E6). Data representthe mean + S.D. (n = 3). Significant differenceswere

derived from ANOVA followed by Tukey's post hoc test: *, # P < 0.05, **, ## P < 0.01, * represents

comparison with Control group, # represents comparison with CMC/PASP group.
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Figure 6: Bioinformatic analysis of macrophage gene expression of different samples. (A) Heatmap of
the top 20 differential genes of Control vs UsCCP group. (B) Analysis of the top 20 enriched terms of
Biological Process by GO pathways for the top 20 genes. (C) Analysis of the top 20 enriched terms by
KEGG pathways for the top 20 genes. (D) Heatmap from the inflammatory response pathway in
Control and UsCCP groups. (E) Heatmaps from the immune response pathway in Control and UsCCP
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groups. (F) Heatmaps of differentially expressed genes with macrophage polarization in Control and

UsCCP groups. n = 3 per group
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