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ARTICLE INFO ABSTRACT
Keywords: Objectives: Vascularization is an essential step in successful bone tissue engineering. The induction of angiogenesis
Biomaterials in bone tissue engineering can be enhanced through the delivery of therapeutic agents that stimulate vessel and

Cucurbitacin B
Angiogenesis
Bone regeneration
3D printing

bone formation. In this study, we show that cucurbitacin B (CuB), a tetracyclic terpene derived from Cucurbi-
taceae family plants, facilitates the induction of angiogenesis in vitro.

Methods: We incorporated CuB into a biodegradable poly (lactide-co-glycolide) (PLGA) and p-tricalcium phos-
phate ($-TCP) biomaterial scaffold (PT/CuB) Using 3D low-temperature rapid prototyping (LT-RP) technology. A
rat skull defect model was used to verify whether the drug-incorporated scaffold has the effects of angiogenesis
and osteogenesis in vivo for the regeneration of bone defect. Cytotoxicity assay was performed to determine the
safe dose range of the CuB. Tube formation assay and western blot assay were used to analyze the angiogenesis
effect of CuB.

Results: PT/CuB scaffold possessed well-designed bio-mimic structure and improved mechanical properties. CuB
was linear release from the composite scaffold without affecting pH value. The results demonstrated that the PT/
CuB scaffold significantly enhanced neovascularization and bone regeneration in a rat critical size calvarial defect
model compared to the scaffold implants without CuB. Furthermore, CuB stimulated angiogenic signaling via up-
regulating VEGFR2 and VEGFR-related signaling pathways.

Conclusion: CuB can serve as promising candidate compound for promoting neovascularization and osteogenesis,
especially in tissue engineering for repair of bone defects.

The translational potential of this article: This study highlights the potential use of CuB as a therapeutic agent and
strongly support its adoption as a component of composite scaffolds for tissue-engineering of bone repair.

1. Introduction repairing [1]. Current tissue engineering strategies use an artificial
biomaterial scaffold containing either biochemical stimuli, stem cells, or

Successful bone regeneration represents a major ongoing challenge in a combination of these treatments to establish regeneration [2], and in
large segmental bone defect. Neovascularization is crucial to both particular, to ensure vascularization and angiogenesis, which are essen-
intramembranous and endochondral bone formation during bone defect tial for cell survival and tissue function [3]. Vascularization is a main
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challenge in successful bone tissue engineering. To stimulate vasculari-
zation and promote bone regeneration, bioactive factors can incorporate
into the tissue regeneration scaffold [4]. Various growth factors such as
VEGF, FGF, IGF, PDGF, etc. have shown effect in promoting neo-
vascularization in the early stages of bone tissue repair [5,6]. However,
concerns persist regarding its efficacy due to observations of poorly
organized, leaky, and other side-effects [7].

Higher effective, lower toxic, more stable and less expensive com-
ponents are huge unmet needs, even variety of products in bone tissue
engineering (BTE). The natural medicinal compounds are stable and easy
to obtain, which have been widely used in BTE. Cucurbitacin B, tetra-
cyclic terpenes derived from Cucurbitaceae family plants, e.g, squash,
pumpkin, cucumber, and melons (Fig. 1A) [8]. This natural compound
was be found in anti-cancer effect in non-small cell lung cancer, gastric
cancer, breast cancer et al. Current studies have found that it mainly
regulates STAT3/ROS/PI3K and related signal pathways [9,10]. Also, it
has anti-inflammation effect, which can suppress gout arthritis [11].
Different from the research in above, scientists found its bioactivity
which induces angiogenesis with safety dose [12]. Most of interestingly,
our preliminary in vitro experiments revealed that CuB exhibited a sub-
stantial angiogenic effect at low and no-toxicity doses (<30 nM) in
EA.hy926 cells, suggesting that this compound has strong therapeutic
potential for treatment of tissue injuries, especially in bone regeneration.

Poly (lactide-co-glycolide) (PLGA) and f-tricalcium phosphate
(B-TCP) have been used extensively in tissue engineering due to their
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high biocompatibility, already approved by FDA for several clinical ap-
plications [13,14]. In our previous work, we used the PLGA and (-TCP
scaffold as a filler material and drug carrier in bone defects [2]. The
scaffolds could provide osteoinductive effects, as well as a 3D architec-
ture for host cell infiltration. The previous data provided the evidence of
the proper proportion of PLGA and TCP could preserve the stable pH
value [13], which benefited for ameliorating local microenvironment to
contribute to cell growth. We incorporated CuB into the PLGA/p-TCP
scaffold by 3D low-temperature rapid prototyping (LT-RP) technology in
this study, in order to promote local angiogenesis better at the early stage
of bone repair. The mechanical properties and release of CuB from
scaffold have been studied. Then the rat calvarial defect model has been
used to examine whether the drug-incorporated scaffold provided in vivo
angiogenic or osteogenic effects towards the regeneration of bone. In
addition, we investigated the underlying mechanism of its angiogenic
properties and the coupled osteogenic effects.

2. Methods and materials
2.1. Cell culture

The human umbilical vein cell line EA.hy926 (ATCC, USA) was
cultured in Dulbecco's modified Eagle medium (DMEM, Gibco, USA)

supplemented with 10% fetal bovine serum (FBS, Gibco, USA). Human
bone marrow-derived mesenchymal stem cells (hBMSC, Cyagen, China)
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Figure 1. A. Picture of muskmelon, Cucumis melo L (dry muskmelon pedicel) and chemical structure of cucurbitacin B; B & C. Cytotoxity of CuB on EA.hy926 and
hBMSC; D. The in vitro angiogenesis assay of EA.hy926 treated by CuB; E. The in vitro osteogenesis assay of hBMSC treated by CuB. F & G. The effects of CuB with
different concentrations on total master segments length, total length, total meshes area and number of meshes (n = 5, *p < 0.05, **p < 0.01, treatment groups versus
ctrl group); H. Quantitative analysis of mineralization formation (n = 3, *p < 0.05, **p < 0.01, treatment groups versus ctrl group).
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were cultured in complete medium (Cyagen, China). hBMSCs below
passage 6 were used for all in vitro experiments. Cells were incubated at
37 °C, 5% COa.

2.2. Cytotoxicity tests

A Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan) were used to
measure the cytotoxicity of CuB on EA.hy926 and hBMSC cells according
to manufacturer instructions. Cells were grown in 96-well plates at
5 x 103 cells/well for 24 h treated with Cucurbitacin B (CuB, Extra-
synthese Genay, France) over a range of concentrations (0-100 nM with
triple gradient dilution) for 24, 48, and 72 h, respectively. The absor-
bance at 450 nm was detected by a microplate reader (Thermo Fisher,
USA).

2.3. Tube formation assay

EA.hy926 cells (1.2 x 10° cells/well, containing 0, 3, 10, 30 nM CuB)
was seeded on Matrigel (Corning, USA)-coated 24-well plate for 12 h.
Cells were labeled by Calcein AM (Corning, USA) in HBSS (Gibico, USA)
and incubated plates for 30 min at 37 °C. Images were captured using a
fluorescent microscope (Zeiss, Germany), then quantified using Angio-
genesis Analyzer plugin of ImageJ software (NIH, USA).

2.4. Osteogenesis assay

hBMSC cells were seeded at a density of 2 x 10° cells in 24-well plate
and cultured in osteogenic media (STEMCELL, Canada) supplemented
with 0, 3, 10, or 30 nM of CuB for 14 days, respectively. For minerali-
zation assays, the cells were fixed in 4% Paraformaldehyde (Sigma-
—Aldrich, USA) solution and then stained with Alizarin Red (AR,
Sigma-Aldrich, USA). Stained mineralized nodules were visualized by an
inverted microscope in bright field (Zeiss, Germany). AR was extracted
by incubation in 10% cetylpyridinium chloride buffer (Sigma-Aldrich,
USA), the absorbance of the samples was measured at 560 nm by the
microplate reader (Thermo Fisher, USA).

2.5. Protein extraction and western blotting

EA.hy926 cells were treated with CuB with 0, 10,30 nM for 1 hor 2 h
respectively. The cells were then lysed with RIPA buffer (Thermo Sci-
entific™, USA). Phospho-VEGF Receptor 2 (Tyr951, Tyr966, Tyr1059,
Tyrl1175) antibodies, total VEGFR2 antibody, phospho-Akt (Ser473),
phospho-Src (Tyr416), phospho-FAK (Tyr397), phospho-p38 MAPK
(Thr180/Tyr182), phospho-PLCyl (Ser1248), phospho-p44/42 MAPK
(Thr202/Tyr204) and GAPDH were used as primary antibodies. The
samples were incubated with corresponding anti-Rabbit HRP secondary
antibodies. All the antibodies were supplied by Cell Signaling Technol-
ogy, USA. Representative blots are shown and were repeated a minimum
of three times. Representative blots were captured by Image LabTM (Bio-
Rad Inc., USA).

2.6. PLGA/TCP/CuB scaffold fabrication and scanning electron
microscopy (SEM) analysis

The PLGA (75:25, Institute of Biomaterials of Shandong, China) was
dissolved in 1,4-dioxane (Aladdin, China) to form a 10% (w/v) homo-
geneous solution [15]. Then B-TCP (Shanghai Bio-lu Biomaterials Co.,
China) was mixed with PLGA solution by 1:4 mass ratio (w/w) [13]. CuB
(1%, w/w) was added into the PLGA/B-TCP mixture then stirred evenly
with a magnetic stirrer to form PLGA/B-TCP/CuB (PT/CuB) uniform
liquid paste. The composite scaffolds were fabricated by a LT-RT 3D
printing machine (CLRF-2000-II, Tsinghua University, China) under
—30 °C. Then, the scaffolds were lyophilized in a freeze dryer for 24 h (Bo
Yi Kang FD-1-50, China) under vacuum of 20-40 Pa pressure [16,17].
Pure PLGA/B-TCP (PT) scaffold was used as a comparison.
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PT and PT/CuB composite scaffolds were cut by a sharp blade in the
middle. A scanning electron microscope (Supra 55, Zeiss, Germany) was
used to exam the morphology of the materials. The two scaffolds were
coated with gold by sputter coater. The porous structure was scanned
under 15 kV acceleration voltage.

2.7. Porosity measurement and mechanical testing

The average pore sizes of the PT/CuB and PT composite scaffolds
were analyzed by SEM images through Image Pro Plus software (NIH,
USA). Porosity measurement of PT/CuB and PT composite scaffolds were
characterized using micro-CT (Skyscan1176, Bruker, Germany) with a
spatial resolution of 20 mm. Meanwhile, porosity of scaffolds were
measured with ethanol immersion method according to Archimedes'
Principle in a specific gravity bottle (Hubbard, Hanil, Korea) [18].

The scaffolds with a shape of 10 x 10 x 10 mm? were prepared for
mechanical test. The compression strength and compressive modulus
were tested by mechanical tester (Instron E3000, USA) with a 250 N load
according to ISO 844:2014 (www.iso.org). The crosshead speed was set
at 1 mm/min, and the load was applied until the scaffold cracked. Three
samples per group were measured, and each test repeated twice.

2.8. Cell morphology and viability detection in the surface of scaffolds

To evaluate the cell morphology and viability on the scaffolds, hnBMSC
cells were seeded in the sterilized scaffolds for 3 days. Live/dead cells
staining assay was performed (Thermo Scientific™, USA) according to
the manufacturer's instructions. Live and dead cells were stained with
Calcein AM or EthD-1, respectively. The labeled live and dead cells on
scaffolds were viewed under the fluorescence microscope (Leica, Ger-
many). We also observed the cells morphology on the scaffolds by SEM.
Cultured cells for 3 days on the scaffolds, then cells were fixed by 4%
paraformaldehyde and lyophilized in a freeze dryer. After coating with
gold, attached cells on the scaffolds were observed by SEM (Supra 55,
Zeiss, Germany).

2.9. Degradation of scaffolds

PT and PT/CuB scaffolds were immersed in PBS and incubated at
37 °C for 30 days. After rinsing scaffolds with distilled water, then
scaffolds were dried until weight stabilization. Dry scaffolds were
measured at each time point. The percentage of weight loss was calcu-
lated according to the following equation: Weight loss % = (W0 —Wt)/
WO x 100% (WO is the initial dry weight of the scaffold and Wt is the dry
weight of the scaffold after degradation). The pH value of degradation
medium was measured by pH meter (Mettler Toledo).

2.10. Invitro CuB release and CuB bioactivity

PT/CuB scaffold was cut into 200 mg per sample and immersed in
5 mL PBS (0.1 M, pH 7.4, HyClone™, USA), incubated at 37 °C. The
degradation medium was collected twice a week until 4 weeks and
substituted by same volume of fresh PBS. The residual scaffolds were
collected at 0-, 1-, 2-, 3-, and 4-week. The dried residual scaffolds were
dissolved in dimethylformamide (Aladdin, China) for CuB determina-
tion. The content of released CuB in degradation medium and remained
CuB in residual scaffolds have been detected by the high-performance
liquid chromatography (HPLC, Shimadzu, Japan). The bioactivity of
released CuB was detected by tube formation assay and osteogenesis
assay as described in 2.3 and 2.4.

2.11. Rat critical size calvarial defect model
Thirty 3-month-old Wistar female rats were randomly divided into

three groups. Rats were anaesthetized with isoflurane (2%, Ringpu,
China) inhalation. A 15 mm long incision in the scalp along the sagittal
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suture was made. Two 5 mm full-thickness craniotomy defects were
trephined in the dorsal part of the parietal bone lateral to sagittal suture
[19]. PT or PT/CuB scaffolds were placed to fill in the defect (Fig. 4A).
The control group (Ctrl) did not receive any implants. The rats were
euthanized 8 weeks after implantation, then the skull was harvested. The
animals were housed under special pathogen-free conditions at the ani-
mal facility (Ethical approval number: SIAT-IRB-170814-YGS-ZP-A03
70). This animal study was approved by the Animal Ethics Committee
of Chinese Academy of Sciences Shenzhen Institute of Advanced
Technology.

2.12. Magnetic resonance imaging (MRI)

The blood flow of the calvarial defect was detected using 3.0 T
magnetic resonance imaging (MRI) scanner (uMR790, United Imaging,
China) [20]. The MRI image signal have been obtained by
Gadolinium-Based Contrast Agents (Beijing Beilu Pharmaceutical Co.,
China) intravenous injection. MRI scanning were carried out on anaes-
thetized rats at 3-, 5-, and 7-week post-operation for each group (3 rats
per group). The parameters of MRI scanning are as following:
gradient-echo sequence [time to echo, 3.03 ms; repetition time, 7.12 ms;
section thickness, 0.5 mm; imaging matrix = 160 x 90]. A total of 1200
dynamic images were obtained. Total thickness of the MRI scanning was
analyzed to calculate the mean value describing the blood flow in defect
areas.

2.13. Microfil perfusion

To investigate new blood vessels formation in defect area, microfil
compound (Flowtech, USA) was perfused at 8-week post-operation. Rib
cage was opened to expose the heart after animal anesthetized deeply.
Heparinized normal saline 20 mL was perfused (100 U/ml, Aladdin,
China) firstly, then microfil compound was slowly perfused. Perfused rats
were stored at 4 °C overnight, then the calvaria was harvested and fixed
in formalin [21].

2.14. Micro-CT analysis

Micro-CT was performed to analyse intrabony vascular formation.
Microfil-injected samples were scanned after decalcification using Sky-
scan1176 Micro-CT scanner (Bruker, Germany) at 50 kV, 100 pA, 0.9 pm
resolution, 0.5-degree rotation step settings, with 0.5 Al filter. For the
analysis of bone formation within the defects, the harvested calvaria
samples were fixed in formalin, and scanned using Skyscan1176 Micro-
CT scanner with 16.4 pm resolution, at 70 kV, 114 pA, 0.6-degree rota-
tion step settings, without any filter. A 5.0 mm-round centered on the
defect was identified as region of interest (ROI). Then 3D reconstruction
and quantitative analyses were performed using manufacturer's software
(CTan, Bruker, Germany). PT scaffold was scanned to get the background
to calculate the bone volume in bone defect areas.

2.15. Histology and immunohistochemistry

The cranial defect samples were fixed in 4% paraformaldehyde so-
lution, then decalcified in EDTA-Decalcifying-fluid (Boster, China) and
embedded in paraffin. Hematoxylin and eosin (H&E, Sigma-Aldrich,
USA) staining was performed according to the manufacturer's protocol.
Immunohistochemistry was performed with antibodies against VEGFA
(Abcam, UK) and HIF-1a (Proteintech, China).

2.16. Goldner's trichrome staining

Goldner's trichrome staining was performed to distinguish osteoid,
bone marrow and bone tissue. Each biopsy was fixed in 4% para-
formaldehyde solution, dehydrated in a graded series of alcohol, and
embedded in methylmethacrylate (Aladdin, China) for Goldner's
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trichrome staining (Leagene, China) as following the manufacturer's
protocols. The slides were imaged using an inverted microscope (Leica,
Germany).

2.17. Statistical analysis

All results are presented as average + standard deviation. Differences
between experimental groups was performed one-way ANOVA and
Dunnett's test using SPSS (version 21.0, USA). All p values were two-
tailed and p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Low dose of CuB promoted angiogenesis and osteogenesis process in
vitro

3.1.1. Safety dosage determination

Many literatures reported the drug effect in the cell death dosage. It
has been found that at high doses of CuB could induce cell-cycle arrest,
apoptosis, and growth suppression of cancer cells [22]. The study re-
ported that CuB inhibited angiogenesis at the 100 nM [23], which is the
cytotoxic dosage. Recently, a drug screening result showed that CuB had
broad cellular specificity, which could induce angiogenesis and protects
cardiomyocytes against apoptosis in the no-cytotoxic dose [12].

In this study, we studied the effect of CuB in no-cytotoxic dose. To
determine the margin of safety range for CuB dosages, we performed
cytotoxicity assay in human umbilical vein cell line EA.hy926 and human
bone marrow stem cells (hBMSC). A 34.9% and 76.9% cell survival rate
was observed at 72 h of exposure to concentrations of <33.33 nM CuB for
EA.hy926 (Fig. 1B) and hBMSC (Fig. 1C) cells, whereas most cells were
killed at >100 nM CuB. Meanwhile, we performed live-dead cells
staining at 72 h to observe the cell viability. The data showed that the
number of cells were reduced, but cell viability was well in the 33.33 nM
both in EA.hy926 and hBMSC cells, Therefore, the results indicated that
30 nM CuB might affect cell proliferation, but didn't affect the biological
function of cells (Supplementary materials Figure S1). Since no cyto-
toxicity was observed when cells were exposured to 33.33 nM CuB, we
selected this dosage or lower (<30 nM) for in vitro angiogenesis and
osteogenesis assays.

3.1.2. CuB promotes angiogenesis process in vitro

To explore the effects of CuB on angiogenesis in vitro, we first per-
formed tube formation assays. We observed that vascular morphogenesis
was initiated and multicellular tubular networks formed after 12 h of
exposure to CuB in EA.hy926. Tube formation gradually increased in a
dose-dependent manner (Fig. 1D). The major branch length (Fig. 1F) and
total mesh (Fig. 1G) area both doubled at 30 nM, compared to untreated
EA.hy926 cells. Between 3 and 30 nM CuB, the number of nodes, seg-
ments, and total segment lengths increased significantly over that of
untreated cells, indicating substantially greater tubular network forma-
tion. Furthermore, compared with untreated groups, the 30 nM CuB
treatments led to 12.8-fold and 5.5-fold higher numbers of total master
segments and total length, respectively. The number of meshes and total
mesh areas also significantly increased 9-fold and 28-fold, respectively,
compared to the untreated group (Fig. 1F and G). These results indicated
that <30 nM CuB enhanced tubulogenesis in EA.hy926 cells.

3.1.3. CuB promotes osteogenesis process in vitro

To detect mineralization potentially induced in response to CuB
treatment, monolayer cultures were stained with AR at day 14 after CuB
treatment. AR staining positive coloration of BMSCs cultured in osteo-
genic induction medium, plus or minus CuB, was generally more intense
in cells supplemented with CuB, with significantly greater numbers of
calcium nodules in 3 nM and 10 nM CuB treatment groups than in the
control group (Fig. 1E and H). ALP activity was increased by CuB in a
dose dependent manner after 3 days treatment. Realtime qPCR results
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showed that CuB promoted the expression of ALP and OPN genes (Sup-
plementary materials Figure S2). These results suggested that early
osteoblast differentiation of hBMSCs was promoted by low doses of CuB.
Invitro mineralization assays revealed that calcium phosphate deposition
was greater in cells cultured in osteogenic induction medium containing
CuB.

3.2. Morphology and in vitro degradation of the PT/CuB scaffold

3.2.1. Physical and chemical properties of scaffolds

We developed a porous drug-loaded composite scaffold. PLGA was
used to recruit BMSCs and induce osteogenic differentiation [24,25],
B-TCP provided appropriate mechanical strength [24], and, we hypoth-
esized, CuB could potentially stimulate angiogenesis in vivo. We previ-
ously validated the porosity and apparent physical and mechanical
properties of PLGA/B-TCP, and found that a PLGA:TCP mass ratio of 4:1
maintained a consistent pH 5-7 range throughout the in vitro degradation
assays. PLGA produces acidic products, which can be neutralized with
the alkaline products of TCP. Meanwhile, TCP could increase the strength
of scaffold [13]. In this design, the PLGA/B-TCP (PT) scaffolds were
loaded with or without 1.0% w/v (weight/volume percentage concen-
tration) CuB. All scaffolds were fabricated uniformly (20 x 20 x 20 mm?)
with regular macropores (Fig. 2A) by low temperature 3D printing. No
differences were observable between scaffolds that contained CuB and
those that did not.

Appropriate pore size is conducive to the differentiation, prolifera-
tion, and migration of mesenchymal stem cells and osteoblasts, as well as

sox
A PT PTICUB
j . PT
| ﬁW@;éﬂﬂMnh
. PTICUB

SEM 1000:=

Journal of Orthopaedic Translation 31 (2021) 41-51

angiogenesis in local tissues [26]. For capillary neovascularization and
new bone formation, the pore size of scaffolds is usually larger than
300 pm [27]. Macropore sizes typically ranged from 465 to 485 pm.
Porosity and the mechanical properties of scaffolds are listed in Table 1.
Given the contributions of pore size, porosity, and surface architecture to
the effectiveness of a scaffold in regeneration, we considered that the
scaffolds have the biomimetic structure. Then we used SEM microscopy
to scrutinize the surface morphology. The SEM images showed that the
macropores were smooth and that scaffold pores were highly inter-
connected in PT and PT/CuB scaffolds (Fig. 2B). We then seeded rat
hBMSCs on the PT and PT/CuB scaffolds and cultured them in medium
for three days, until they attached to spread into the scaffolds (Fig. 2C).
Live/dead cell staining showed that cells grew well and successfully
adhered to the surfaces of both PT and PT/CuB scaffolds (Fig. 2D). These
results suggested that the scaffolds had good physical property. That
could facilitate cell seeding and adhering, also might allow tissue
ingrowth.

Table 1
Physicochemical properties of scaffolds (X£SD).

Group (n = 6) PT PT/CuB

Macropore size (im) 484.25 + 20.02 465.17 £+ 15.89

Porosity by micro-CT (%) 62.03 £ 1.78 65.59 + 3.35

Porosity by ethanol immersiom (%) 69.29 + 3.90 70.92 + 2.50

Young's Modulus (MPa) 26.08 + 2.37 24.70 £+ 3.90

Compressive Strength (MPa) 1.35 £ 0.15 1.28 +£0.19
1000X S000.X

LivedDeac

Figure 2. A. Gross appearance of PT and PT/CuB scaffolds; B. The SEM scanning of the scaffolds; C. hBMSCs morphologies on the scaffolds by SEM scanning (cells
colored blue); D. Live (stained by Calcein AM, green) and dead (stained by Ethidium homodimer-1, red) cells staining images; merged images were showed on the
right of figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2.2. Scaffolds degradation and in vitro release of CuB

Since angiogenesis is an early event (about 4 weeks) in tissue repair,
CuB release therefore needs to be measured over a 30-day period. To this
end, we conducted in vitro degradation analysis in phosphate buffer sa-
line (PBS, pH 7.27.4). The results showed that the weights of the PT and
PT/CuB scaffolds decreased by 2.0% and 2.2% after 30 days of degra-
dation, respectively (Fig. 3A). pH of repair tissue fluids may play a reg-
ulatory role in the healing and mineralization of bone. It was reported
that bone repair tissue within first week after trauma, had a pH lower
than normal serum [28]. Low tissue pH and locally acidic environments
develops at bone fracture sites, result in hypoxic or ischemic conditions
[29]. The pH value was slight decreased to 7.0 and 6.9 in PT/CuB and PT

Journal of Orthopaedic Translation 31 (2021) 41-51

groups at day 3, respectively. Then pH values were back to around 7.2
and stable in degradation medium until 4 weeks. The pH value of PT and
PT/CuB scaffold was alkaline and stable for the first four weeks (Fig. 3B),
which benefited for ameliorating local microenvironment to contribute
to cell growth. Notably, neither the loss of weight by PT and PT/CuB
scaffolds, nor the change in pH of the medium were significantly different
among any timepoints during the degradation period.

Theoretically, containing 1% of CuB (w/w) scaffold has been pre-
pared by LT-RT 3D printing. We then examined the release of CuB over
the degradation period. The results showed that CuB was released from
the PT/CuB scaffold into degradation medium at a sustained rate of
1.70% per day (Fig. 3C), consistent with a linear decrease in residual
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Figure 3. A. Weight of scaffolds after degradation; B. pH value in the degradation medium; C.The released ratio of CuB in degradation medium; D. The rest ratio of
CuB in residual PT/CuB scaffold; E. The accumulated content of CuB in PT/CuB scaffold degradation medium and the residual PT/CuB scaffold; F. The tube formation
of EA.hy926 cells which were treated by CuB from PT/CuB scaffold degradation medium. G. AR staining images which hBMSCs were treated by CuB from PT/CuB
scaffold degradation medium; H & I. The effects on total master segments length and total meshes area treated by CuB from PT/CuB scaffold degradation medium
(*p < 0.05, **p < 0.01, n = 5); J. Quantitative analysis of mineralization formation (*p < 0.05, **p < 0.01, n = 3).
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Figure 4. A. Operation of rat calvarial defect animal model; B. MRI scanning; C. Density of blood flow rate in rat calvarial defect area; D. Representative micro-CT
images of vascularization at the defects at 8 weeks; E-G. The vascular volume, diameter, and number in rat calvarial defect area; H. VEGFA and HIF-1a IHC staining of
rat calvarial at 8 weeks post-implantation; I. Density analysis of VEGFA expression; J. Density analysis of HIF-1a expression.

* PT/CuB groups versus PT group, n = 6, *p < 0.05, **p < 0.01.
# PT or PT/CuB groups versus sham group, n = 6, #p < 0.05, ##p < 0.01.

drug levels in the scaffold (Fig. 3D). Near 0.9% of CuB from the PT/CuB
scaffold has been detected together in degradation medium of PT/CuB
scaffolds and residual scaffolds (Fig. 3E, Supplementary Table S1). These
data indicated that CuB might be simply deposited by immersion in the
scaffold rather than bound to the scaffold. In this study, we implanted
5 mm diameter, 1 mm thickness scaffold, the weight was 12.5 mg, con-
taining 0.125 mg CuB. Based on our in vitro degradation results, the dose
of CuB was around 6 pg/kg. And this concentration is under the safety
dosage, which was 0.1 mg/kg intravenously or by oral gavage at 2-4 mg/
kg in rats [30]. However, in vivo environment was complicated. Tissue
kinetics and route of excretion are also need be investigated in the further
study.

After confirming the stability of the scaffolds and CuB release in
degradation medium, we then validated the biological activity of the
released CuB from the PT/CuB scaffold using tube formation and
osteogenesis assays. The results indicated that the release of CuB into the
degradation medium resulted significant enhancement of angiogenesis
(Fig. 3F, H and 3I) and osteogenesis in vitro (Fig. 3G and J), which was
consistent with experiments using CuB without the scaffold for delivery
(Fig. 1D and E). Taken together, these findings suggest that incorporated
CuB could be released from biodegradable scaffold. Moreover, released
CuB of PT/CuB scaffold still has biological activity, and thereby PT/CuB
scaffold has potential applications to improve revascularization in bone
tissue engineering.

3.3. CuB loaded scaffold promoting neovascularization in rat cranial
defect animal model

Having confirmed that CuB has angiogenic and osteogenic effects in
vitro, we next investigated whether the PT/CuB scaffold could enhance
angiogenic and osteogenic function in vivo using a rat critical size cal-
varial defect model. To this end we created round 5 mm diameter defects
in the skulls of rats. PT and PT/CuB scaffolds were implanted in the
defects and un-implanted defects served as controls (Ctrl) (Fig. 4A,
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Supplementary materials Figure S3). Angiogenesis was measured at 3, 5,
and 7 weeks by MRI analysis, which showed that the cranial defect sites
were well-vascularized in both PT and PT/CuB groups, compared to
those of the Ctrl group (Fig. 4B). Over the experimental time course,
blood flow to the defect region continually increased, peaking at 5 weeks
in the PT/CuB group. At 5 weeks, the blood flow was 1.89- and 1.3-fold
greater in the PT/CuB group compared to the PT and Ctrl groups,
respectively. By 7 weeks, the vascularization did not appear to increase in
the PT/CuB group over that of 5 weeks but remained significantly greater
than vascularization in the PT and Ctrl groups (Fig. 4C). By contrast un-
implanted defects in the Ctrl rats failed to show any quantifiable differ-
ence in blood flow. These results indicated that the PT/CuB scaffold
improved angiogenesis in the early stage of bone regeneration in vivo.

At 8 weeks, blood perfusion was performed on rats from each
experimental group. We harvest the biopsies and conducted microCT-
based angiography analysis to observe the newly formed vessels in the
defect regions. The 3D imaging results showed a higher degree of neo-
vascularization within the bone defect regions implanted with PT/CuB
scaffolds compared to those with PT scaffolds (Fig. 4D). In addition,
average vessel volume (Fig. 4E), vessel diameter (Fig. 4F), and vessel
number (Fig. 4G) were all significantly greater in the PT/CuB group
compared with the PT and Ctrl groups, p < 0.05. The results of these
experiments supported our hypothesis that CuB supplementation to the
PT scaffold could enhance angiogenesis during bone healing.

We further examined the effects of CuB using immunohistochemistry
to observe expression of the angiogenic transcriptional activator HIF-1a
and its downstream target VEGF in situ during the development of new
vessels. Here, we observed that VEGF was strongly expressed in the bone
defect region of the PT/CuB group, while, as expected, bone defects in
the PT group showed substantially less positive staining and Ctrl defects
were negative (Fig. 4H, left). Similarly, HIF-1a was clearly observable in
explants of the PT/CuB group, exhibiting brighter staining than in the PT
and Ctrl groups (Fig. 4H, right). Quantitative image analysis and statis-
tical comparison of the explants confirmed that both VEGF and HIF-1a
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were expressed at significantly higher levels in the PT/CuB group in vivo
than the other groups (Fig. 41 and J). These findings were in consist with
MRI and microCT imaging that indicated CuB doping of the PT scaffold
led to significantly faster neovascularization than application of the
scaffold alone. HIF-1a and VEGF play central roles in regulating cell
metabolism for angiogenesis and subsequent bone formation [31,32].
Our results strongly implied that CuB enhances angiogenesis via
up-regulated expression of HIF-1a and VEGF. These proteins have been
shown to participate in the recruitment of endothelial and osteoproge-
nitor cells to bone defects for new vessel and bone formation [33].

3.4. CuB loaded scaffold enhanced the bone regeneration in a critical-size
calvarial defect

Having determined that the PT/CuB scaffold enhanced in vivo
angiogenesis, we then assessed whether the presence of CuB also facili-
tated faster bone formation. Using the same experimental design as that
of in vivo angiogenesis assays, we then used micro-CT scanning to analyze
the 5 mm cores at the centre of each defect at 8 weeks after implant to
determine the volume of new bone tissue. The reconstructed 3D images
showed that the PT/CuB scaffold induced a significantly higher amount
of new bone formation than that of all other groups (p < 0.05) (Fig. 5A).
Quantification by image analysis and statistical comparison showed that
bone mineral density (BMD) and bone volume (BV) were both signifi-
cantly higher in the PT/CuB group compared with the PT and Ctrl groups
(Fig. 5B and C, respectively). However, we observed that the number of
trabeculae (Tb. N) in the PT group was greater than that in the PT/CuB
rats (Fig. 5D). Blood vessels and bone formation are coupled, so that
osteogenesis and vasculogenesis occur together [34]. Together with the
observed increase in vessel formation (Fig. 4), these results showed that
CuB administration led to faster healing of bone injury than scaffold
implants alone.

In histological observations, H&E and Goldner's staining both showed
that in the PT/CuB and PT groups, osteoid accumulation was clearly
observable in the defect sites, but only fibrous tissue was observed in the
Ctrl group (Fig. 5E and F). Furthermore, local CuB release increased bone
volume significantly compared to that in the PT group (Fig. 5F). These
histomorphometric observations thus revealed that the PT scaffold was
necessary to promote connective tissue closure of the bone injury, and
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that CuB application significantly improved the rate of bone regeneration
compared to that of the scaffold alone. One study indicated that HIF-1a
was a pro-osteogenic factor for woven bone formation after damaging
loading [31]. Recent studies have shown that bone and vascular has
important crosstalk and promote bone vasculature might inhibit bone
loss [35]. Together with our result, PT/CuB scaffold might induce the
new blood vessel formation through released CuB from composite scaf-
fold. Chondrocytes and osteogenesis-related cells rely on the HIF-1a,
which was produced by PT/CuB induced neovascularization. Then the
cells were recruited on the scaffold allowing the coupling of angiogenesis
and osteogenesis during bone regeneration in cranial defect. In the
follow-up study, we will use the long bone defect animal model, extend
the observation period, and further evaluate the angiogenic and osteo-
genic efficiency of PT/CuB scaffold in long bone defect repair.

3.5. CuB promote the angiogenesis via VEGFR2 signaling pathway

As CuB has shown great efficacy in angiogenesis in vitro and in vivo,
we next investigated the molecular mechanisms through which CuB may
contribute these apparently angiogenic effects. VEGFR proteins play a
key role in survival, migration, and differentiation of endothelial cells,
and also participate in the regulation of vascular permeability [36].
VEGFR2 signaling is necessary for ligand-stimulated proliferation,
chemotaxis, and sprouting, as well as for survival of endothelial cells in
vitro and angiogenesis in vivo [37]. Major VEGFR2 autophosphorylation
sites located in the kinase insert domain (Tyr951,/996) and the tyrosine
kinase catalytic domain (Tyr1054,/1059), in addition to Tyr1175 in the
C-terminal tail [36,38]. We examined VEGFR2 for kinase activation by
Western blotting to determine whether CuB induced autophosphor-
ylation in EA.hy926 cells. The results showed that treatment with 10 nM
CuB led to phosphorylation of the Tyr 996 site within 1 h, and slightly
up-regulated phosphorylation of Tyr 1175 within 2 h. However, two
other phosphorylation sites, Tyr 951 and Tyr 1059, remained undetect-
able (Fig. 6A and B). These results suggested that VEGFR2 was largely
activated by CuB exposure via Tyr 996 autophosphorylation. Interest-
ingly, heatmap visualization showed that lower doses of CuB may have
induced greater up-regulation of the VEGFR2 pathway than the higher
doses (Fig. 6K).

c o

: |

(LU

S
Py

en a
b —

- P
| 4
= B o
’ ’
ek
(4] -

w1 S

[T =

et C

Figure 5. A. Micro-CT characterization of the rat calvarial defect area at 8 weeks post-implantation; B. The bone mineral density in rat calvarial defect area; C. BV/TV
% in rat calvarial defect area; D. The number of trabeculae in rat calvarial defect area; E. HE staining of rat calvarial at 8 weeks post-implantation; F. Goldner's

Trichrome image overview of rat calvarial defect area.
* PT/CuB groups versus PT group, n = 14, *p < 0.05, **p < 0.01.
# PT, PT/CuB groups versus sham group, n = 14, #p < 0.05, ##p < 0.01.
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Figure 6. A&B. The effect of CuB regulated VEGFR2 phosphorylation and semi quantitative results (compared with control group, *p < 0.05, **p < 0.01, n = 3); C.
Effect of CuB on the expression level of phosphorylated protein in angiogenesis signaling pathway; D-I. Semi quantitative results of Fig. 5C (compared with control
group, *p < 0.05, **p < 0.01, n = 3); J. CuB promotes angiogenesis via VEGFR2 signalling pathway. K. Heat map comparisons of phosphor protein expression of key

moleculars in VEGFR signalling pathway.

Activated VEGFR2 in endothelial cells elicits downstream phosphor-
ylation of serine/threonine kinase Akt, PLCyl, the Src family tyrosine
kinases (Src), focal adhesion kinase (FAK), extracellular signal-regulated
kinase (Erk), and the p38 mitogen-activated protein kinase (p38) [39]
(Fig. 6J). Src kinases regulated cellular morphology, cell migration and
polarization, as well as endothelial junctions and vascular barrier func-
tion [40,41]; FAK was found to be phosphorylated in vitro by Src [42].
Using Western blots, we observed that CuB increased p-38 and p-Src
activation rapidly, within 1 h after treatment, while 2 h of exposure to
10 nM CuB led to a 1.9-fold up-regulation of p-FAK over that of the 30 nM
treatment. Our results therefore indicated that p-Src was activated first,
which subsequently phosphorylated p-FAK Tyr 576 after 2 h of CuB
treatment (Fig. 6C-F).

Akt plays a critical role in endothelial cell survival [43], while PLCy
mediates activation of the Erk pathway required for proliferation of
endothelial cells [41]. We further found that p-PLCy accumulation
increased ~2-fold under all CuB dosages at both 1 and 2 h after treat-
ment, thus indicating continuous activation in the presence of CuB,
whereas p-Akt and p-erkl/2 were dramatically up-regulated 3.2- and
2.1-fold, respectively, higher than untreated cells after 2 h of exposure to
30 nM CuB (Figure 6C and 6D-I). Erk and Akt were therefore significantly
activated via PLCy phosphorylation after CuB treatment for 2 h. CuB may
thus promote vascular endothelial cell survival and proliferation via Akt
and Erk signaling, which regulate the vasomotion and barrier function of
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vessels. Collectively, these data show that CuB activates VEGFR2
signaling to promote angiogenesis. Specifically, p38 and Src appear to be
activated first in response to CuB, which then phosphorylate pFAK, while
phosphorylation of p-PLCy leads to downstream activation of p-Akt and
p-erkl/2 (Fig. 6J and K).

Lack of sufficient vascularization at the bone defect site is one of the
most important challenges in bone tissue engineering (BTE). The incor-
poration of angiogenic, osteogenic, and/or anti-inflammatory elements
to enhance the pro-osteogenic properties of implant biomaterials has
been a long-term objective for innovation in bone regeneration strategies
[44,45]. The field of BTE has made considerable strides in recent decades
towards advancing scaffold design and architecture [46]. Other
long-standing challenges necessary for improvement of scaffold effec-
tiveness in bone and vascular regeneration include prolonging the sta-
bility of encapsulated proteins during sustained release, and successful
delivery of drugs and biomolecules from the biodegradable scaffold [47].

4. Conclusion

Taken as a whole, our data indicate that CuB, in low doses, can act as
an agonist of VEGFR2 and subsequently promote angiogenesis via posi-
tive regulation of endothelial cell survival and proliferation, and may also
affect cell migration and polarization. Additionally, the incorporation of
CuB into a porous PLGA/f-TCP scaffold enhanced neovascularization and
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bone regeneration in vivo in a rat calvarial critical-sized bone defect
model. These results highlight the potential use of CuB as a therapeutic
agent and strongly support its adoption as a component of composite
scaffolds for tissue-engineering of bone repair.
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