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ARTICLE INFO ABSTRACT

Keywords: The potential translation of bio-inert polymer scaffolds as bone substitutes is limited by the lack of neo-
Cell-derived decellularized extracellular matrix vascularization upon implantation and subsequently diminished ingrowth of host bone, most likely resulted from
Microenvironment

the inability to replicate appropriate endogenous crosstalk between cells. Human umbilical vein endothelial cell-
derived decellularized extracellular matrix (HAECM), which contains a collection of angiocrine biomolecules, has
recently been demonstrated to mediate endothelial cells(ECs) — osteoprogenitors(OPs) crosstalk. We employed
the HAECM to create a PCL (polycaprolactone)/fibrin/HdECM (PFE) hybrid scaffold. We hypothesized PFE
scaffold could reconstitute a bio-instructive microenvironment that reintroduces the crosstalk, resulting in vas-
cularized bone regeneration. Following implantation in a rat femoral bone defect, the PFE scaffold demonstrated
early vascular infiltration and enhanced bone regeneration by microangiography (p-AG) and micro-
computational tomography (p-CT). Based on the immunofluorescence studies, PFE mediated the endogenous
angiogenesis and osteogenesis with a substantial number of type H vessels and osteoprogenitors. In addition,
superior osseointegration was observed by a direct host bone-PCL interface, which was likely attributed to the
formation of type H vessels. The bio-instructive microenvironment created by our innovative PFE scaffold made
possible superior osseointegration and type H vessel-related bone regeneration. It could become an alternative
solution of improving the osseointegration of bone substitutes with the help of induced type H vessels, which
could compensate for the inherent biological inertness of synthetic polymers.

Vascularized bone regeneration
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1. Introduction

Besides autologous and allogenic bone grafting, which carries sig-
nificant comorbidities such as disease transmission and adverse immune
reaction risks, tissue engineering (TE) using polymeric bone substitute
has emerged as an appealing alternative in treating bone defects from
various etiologies [1,2]. However, classic cell-based TE, which relies on
the seeding of autologous or allogenous cells onto biodegradable scaf-
folds followed by a period of in vitro cultivation before surgical im-
plantation, has several limitations, including a time-consuming cell
expansion process, low cell survival upon implantation, and the possible
short- and long-term immune-rejection [3]. To circumvent these short-
comings, acellular bioactive bone scaffolds were studied as an alterna-
tive. The cell-free scaffolds, made of synthetic biodegradable polymers,
can be available off the shelf without a lengthy process of cell handling
and storage, aiming to regenerate the bone by creating healing micro-
environments and control host cell behavior [4]. However, given the
attributes of biological inertness they all have in common, polymer
scaffolds still face challenges with inadequate neovascularization and
insufficient host osseointegration before a successful clinical translation
[2,5,6].

In general, bone regeneration relies highly on adequate vasculature
that transfers oxygen and nutrients and removes metabolites [7]. Early
scaffold neovascularization facilitates cell proliferation, tissue ingrowth
followed by subsequent bone mineralization and regeneration, while
scarce vascular infiltration and hypoxia lead to central necrosis or failed
osseointegration manifesting as fibrous encapsulation [8,9]. Various
fabrication methods have been attempted to improve the scaffolds’
bio-activeness to counteract the nature of inertness possessed by syn-
thetic polymers [10-14]. Scaffolds, either physio-chemically modified,
blended with organic or inorganic compounds, or loaded with bioactive
ingredients, were used to create a microenvironment attempting to re-
cruit, regulate local stem cells to achieve in situ vascularized bone
regeneration and better implant osseointegration [6,15,16]. For
instance, local coupled angiogenesis and osteogenesis of scaffold
implant was achieved by the addition of recombinant vascular endo-
thelial growth factor (VEGF) and bone morphogenetic protein (BMP) [8,
17-19] However, growth factors (GFs) failed to recapitulate the in-
tricacy of the local regenerative microenvironment, leading to osteal
and vascular malformation [20].

It is crucial to reintroduce a microenvironment that can recapitulate
successful endothelial cell-osteoblast (EC-OP) crosstalk in the process of
vascularized bone regeneration [21-23]. Recent investigations have
suggested the role of vascular endothelial extracellular matrix (ECM),
with a majority from human umbilical vein endothelial cell (HUVEC), as
a substrate in mediating the crosstalk between ECs and OPs, which
couples angiogenesis and osteogenesis [23-26]. Human mesenchymal
stem cells (hMSCs) or osteoblasts exhibited favorable osteogenesis and
increased metabolic activity when cultured on HUVEC-derived decel-
lularized ECM (HdECM) [24,25]. Though the underlying mechanism has
yet to be clarified, some evidence might explain by revealing that
HAECM was determinant of MSC’s fate, that cells from exfoliated de-
ciduous teeth (SHED) were induced into endothelial lineage when being
cultured on HAECM [26]. In vitro, HIECM treated-MSCs also promoted
angiogenesis by an enhanced formation of branching networks [25].
Through mechanisms of cell-matrix interactions, HIECM orchestrates
the mechanical, growth factor, and angiocrine signals necessary for cell
proliferation and differentiation, suggesting its potential to be a
tissue-specific niche useful for regenerative medicine [23,27-29]. In
vitro studies hint at the possibility that HAECM, which possesses a
complete collection of angiocrine biomolecules for guiding both angio-
genesis and osteogenesis, could be a potent substrate to engineer a
bio-instructive microenvironment for promoting in situ vascularized
bone regeneration and thereby enhancing implant osseointegration,
which has yet to be studied in vivo.

Researchers have explored 3D-printing technology for decades in
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order to produce biodegradable polymer bone implants with optimum
mechanical strength, tunable porosity, and certain levels of bioactivity
[14]. Here, we present a 3D-printed polycaprolactone (PCL) scaffold
spatiotemporally incorporated with HAECM/fibrin hybrid gel to engi-
neer a bio-instructive microenvironment for accelerated in situ vascu-
larized bone regeneration. Initially, we proved the hypothesis that
HAECM, as a substrate, could enhance angiogenesis and osteogenesis in
vitro. By incorporating HAECM/fibrin gel into the biodegradable PCL
scaffold’s pores, we showed that the hybrid scaffold achieved rapid
vascular infiltration in a subcutaneous implantation model and
enhanced bone regeneration in a rat femoral defect site, particularly
within the central region. Immunofluorescence histology showed that
the scaffold’s microenvironment mediated the formation of type H
vessels, a subtype of capillary coupled with osterix-positive osteopro-
genitor cells [30-32]. Besides, HIF-1A was upregulated in the
scaffold-mediated microenvironment. The functionalization of PCL
scaffold with HAECM/fibrin gel had achieved vascularized bone regen-
eration and subsequently enhanced PCL’s osseointegration, as demon-
strated by a scarce formation of peri-implant fibrous encapsulation. The
present work demonstrated a novel strategy that rapid type H vessel
angiogenesis and osteogenesis mediated by the microenvironment
might be favorable for enhanced osseointegration of polymer implants.

2. Method

1. Isolation of HUVECs and generation of HUVEC-derived decellular-
ized ECM

Primary HUVECs were obtained from umbilical cords taken after
delivery of healthy term newborns with approval from the Ethics
Committee of The Third Affiliated Hospital of Guangzhou Medical
University. Isolation and characterization of primary HUVECs were
performed as described with mild modifications [33,34]. Briefly, after
the umbilical vein was bluntly dissected from the cord, the lumen was
flushed with phosphate buffer solution (PBS) to remove residual blood
followed by an infusion of 0.2% collagenase solution and a subsequent
incubation for 10 min at 37 °C. Cells were centrifuged at 250g for 5 min
before seeding. HUVECs were isolated and cultured at 37 °C, 5% COg in
Endothelial Cell Medium (Sciencell, US) containing 5% fetal bovine
serum, 100U/ml penicillin, 100 pg/ml streptomycin, and 1% Endothe-
lial Cell Growth (Sciencell, US). The medium was changed every 3 days.
HUVECs between passage 5 to 6 were used for the generation of dECM as
previously described [26]. Cells were cultured for an additional five
days after confluence was reached. Later on, cells were treated with a
mixture solution of 0.5% Triton X-100 and 20 mM NH4OH for 5 min as
previously denoted, followed by the treatment of Dnase I (100U/ml) for
45 min. The HUVEC-derived CD-dECM (HdECM) was washed with
deionized water five times and lyophilized before subsequent use. As a
control, HUVEC-derived ECM without decellularization (HECM) was
collected by scaping the cell-sheet off the culture surface.

2. Characterization of HUVEC-derived dECM

To characterize the extracellular matrix’s major components, both
HdECM and HECM were fixed in 4% paraformaldehyde for 30 min,
embedded in paraffin, and sectioned. Slides were stained with HE,
Masson, Safranin O, and Picrosirius Red. Immunofluorescence staining
was also performed. Sections were incubated with primary antibodies
against collagen I (ab6308, 1:200, Abcam, UK), laminin (ab268079,
1:100, Abcam), and fibronectin (F7387, 1:200, Sigma) at 4 °C overnight
followed by incubation with secondary antibodies for 1 h and with DAPI
for 5 min. Images were taken using fluorescence microscopy (Olympus
Imaging Systems, Japan). To characterize the protein within HAECM,
10 pg protein extract mixed with 4 x loading buffer was loaded into a
1.5 mm 4%-12% gradient SDS-PAGE gel. SDS-PAGE was performed at
120 V for at least 100 min. The gel was stained with Coomassie Blue
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overnight and destained in deionized H20 containing 10% acetic acid
and 40% ethanol for 2 h. Visualization of the bands was carried out on a
GE Image Scanner III densitometer, and the image was taken using
ImageQuant TL software (GE Healthcare). LC/MS was performed to
identify peptide sequences of the HHECM (n = 3). The samples were
homogenized in a 4% SDS and 100 mM dithiothreitol (DTT) and lysed by
a filter-aided sample preparation protocol. Proteins were classified by
Gene Ontology (GO) annotation based on the categories of “biological
processes,” “cellular components,” and “molecular functions.” To
quantify the removal of nucleic content, DNA was extracted with a
Genomic DNA Kit (Solabio, China), and the concentration was measured
from the absorbance at 260 nm by a Nanodrop device (Thermofisher,
Us).

3. Preparation of Soluble HdECM

HAECM was solubilized by pepsinization as previously described
[35,36]. Briefly, HdECM was digested with 0.1% pepsin (w/v) in 0.01 N
HCl in a 37 °C water bath for 48 h till a clear solution was obtained. The
final solution was neutralized using 0.5 M NaOH to reach a pH of 7.4,
followed by osmolarity adjustment using 10X PBS solution to obtain a
concentration at 10 mg/ml. The soluble HdECM was kept at —20 °C until
further use. The soluble HAECM was used for all subsequent
experiments.

4. Cell Culture

HUVECs were obtained and cultured as aforementioned. For cyto-
logical analyses, HUVECs were cultured in Endothelial Cell Medium
(Sciencell, US) containing 5% fetal bovine serum, 100U/ml penicillin,
100 pg/ml streptomycin, and without the addition of ECGS. Human
bone mesenchymal stem cells (hBMSCs) were purchased from Cyangen
(China) and cultured at 37 °C and 5% CO; in DMEM/F12 supplemented
with 10% FBS, 1% Glutamax®(Gibco, US) and 1% 100X penicillin/
streptomycin (Thermofisher, US). All cells at passage 6 were used for
cytological analyses.

5. Angiogenesis and Osteogenesis of HHECM

A Cell Counting Kit-8 Assay (CCK-8; Dojindo Laboratories, Japan) of
hBMSCs and HUVECs was performed to determine the optimal con-
centration of HHECM. hBMSCs and HUVECs were seeded at a density of
1 x 10° per well on a 96-well-plate, HHECM was supplemented to the
culture medium with a final solution of 5 pg/ml, 10 pg/ml, 50 pg/ml,
and 100 pg/ml. Cells with incubated with CCK-8 for 3hrs at 37 °C and
detected the absorbance at 450 nm. HAECM was supplemented at a
concentration of 100 pg/ml in the culture medium for the subsequent
assays, while the medium without HAECM served as the control. A
wound-healing assay of HUVEC was performed using a Culture-Insert
(iBidi, Germany) with an original scratch width of 500 pm according
to the manufacturer’s protocol. Cell migration was denoted by the
healing percentage: (500 pm — new width of scratch)/500 pm x 100%.
Tube formation was assessed by culturing HUVEC on Matrigel (Corning,
US). Cells were seeded on a Matrigel layer at a density of 5 x 10* per
well within 48-well-plates. Tube formation at 6 and 12 h was analyzed
by quantifying the number of nodes, number of junctions, and total tube
length per high-powered field. hBMSCs were at 80% confluence were
changed with osteoinductive media (OM, DEME low glucose with 10%
FBS, 50 mg/L ascorbic acid, 10 mmol/] sodium p-glycerophosphate, 1 x
1077 mol/l dexamethasone) with and without the supplementation of
HAECM. At different time points (3, 7, and 14 days), cells at day 3 and 7
were stained with an ALP staining kit (Solarbio, China), while cells at
day 14 were stained with 1% (wt/v) Alizarin Red S (ARS, Solarbio,
China) at pH 4.2. On day 7, cells were lysed using 100 pl RIPA lysis
buffer. The alkaline phosphatase (ALP) activity of the cell lysate was
evaluated with the ALP kit (Beyotime, China) per the manufacturer’s
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instruction. After the incubation with p-nitrophenol for 5 min, the
absorbance was measured at 405 nm. ALP levels were determined by the
absorbance normalized to total protein content determined by the
bicinchoninic acid (BCA) Protein Assay Kit (Solarbio, China). To quan-
tify ARS as previously described [13], air-dried ARS-stained cell samples
were incubated with 10% acetic acid overnight and centrifuged for 15
min at 20,000g. The supernatant was neutralized with 10% ammonium
hydroxide. A 100 pl of each sample was added to 96-well-plates and
measured at a wavelength of 405 nm with a microplate reader. All
studies were performed in triplicate. Student t-test was used to deter-
mine the statistical significance (P-value) of the obtained data.

6. RNA Isolation and Quantitative Real-Time Polymerase Chain Reac-
tion (QPCR)

According to the manufacturer’s instructions, total RNA from all in
vitro experiments was extracted using the Trizol reagent (Invitrogen,
US). Complementary DNA was synthesized from 1 pg total RNA using
Revertaid reverse transcriptase (Thermofisher, US) following the man-
ufacture’s protocol. After reverse transcription reaction, rt-PCR was
performed using AceQ Universal SYBR qPCR Master Mix (Vazyme,
China) and an ABI Step One Plus Real-Time PCR System (Applied Bio-
system, US). Each sampled was performed in triplicate and GAPDH, and
B-actin was used as reference. Student t-test was used to determine the
statistical significance (P-value) of the obtained data. The primer se-
quences used were described in Supplementary Table 1.

7. Ex Vivo Angiogenesis Assay of Fibrin Gel and Fibrin/HdECM Gel

Rat aortic assay was performed as described [37]. Briefly, the
descending aortae were dissected from Sprague-Dawley (SD) rats
weighing 75-80 g. The vessel was cut into 1 mm long rings with the
fibro-adipose tissue and collateral vessels removed. At 4 °C, 300 pL of
ungelled fibrin or fibrin/HdECM solution was added onto each well of
24-well-plates. The aortic rings were submerged within the ungelled
solution. Subsequently, the plate was incubated at 37 °C for 30 min for
gelation. 1 ml of Endothelial Cell Medium supplemented with 5% FBS,
100U/ml penicillin, 100 pg/ml streptomycin was added to each well. All
samples were cultured at 37 °C and 5% CO,. On day 3, 5, 7, the median
length of microvessel sprouting was measured. Then, samples were fixed
with 4% PFA, penetrated with 0.25% Triton-X100 in PBS for 20 min
before the staining using Actin-Tracker (Beyotime, China) and DAPI
(Beyotime). A laser scanning confocal microscope (LSCM, Nikon) was
used for photography. The experiment was performed in triplicate.
Student t-test was used to determine the statistical significance (P-value)
of the obtained data.

8. Fabrication of PCL/Fibrin/HdECM Hybrid Scaffold

The 3D-printed scaffold was fabricated using a 3D-bioplotter (Envi-
sionTEC, Germany). In the high-temperature module, PCL pellets (Mw
80,000, Sigma-Aldrich) were air-dried at 37 °C overnight, loaded into a
stainless steel cartridge connecting with a metal tip in 300 pm diameter,
and heated to 140 °C for 6 h. The pneumatic pressure was set at 3.5 +
0.5 bar, and the deposition speed of 0.2 + 0.1 mm/s was set. The plat-
form temperature was set at 20 °C. PCL strands were deposited with a 0-
60-120° in successive layer patterns as previously described [38]. PCL
cylindrical scaffolds (14 mm in diameter, 1.2 mm in thickness for in vitro
analyses, 14 mm in diameter and 5 mm in thickness for in vivo bone
defect, respectively) were generated using Bioplotter RP and Visual-
Machines software (EnvisionTEC) [39,40]. All For sterilization, PCL
scaffolds were immersed within isopropanol for 30 min twice and un-
derwent UV radiation for 30 min. The preparation of fibrin/HdECM gel
was achieved by mixing fibrinogen solution (10 mg/ml, Sigma), HdECM
(10 mg/ml) and thrombin solution (100 U/ml) in 10:10:1 proportion. As
a control, fibrin gel was produced by mixing fibrinogen solution (10
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mg/ml, Sigma), PBS and thrombin solution (100 U/ml) in 10:10:1
proportion. Hybrid scaffolds were made by quickly filling the mixed
solution into the pores of PCL scaffolds using a custom-made device
before being transferred to 37°Cfor 30 min until polymerization was
termed. Scaffold with pure PCL, PCL/Fibrin, and PCL/Fibrin/HdECM
scaffold were termed PP, PF, and PFE, respectively, in the subsequent
tests.

9. Morphological Characterization of Hybrid Scaffolds

The gross view of the hybrid scaffold was obtained by a dissecting
microscope (Zeiss). The hybrid scaffolds were lyophilized and bisected
with a surgical blade to reveal the cross-sectional area before the scan-
ning electron microscope (SEM, Zeiss Merlin) morphological assess-
ment. Before obtaining the SEM images, the scaffolds were sputtered-
coated with a thin layer of gold. The operating voltage was set at 5 kV.

10. Cell Viability, Proliferation, Chemotaxis, and Osteogenesis of
Hybrid Scaffolds

As aforementioned, scaffolds (p14mm, 1.2 mm in thickness) were
used for in vitro studies. PP, PF, and PFE scaffolds were placed into wells
in ultra-low attachment surface 24-well-plates (Corning). 2 x 10°
hBMSCs resuspended in 150 pl were seeded onto each scaffold and
incubated for 3 h. Then, wells were added up with a complete culture
medium to 1 ml and cultured at 37 °C and 5% CO». At 72 h, cell viability
assay was performed using a Live/Dead Staining Kit (Beyotime, China)
per instruction. Samples were incubated with the Calcein AM/PI solu-
tion at room temperature for 30 min before being photographed with an
inverted fluorescence microscope (Olympus, Japan) at an absorbance of
494 nm for live cells, 528 nm for dead cells. The proliferation of hBMSCs
cultured on the hybrid scaffold was assessed by a CCK-8 kit (Beyotime).
At different time points (day1-5), scaffolds were rinsed with PBS and
incubated with the 10% CCK-8 solution in DMEM/F12 at 37 °C for 90
min. The supernatant was measured at an absorbance of 450 nm with a
microplate reader. For the chemotactic assay, 2.5 x 10* hBMSCs were
seeded in upper chambers in a transwell insert system with a pore size of
8 pm while scaffolds were placed in the lower chamber. Supplement-
and serum-free DMEM/F12 were used as the culture medium. At 24 h,
cells on the reverse side of the insert were stained with 1.0% (w/v)
crystal violet (Solarbio, China) and photographed with an inverted mi-
croscope (Nikon, Japan) and a dissecting microscope (Zeiss). On day 4,
the medium was replaced by OM, and the scaffolds were cultured with
hBMSCs for an additional 14 days. ARS staining was performed to
evaluate the osteogenesis of hBMSCs cultured on hybrid scaffolds.
Briefly, fixed scaffolds were stained with 1% ARS solution for 30 min.
ARS quantification was performed as aforementioned. All studies were
performed in triplicate.

11. Angiogenesis of Hybrid Scaffolds in Rat Subcutaneous Implan-
tation Model

All animal experiments were approved by the Animal Ethics Com-
mittee of Guangdong Zhongke EnHealth Science and Technology Co.,
Ltd. Male SD rats (Zhejiang Vital River Laboratory Animal Technology,
China) weighing around 200g were anesthetized with an intraperitoneal
injection of 4% pentobarbital sodium (40 mg/kg body weight). Each rat
received three randomized subcutaneous implants: PP, PF, and PFE.
Animals were euthanized on day 7 and 31 post-implantation. Retrieved
implants were fixed in 10% neutral formalin for 1 day at 4 °C followed
by paraffin embedding. 5 pm thick sectioned for stained for hematoxylin
and eosin (HE) and CD31 immunohistochemical analysis. For immu-
nostaining, sections were dewaxed, antigen retrieved, and blocked with
10% goat serum before incubation with primary antibody against CD31
(1:2000, ab182981, Abcam, UK) at 4 °C overnight. The secondary
antibody was staining using goat anti-rabbit IgG-HRP (1:2000,
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ab205718, Abcam). Stains were visualized with DAB (DAB-4033, MXB
Biotechnologies, China). Positive CD31 staining was quantified as the
total number of vessels per tissue area.

12. Weight-bearing Femur Bone Epicondylar Defect Model and
Hybrid Scaffold Implantation

The rat femoral epicondylar defect was used for investigation as
previously described [13]. Briefly, 300-350 g SD rats achieved general
anesthesia with an intraperitoneal injection of 4% pentobarbital sodium
(40 mg/kg body weight). A sterile field was created before local
administration of 1% lidocaine. Following the skin incision, the lateral
femoral epicondyle was exposed through the intermuscular plane be-
tween vastus lateralis and hamstrings. A bicortical tunnel was estab-
lished with an electric drill mounted with a ¢$3.0 mm drill bit. Thermal
necrosis was avoided, and residual bone debris was removed by cold
saline irrigation and suctioning during the procedure. The periosteum
covering the tunnel was removed before the implantation of scaffolds.
Animals were randomly divided into four groups as follows: sham, PP,
PF, PFE. Postoperative analgesics (meloxicam) were administered
intramuscularly for consecutive 3 days.

13. Radiographic Evaluation

At0, 2, and 4 weeks, rats were euthanized with CO5, and femurs were
harvested and scanned with a high-resolution micro-CT (SkyScan 1276,
Brucker) at an isometric solution 15 pm (85 kV and 200 pA) to evaluate
the in vivo osteointegration of the hybrid scaffolds. The region of in-
terest (ROIs) was determined by the size matching with the scaffolds
(D:3.0 mm, H:5 mm) and their cylindrical internal region (D:1.5 mm,
H:2.5 mm). The bone tissue volume/total tissue volume (BV/TV) was
calculated. All tests were repeated with four specimens.

14. Micro-angiography (p1-AG) of Implanted Scaffolds

At 2 weeks, rats (n = 3) from each group were used for micro-
angiographic evaluation. After CO, euthanization, the rats’ abdominal
cavity was opened in a quick manner, and the inferior vena cava was
severed. Through the cannulation of the descending aorta, the vascu-
lature was flushed with 0.9% cold normal saline containing heparin
sodium (100 U/ml), followed by another flush of 10% neutral formalin
solution. Then 10 mL of silicone rubber compound (Microfil MV-122;
Carver, MA) was injected. Successful perfusion could be defined as the
presence of yellow color in both intestinal mucosa and distal limbs. All
specimens were stored at 4 °C overnight for optimal silicone rubber
polymerization per the manufacturer’s instructions. Then, the dissected
femurs were again fixed in 10% neutral formalin solution for 48 h fol-
lowed by decalcification treatment using 10% ethylenediaminetetra-
acetic acid (EDTA; Sigma, US) solution for 4 weeks. Images were
acquired with a high-resolution p-CT imaging system. The vessel volume
within a 3-mm-diameter region surrounding the scaffold region was
evaluated.

15. Histological and Immunohistochemical Analysis

Harvested femurs were fixed in 4% paraformaldehyde at 4 °C for 48
h and decalcified in 10% EDTA for four weeks before paraffin embed-
ding. Sections in 5 pm thickness were used for HE and Masson staining.
For immunostaining, sections were permeabilized with 0.3% Triton X-
100 for 10 min, blocked in 10% goat serum at room temperature for 30
min, and incubated with primary antibodies diluted in 10% goat serum
with PBS overnight at 4 °C. The following primary antibodies were used:
anti-CD31(ab182981, 1:1000, Abcam), anti-Osterix (ab209484, 1:200,
Abcam), anti-Endomucin (sc-65495, 1:100, Santa Cruz), anti-HIF1-a
(20960-1-AP, 1:100, Proteintech). After the primary incubation, sec-
tions were incubated with appropriate Alexa Fluor-conjugated
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secondary antibodies (1:400, Molecular Probes, Life Tech, US) for 1 h at
room temperature. Then, coverslips were sealed with DAPI mounting
agent and analyzed under an inverted microscope. Mean fluorescent
densities were quantified using Image-J software. All tests were repeated
with four specimens.

16. Statistical Analysis

All data were demonstrated as mean + SD. One-way ANOVA with a
Turkey post-hos was used for statistical analysis between groups unless
indicated otherwise. P < 0.05 was considered significant. All quantifi-
cations were performed with ImageJ software. Statistical analysis was
conducted with GraphPad Prism Software Version 7.0 (GraphPad Soft-
ware Inc.).

3. Results

1. Characterization of HUVEC-derived decellularized extracellular
matrix (HAECM)

Primary HUVECs at passage 5 that cultured for an additional 5 days
after confluence presented a typical cobblestone appearance with large
dark nuclei (see Fig. 1). After decellularization using 0.5% Triton X-100
and 20 mM NH4OH and Dnase I, the HdECM showed a fibrillar structure
under light microscopy (Fig. 2 (A)). H&E, picrosirius red, and safranin O
staining showed an absence of cell nuclei after decellularization, and the
fibrillar ECM and its components, including collagens, glycosamino-
glycans were preserved (Fig. 2 (B)). To examine the common proteins in
ECM, immunofluorescent staining showed that laminin, fibronectin and
collagen were partially retained after decellularization. Also, DAPI
staining (Fig. 2 (B)) and DNA content quantification (Fig. 2 (E)) revealed
that the residual amount of cell nuclei was scarce and lower than 50 ng/
mg, indicating the nucleic acid, which has been of consensus to cause

)

PCL/HJECM

I I
I I
I |
I I
I I
I I
I I
I I
I I
[ e e FI
I I
I I
I I
I |
| I
I I
Hybrid Scaffold | |

HJECM

495

Scaffold-mediated
Micro-environment

Blood vessel

Bioactive Materials 9 (2022) 491-507

immune rejection in vivo [41], was disrupted and removed. The com-
positions of HIECM were furthered investigated by SDS-PAGE electro-
phoresis (Fig. 2 (D)). Protein bands over a wide range of molecular
weights of the HHIECM were exhibited, illustrating that the composi-
tional and biological complexity of the substrates. The combination of
Triton X-100, ammonia hydroxide, and Dnase I effectively decellular-
ized the ECM without causing drastic structural and compositional al-
terations. Proteomic analysis of the HAIECM revealed it contained more
than 1000 proteins. Bioinformatic analysis of functional enrichment of
cellular component showed that HHECM were positively correlated with
“extracellular region” and “extracellular space” (Fig. 3 (B)). Molecular
function analysis demonstrated that these components took part in the
protein binding, including lamin, cadherin, growth factors and extra-
cellular matrix, indicating the potential role in cell migration,
cell-matrix adhesion and growth-factor mediated activities (Fig. 3 (C)).
Further analysis of biological processes revealed that the components of
HAJECM significantly correlated with endothelial cell development and
differentiation, osteoblast differentiation, cell migration, and metabolic
process. Therefore, the HdECM is likely to direct cell fate and eventually
contribute to vascularized bone regeneration.

2. Biocompatibility of HHECM as a supplemental substrate

With reference to the previous studies to acquire a soluble or trans-
ferrable ECM [35,36], the HHECM underwent a series of treatments until
a clear liquid at a 10 mg/ml concentration was obtained. To investigate
the effect of HdECM on hBMSCs and HUVECs, HAECM was supple-
mented in the culture medium at different concentrations. The CCK-8
assay showed that HdECM induced hBMSCs proliferation increased in
a dose-dependent manner up to 100 pg/ml from day 2-3 (Fig. 4 (A)).
However, HUVECs exhibited a non-significant change in proliferation in
response to the supplementation of HAECM, with only an increase of
proliferation (P < 0.05) at 100 pg/ml at day 3 (Fig. 4 (B)). These

Fig. 1. Schematic demonstration of the fabrication
of a 3D-printed hybrid scaffold as an instructive
microenvironment for vascularized bone regenera-
tion. A, Diagram showing HUVEC-derived decellu-
larized extracellular matrix (HAECM) was acquired
by decellularization of HUVEC monolayer culture.
B, PCL filament was printed as the framework while
fibrin gel or solubilized HdECM/fibrin gel was filled
in the space between PCL filaments to fabricate the
hybrid scaffolds. C, Schematic demonstration
showing PCL/fibrin/HdECM scaffold as a bio-
instructive microenvironment recruiting endoge-
nous stem cells to achieve angiogenesis and osteo-
genesis at the site of bone defect. D, The cellular
mechanism of the hybrid scaffold for vascularized
bone regeneration.
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Fig. 4. Assessment of solubilized HdECM’s ability to promote
angiogenesis and osteogenesis in vitro. A, Evaluation of solubilized
HdECM on the proliferation of hBMSCs by a CCK-8 assay. B,
Evaluation of solubilized HdECM on the proliferation of HUVECs by
a CCK-8 assay. C, Assessment of solubilized HIECM on endothelial
cell migration (12 h) assessed by an iBidi cell migration system.
Scale bar = 200 ym. D, HUVEC tube formation assay (6 and 12 h)
and quantification (total numbers of nodes, junctions and the total
length of tubes). Scale bar = 200 pm. E, Effects of HIECM on the
gene expression involving angiogenesis was analyzed by qPCR. F,
Representative digital images showing the effect of HIECM on the
osteogenesis of hBMSCs cultured in osteoinductive medium (OM)
by alkaline phosphatase (ALP) and alizarin red S (ARS) staining at
different time points, and the quantification of ALP and ARS levels.
Scale bars = 200 pm. G, Effects of HIECM on osteogenic gene
expression of hBMSCs cultured in osteoinductive medium. Scale
bars = 200 pm * Significant difference, P < 0.05; ** Very significant
difference, P < 0.01; *** Highly significant difference, P < 0.001.
(For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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demonstrated the absence of negative effects on cell proliferation.
However, the HdECM might play a different role in mesenchymal stem
cells and endothelial cells.

3. In vitro angiogenesis of HHECM

To investigate whether HIECM affects other cytological phenotypes,
a HUVEC wound healing assay using iBidi inserts (500 pm interval) was
performed. HUVECs demonstrated an increase in migration with
HAECM than the control (Fig. 4 (C)). Tube formation assays were per-
formed to investigate the morphogenic effect of HJECM on HUVECs.
With the addition of HAECM, HUVECs exhibited a denser vascular
network compared to the control at 6 and 12 h. Quantitative analysis
including the number of nodes, the total length of tubes, and total
numbers of tube junctions, showed significant differences between the
two groups (Fig. 4 (D)). Besides, the expression of HIF1A, VEGFA were
increased (Fig. 4 (E)), indicating the positive role of HIECM in angio-
genesis in vitro.

4. In vitro osteogenesis of HHECM

Under osteogenic induction culture, on day 7, compared to the
empty control, hBMSCs treated with HHECM demonstrated an increase
in ALP activity, as shown by the darker and denser blue-stained space in
ALP staining and the ALP level kit’s quantification analysis. On day 14,
mineralized nodules stained by ARS demonstrated both a qualitative
and significant quantitative increase in the HdECM-treated hBMSCs
(Fig. 4 (F)). Osteogenic genes COL1A1, ALPL, RUNX2 and BGLAP were
upregulated with the treatment of HHECM compared to the control, with
the cytological results, further indicating HAECM promoted osteogenic
differentiation of hBMSCs (Fig. 4 (G)).

5. 3D printing of hybrid scaffolds and their characterization

We developed a PCL/hydrogel hybrid scaffold for bone regeneration.
The extraction using pepsinization to form either a solution or hydrogel
was used extensively for decellularized tissues [35,36,42]. HAECM so-
lution with a homogenously transparent appearance was obtained after
a 48-h pepsin treatment. As described in the previous protocols [43] [-]
[45], mild modification was attempted to form the hybrid gel, in which
the soluble HAECM (10 mg/ml) was mixed with fibrinogen solution (10
mg/ml) and crosslinked with thrombin (100U/ml) at 10:10:1, followed
by being poured into the pores of PCL scaffolds to generate the bone
scaffold (Fig. 5 (A)). Scanning electron microscopy confirmed the hy-
bridization of PCL-hydrogel structural composition (Fig. 5 (B)). The
pores between PCL strands were filled with hydrogel networks, in which
fibrin gel showed a network of small fibrin fibrils. In contrast, the
fibrin/HAECM hybrid gel showed larger swelling bundles. The larger
swelling bundles suggest that HHECM was interlocked within the fibrin
network (Fig. 5 (B)). Taken all these, compared to the pure PCL (PP)
scaffold, the PCL/fibrin (PF) scaffold, and the PCL/fibrin/HdECM (PFE)
scaffold provided macro-to-micro interconnected pores that were
compatible for cell adherence, migration, and proliferation.

6. Biocompatibility 3D-printed hybrid scaffolds

A CCK-8 assay was performed to determine the proliferation of
hBMSCs on all scaffolds. The results showed that cells exhibited a pos-
itive proliferation on all scaffolds with the increase of the co-culture
time, except a cessation of proliferation in the PF scaffold group on
day 5, which might be attributed to cell confluence (Fig. 5 (C)). A sig-
nificant increase in cell proliferation was observed in the PFE group,
which suggested that the functionalization of PCL/fibrin with HIECM
increase the scaffold biocompatibility. The live/dead staining assay on
day 3 showed that few cells were dead (red) after being seeded, indi-
cating that all scaffolds possessed good biocompatibility (Fig. 5 (D)).
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Live cells showing a normal spreading morphology were presented on all
scaffolds. In particular, signs of cells were observed between the PCL
strands in PF and PFE groups. The fibrin and fibrin/HdECM gel provided
the additional space for cell adherence, migration. Together, PP, PF, and
PFE scaffolds all possessed good biocompatibility and were beneficial
for cell adherence, migration and proliferation.

7. The pro-angiogenic microenvironment of Fibrin/HdECM hybrid gels
and 3D-printed PCL/fibrin/HdECM scaffold

The investigate the angiogenic ability of the hybrid gel systems, an ex
vivo rat aortic ring sprouting angiogenesis assay was carried out. The
median migration distance of cells was measured by placing the ring
within the fibrin and fibrin/HdECM gel. A significant difference was
observed on day 7 (Fig. 5 (E)). The LCSM images on day 7 qualitatively
showed a greater abundance of sprouting cells and a denser branching
network in the fibrin/HdECM group compared to the fibrin group. The
ex vivo model suggested that the fibrin/HdECM gel provided a matrix
beneficial for the out-migration of endothelial cells, leading to enhanced
angiogenesis. To further evaluate the in vivo response, respective scaf-
folds were implanted in a rat subcutaneous pouch (Fig. 5 (F)). None of
the scaffolds evoked a noticeable host inflammatory response. H&E
images of the retrieved scaffolds after 7 and 31 days of implantation
showed signs of tissue infiltration. However, a denser fibrous network
and more populated cells were visible in PF and PFE than PP on day 7.
The PF and PFE showed extensive microvascularity in both the short and
long term. Moreover, erythrocytes observed within the microvessels
indicated the integration of functional host vasculature. CD31 immu-
nochemical staining was carried out to identify the perfused microvas-
culature. As depicted, the numbers of CD31 positive stains showed an
ascending trend among three groups on both days 7 and 31 (Fig. 5 (G)).
Quantification of microvessel density based on CD31 positive stains
showed that PFE had a significant increase in host vascular infiltration
than PF and PP in both the short and long term. Overall, these results
indicated that both the fibrin gel and fibrin/HdECM gel were suitable
beds for cell migration or sprouting. The addition of the angiogenic
HAECM substrate into the fibrin gel further enhanced vascular infiltra-
tion from the host, indicating that the 3D-printed PCL/fibrin/HdECM
hybrid scaffold could create a microenvironment promoting in situ
angiogenesis.

8. The pro-osteogenic microenvironment of 3D-printed PCL/fibrin/
HAECM scaffold

The osteogenic differentiation of hBMSCs on PP, PF, and PFE scaf-
folds was evaluated by ARS staining to determine the matrix minerali-
zation. A more intense red staining (indicating calcium deposition) was
observed in PF and PFE than in PP samples (Fig. 5 (H)). The PFE scaf-
folds showed the highest bone mineralization among other samples.
Quantification of ARS showed a statistical significance among all groups
(Fig. 5 (I)). The PFE yielded the highest production of calcium deposi-
tion, as indicated. Compared to the PP, both the PF and PFE, which had
the fibrin and fibrin/HdECM gel incorporated into scaffold pores, pro-
vided additional space for cell adherence and infiltrative proliferation
reasonable to provoke enhanced mineralization. However, with the
addition of HdECM, PFE exhibited a significant increase compared to PF,
which further verified that HAECM positively contributed to the osteo-
genesis of hBMSCs and the 3D-printed PCL/fibrin/HdECM could pro-
mote osteogenic differentiation.

9. BMSCs recruitment of 3D-printed PCL/fibrin/HdECM scaffolds

To investigate whether the PCL/fibrin/HdECM could be a microen-
vironment recruiting endogenous cells, a mimicking in vitro Transwell®
assay was performed. The PFE scaffold demonstrated the properties of
enhancing hBMSCs migration by 1.5-fold about the PP and PF (Fig. 5. (J,
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10. In vivo bone regeneration and osseointegration of 3D-printed
PCL/fibrin/HdECM scaffolds

Based on the in vitro studies, all scaffolds were implanted into a rat
femoral epicondylar bone defect model to investigate theirs in vivo
functionality of osteogenesis. No postoperative complications such as
infection or death were observed among all rats. The punched scaffold
matched the cylindrical defect as desired. The region of interest (ROI)
was depicted, which the outer and inner circle/triangle represented the
general scaffold and its most central region (Fig. 6 (A)). The two-
dimensional p-CT images were obtained, revealing that bone grew
from the scaffold periphery to its central region and filled the pore space
which was initially occupied by the fibrin gel and fibrin/HdECM gel
(Fig. 6 (B)). Minimal bone ingrowth was observed in the sham control.
Various degree of bone ingrowth was present among 3D-printed scaf-
folds, with most condensed bone quality in PFE scaffolds. The radio-
lucent patterns represented the structs of PCL scaffolds, along with the
ingrowth of bone tissue suggested that 3D-printed scaffolds allowed
tissue ingrowth within their interconnected pores. Three-dimensional
reconstructed images further verified the bone ingrowth (Fig. 6. (C,
E)). PFE had the most bone ingrowth in quantity among all others in
both 2- and 4-weeks post-implantation. Besides, at 4 weeks, recon-
structed images demonstrated a thicker bone structure between PCL
struts in PFE scaffolds. PFE scaffolds showed a significant bone mass
compared to sham, PP, and PF with regard to the central region.
Quantitative analysis of BV/TV revealed a significant ascending trend of
bone regeneration among all groups in terms of either the general or
internal region, among which PFE scaffolds were of the best (Fig. 6. (D,
F)). These indicated that PFE enhanced osseointegration in a time-
dependent manner. The histological analysis further revealed the
possible mechanism related to the phenomenon. The samples’ repre-
sentative images at 2 and 4 weeks after implantation were shown (Fig. 7.
(A, B)). In H&E and Masson-stained sections, the struts of scaffolds,
fibrous connective tissue, and bone were present. No obvious inflam-
matory host reaction was observed among all groups. A greater pro-
portion of fibrous connective tissue ingrowth was shown within the
central region of sham controls or 3D-printed scaffolds, along with a
minor degree of new bone formation. In the sham group, loose con-
nective tissues were present within the defect accompanied by bone
migration signs from the periphery at both timepoints. At 2 weeks, only
a few traits of unmineralized bone matrix were observed in PP scaffolds.
However, new mineralized bone was presented in PF and PFE scaffolds,
with better quality and quantity in the later samples. At 4 weeks, both
the sham and PP scaffolds remained largely infiltrated by connective
fibrous tissues or unmineralized matrices. PF scaffolds had an increase of
bone ingrowth though the central region remained occupied by fibrous
tissues. However, PFE scaffolds exhibited optimal bone ingrowth
showing signs of mature new bone and reconstruction of bone marrow
sinuses. In PFE scaffolds, compared to the images at 2 weeks which PCL
structs were encapsulated with a thin layer of fibrous tissues, bone or
bone marrow was directly in contact with structs. This observation was
consistent with a thicker bone structure between PCL struts in PFE on
p-CT scanning. The histological results confirmed the microenvironment
created by the PFE scaffolds mediated superior bone ingrowth and
osseointegration.

11. Neovascularization of 3D-printed PCL/fibrin/HdECM scaffolds

To study whether bone regeneration was related to neo-
vascularization mediated by the scaffold, vessel formation of all groups
after 2 weeks of epicondylar implantation was studies using angio-
graphic p-CT imaging. Digital reconstructed angiographic images were
displayed (Fig. 6. G). All groups showed a certain degree of vessel
discontinuity, indicating that the femoral defect created by a drill
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disrupted the vascular network along with bone loss. Compared to sham,
PP and PF groups with 2-3 perfused vessels surrounding the defect area,
PFE demonstrated a densely perfused vascular network, suggesting the
scaffold promoted the vascular anastomoses from the adjacent tissue.
Similar to the presentation of new bone ingrowth, vascular infiltration
was present within the central region in the PFE scaffolds. Statistical
significance (P < 0.05, n = 3) was found in the PFE group in terms of
vascular volume.

12. Alocal microenvironment coupling angiogenesis (type-H vessels)
and osteogenesis (osterix™ progenitors) through activating HIF-
1A pathway of 3D-printed PCL/fibrin/HdECM scaffold

To investigate whether the coupled angiogenesis and osteogenesis
were related to type H vessel formation, CD31, endomucin, and osterix
immunostaining were performed on bone sections after 2 weeks of im-
plantation. Within the central region of PFE group, CD31*Endomucin™
signals were observed. In contrast, only CD31" signals were present in
sham, PF and PFE groups (Fig. 8. A). Quantification of endomucin
fluorescent intensity further confirmed a significant (P < 0.05) upre-
gulated state of type H vessels in the PFE mediated microenvironment
(Fig. 8. D). Besides, osterix + osteoprogenitors were the highest in the
PFE group (Fig. 8. (A, D)). These indicated that the PFE scaffold medi-
ated a bio-instructive microenvironment for endogenous cells to achieve
coupled angiogenesis and osteogenesis. Furthermore, HIF-1A immuno-
staining and intensity quantification (Fig. 8. (C, D)) demonstrated that
the increased expression of the newly formed tissue, indicating the
coupled angiogenesis and osteogenesis, was possibly related to the
activation of HIF-1A pathway.

4. Discussion

The local microenvironment in diseased or traumatized bone is
usually altered or compromised, manifesting as the impaired formation
of blood vessels and new bone due to a disruption of coupled angio-
genesis and osteogenesis [30,46]. The reciprocal relationship of neo-
vascularization and bone regeneration is regulated by complex crosstalk
between endothelial cells and osteoprogenitors [9,30,47-56]. In
response to chemoattractants, ECs and osteoprogenitors are recruited by
direct migration from their niches or defect edges and then proliferate
and differentiate into vessels and bone [57]. Recently, along with the
expanding knowledge on cellular mechanism between bone-specific ECs
and osteoblasts, a subtype of bone capillaries coupling osteogenesis,
namely type H vessels, was characterized. Type H vessels were defined
by high expression of CD31 and Endomucin (CD31hiEndomucinhi), were
densely surrounded by osteoblastic progenitors expressing Osterix.
Anatomically, flows of oxygen-rich blood reach type H vessels directly
from arteries and distal arterioles. Their proximity to osteoprogenitors
give rise to the osteoblasts for bone formation, while the high oxygen
content in type H vessels supplies nutrients for host bone ingrowth.
Additionally, by producing factors such as VEGF and Notch that stim-
ulate proliferation and differentiation of bone marrow-derived osteo-
progenitors, type H vessels are angiogenic vessels forming the leading
tip of capillaries growth in the bone and direct bone regeneration [30,
31,51,56,58].

Our findings verified the hypothesis that the bio-instructive micro-
environment, employing the angiogenesis and osteogenesis function-
ality of HAECM, had achieved early vascular infiltration and rapid bone
mineralization in situ, as revealed by type H vessel formation, activation
of HIF-1a signaling and accelerated bone mineralization. In our study,
p-CT showed that new bone infiltrated the PFE scaffold from the pe-
riphery to the central region, and p-AG depicted a dense anastomosis of a
vascular network within the scaffold (Fig. 6. (G, H)). The immunofluo-
rescent images of the implanted PFE scaffold demonstrated a significant
increase of CD31MEmdomucin™ lumen-like structures, particularly in
the newly formed bone located in the central region (Fig. 8. (A, D)). As
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Fig. 6. Evaluation of bone regeneration of 3D-printed PCL/fibrin/HdECM scaffold and controls after rat femoral epicondyle implantation. (n = 4). A, Images depict
the region of interest (ROI). The outer circle and rectangle depict the general contour of hybrid scaffolds, while the inner circle and rectangle illustrate the central
region. B, Representative images of micro-CT reconstruction of the newly formed bone in sham, PP, PF, and PFE. C, Representative images of 3D reconstruction of the
newly formed bone within the bone defect (D: 3 mm, H: 5 mm). D, Quantification of BV/TV based on C. E, Representative images of 3D reconstruction of the newly
formed bone within the central region (D: 1.5 mm, H: 2.5 mm) of the bone defects (sham) and scaffolds (PP, PF, PFE). F, Quantification of BV/TV of the central region
of the bone defects (sham) and scaffolds (PP, PF, PFE). G, Representative images of 3D-reconstructed microvessel distribution in the defect area. H, Quantification of
microvessel density in the defect area. Abbreviations: Pure PCL, PP; PCL/fibrin, PF; PCL/fibrin/HdECM, PFE; Bone volume/tissue volume, BV/TV; Diameter, D;

Highly significant difference, P < 0.001.

Height, H. * Significant difference, P < 0.05; ** Very significant difference, P < 0.01;

reported by the preceding works of literature, Osterix* osteoprogenitors
densely infiltrated within the scaffold (Fig. 8. (B, D)). Previous gain/loss-
of-function studies have revealed that the activation of hypoxia
signaling in ECs could lead to an increased formation of type H vessels
and enhanced coupled angiogenesis and osteogenesis [30,31,59]. Our
results demonstrated the increased expression of HIF-1A mediated by
the PFE scaffold (Fig. 8. (C, D)), which agrees with the earlier results on
the associated role of HIF-1A and type H vessel formation.

As mentioned earlier, one of the concerns hindering the broad
translation of bio-inert polymer scaffold as bone substitute is due to the
suboptimal biological interactions with cells in vitro and fibrous
encapsulation upon in vivo implantation [60]. Traditionally, different
methods have been utilized, such as surface coating or modification,
incorporating bioactive ingredients, to attempt improved osseointegra-
tion [10,11,13,60]. These methods possessed respective drawbacks,
including osteolysis caused by debris desquamating from the surface,
host immune rejection, adverse reactions led by super-physiological
delivery of growth factors [2,13,16,17,20,61]. Methods developed
from the viewpoint of increasing bioactivity in vitro and in vivo over-
looked the possibility that the creation of microenvironments might
potentiate the osseointegration process by inducing the formation of
type H capillaries. A previous study fabricated a PCL-based biomimetic
tissue-engineered periosteum (TEP) and observed the induction of
distinct type H vessels and marked osseointegration [62]. It suggested
that early type H vessel induction could have led to improved osseoin-
tegration. Consistently, we demonstrated that the rapid type H vessels
related-neovascularization mediated by the PFE microenvironment had
counteracted the bio-inertness of PCL polymer, leading to superior
osseointegration. In p-CT scanning, the newly formed bone in PFE
scaffolds exhibited a thicker pattern between PCL struts than the PP and
PFE groups. Histologically, PCL struts of the PF scaffolds were encap-
sulated by connective fibrous tissue in both 2 and 4 weeks, while struts
of the PFE scaffold were in direct contact with the newly formed bone
and marrow cavities in 4 weeks, indicating marked improvement of
osseointegration (Fig. 6.). Previous studies have shown that reactivation
of type H vessels led to new bone formation and hematopoiesis [30,51],
which was also observed in the PFE group in which bone marrow cells
were infiltrated. The PFE scaffold, demonstrating a direct hard tissue
bonding and restoration of bone marrow, had achieved a successful
biointegration [63]. Hence, these findings suggested that type H
vessel-targeted biofabrication might also be applied in other polymeric
bone substitutes such as polyetheretherketone (PEEK) or polylactic acid
(PLA), allowing for optimal osseointegration and biontegration.

Extracellular matrix (ECM) is a nature-designed biomaterial that
underwent material optimization for over 600 million years [64].
Decellularized ECM (dECM) is composed of a complex assembly of
proteins, glycosaminoglycans (GAGs), and growth factors, whose role on
tissue regeneration has been a hot topic for the past decade [21,22,
24-27,35,42,65-73]. To recapitulate the regenerative bone microenvi-
ronment, cell-derived decellularized extracellular matrix (CD-dECM),
whose specific composition varies from cell to cell, including MSC, fi-
broblasts, and osteoblasts, has been adopted as a cell-instructive
biomaterial for bone regeneration, considering it as a reservoir of mul-
tiple growth factors and cytokines and play a pivotal role in cell adhe-
sion, differentiation, and proliferation [22,28,35,66,73-75]. A large
body of evidence has demonstrated that endothelial cell (EC) derived
extracellular matrix regulates cell migration, proliferation and provides
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guidance cues supporting capillary morphogenesis through various
signaling pathways [26,27,29,55,76]. Besides, previous research has
demonstrated that CD-dECM derived from human umbilical vein
endothelial cells (HUVECs) has shown respective osteogenic and
angiogenic capacity in vitro, from cell to molecular levels, whereas in
vivo studies lacked [23-26,61].

Several biological events and functions were implicated in our pro-
teomic analysis. HHECM comprises different proteins such as laminin,
collagen and fibronectin, whose roles such as protein and growth factors
binding, cell adhesion, cell proliferation and differentiation have been
previously studied [77]. The multiple functions of HHECM were verified
by our GO enrichment analysis. Of note, proteins within HIECM were
related to osteoblast and endothelial differentiation, consistent with the
evidence as mentioned above (Fig. 3.). Our group also proved that
HAECM could preserve its angiogenic and osteogenic functionality after
the pepsin solubilization treatment (Fig. 4.), a widely used method in
fabricating ECM gel or bio-inks. hBMSCs exhibited enhanced osteogenic
differentiation at 7- and 14-day periods with the supplementation of
solubilized HAECM (Fig. 4. (F, G)). Although proliferation assay
revealed insignificant results on HUVECs, significant results in the
migration and tube formation assay were observed and consistent with
previous evidence on its role in EC morphogenesis (Fig. 4. (B, C, D, E)).
Then, solubilized HAECM crosslinked within fibrin gel was further
incorporated into the pores of the PCL scaffold to engineer a
bio-instructive microenvironment for in vivo experiments. The in vivo
implantation of a rat femoral epicondylar bone defect model revealed
that the scaffold successfully mediated the respective endothelial and
osteoblastic differentiation of endogenous cells to achieve in situ vas-
cularized bone regeneration. The 3D-printed PCL/fibrin/HdECM hybrid
scaffold capable of recruiting endogenous cells, as confirmed both in
vitro and in vivo, provided a scaffold-mediated angiogenic and osteo-
genic microenvironment (Figs. 4-6). Within the softer infill of
fibrin/HAECM gel distributed in the interconnected pores of the robust
PCL framework, endogenous ECs were capable of migrating and
sprouting to generate a new perfused vascular network (Fig. 5. (E, H)).
At the same time, endogenous osteoblasts were guided to lay down bone
minerals. Our p-CT and histological results demonstrated a greater bone
mass within PFE scaffolds than controls, and the lumens or cavities
within the newly formed bone contained red blood cells (Figs. 6 and 7.).
These suggested that the PFE microenvironment facilitated early func-
tional neovascularization and host bone infiltration compared to the PF,
PP, and sham. Conventionally, recombinant GFs such as BMP and VEGF
were used in combination with polymeric scaffold but failed to reca-
pitulate the complexity of crosstalk between angiogenesis and osteo-
genesis, which ectopic bone and malformed vasculature presented
adversely [8,16,19,39,61,78,79]. Compared to the recombinant GFs,
HAECM was proved to mediate the crosstalk of angiogenesis and
osteogenesis, convenient in obtainment, minimally immunogenic, and
biologically safer. It constitutes an ideal complex of biomolecular cues
within a physiological combination and dosage that could recapitulate a
bio-instructive microenvironment.

Polycaprolactone (PCL), approved by the Food and Drug Adminis-
tration (FDA), has been used for 3D printing and demonstrated consid-
erable mechanical robustness and controlled porosity in preclinical and
clinical studies. Our previous study has fabricated a PCL framework with
interconnected macropores around 300 pm as mechanical support,
exhibited feasibility for bone ingrowth and vasculature remodeling
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Fig. 7. Histology of bone regeneration of 3D-printed PCL/fibrin/HdECM scaffold and controls in vivo. A, Representative H&E and Masson staining images of the
central region of the implanted scaffold at 2 weeks. Scale bar = 250 pm B, Representative H&E and Masson staining images of the central region of the implanted
scaffold at 4 weeks. Scale bar = 250 pm. Abbreviations: NB, new bone; CFT, connective fibrous tissue; BM, bone marrow; S, scaffold.
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Fig. 8. Immunofluorescence of type-H vessels
(Endomucin®™ & CD317), osteoprogenitor cells
(Osterix?) and HIF-1a. A, Representative
immunofluorescent images of type-H vessels in
the central region of scaffolds. Endomucin®,
red; CD31", green; DAPI, blue. B, Representa-
tive immunofluorescent images of Osterix*
osteoprogenitor cells in the central region of
scaffolds. Osterix™, red; DAPI, blue. C, Repre-
sentative immunofluorescent images of HIF-
1o cells in the central region of scaffolds. HIF-
la*, red; DAPI, blue. Scale bar = 50 pm. D,
Quantative analysis of fluorescent intensity of
CD31, Endomucin, Osterix and HIF-1A expres-
sion, respectively. * Significant difference, P <
0.05; ** Very significant difference, P < 0.01;
*** Highly significant difference, P < 0.001.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
Web version of this article.)



Y. He et al.

[80]. Taking a hybrid strategy, we intended to improve the
bio-activeness and minimize the fibrous encapsulation PCL using the
fibrin or HAECM/fibrin hydrogel, which ‘insulated’ the scaffold with a
bio-instructive microenvironment. By infilling the gel with a
custom-made device, both fibrin and fibrin/HdECM gel could be
incorporated within PCL scaffolds and exhibited a macro-to-micro
porous structure under SEM (Fig. 5 (B)). Evidence has been accumu-
lated that such structure allowed the internal migration, sprouting of
cells and achieved superior osseointegration [81], as demonstrated in
our result. Fibrin is a derivative constituent of hematoma involved in the
initial healing phase of bone defect, a natural matrix preamble for
nutrient and oxygen transportation, host cell infiltration, and tissue
regeneration [82]. HAECM that crosslinked within the fibrin provided
additional cues for both endothelial cells’ migration and sprouting and
MSCs’ proliferation and differentiation as revealed (Fig. 5. (C - I)). The
hybrid fabrication method by infilling the “hard” polymer framework
with the “soft” hydrogel that targeted the formation of type H vessels
might also be applied in other polymeric bone substitutes as synthetic
polymers widely share hydrophobicity and bio-inertness and demon-
strated fibrous encapsulation after implantation to some degree.

Our study has some limitations. Although the solubilization of CD-
dECM using pepsin was generally used [35,36,70], the treatment
would cause some degree of alteration in both physical structure and
biochemical composition. The alteration during the process had not
been thoroughly studied and discussed. Furthermore, the formation of
type H vessels was related to multiple mechanisms involving different
growth factors and molecules. Due to the complexity of biomolecules
contained within HIECM and the effect that appeared multifaceted, we
could not study the exact mechanism on how HdECM affects the for-
mation of type H vessels. To further investigate the questions, in-depth
analysis to clarify the exact biomolecules and related signaling pathways
should be performed in the future.

5. Conclusion

Utilizing the biomolecular properties of HAECM, we successfully
fabricate a PCL/fibrin/HdECM hybrid scaffold. The acellular scaffold
recruits the endogenous cells to support their angiogenic and osteogenic
differentiation, showing evidence of the generation of type H vessels and
activation of HIF-1a. Besides, HHECM possesses the unique combination
of biomolecules essential in the crosstalk between ECs and OPs, as well
as mimics a bio-instructive microenvironment for coupled angiogenesis
and osteogenesis but carries less immunogenicity and adverse effects
than recombinant GFs. The concurrent presence of type H vessels and
diminished fibrous encapsulation of PCL scaffolds might provide a clue
for future research that type H vessel-targeted biomaterials could
improve osseointegration. The present hybrid scaffold successfully
achieves superior osseointegration as well as rapid vascularized bone
regeneration. All these have demonstrated the possible value in future
translation.
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