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Abstract

In bone tissue engineering, vascularization is one of the critical factors that limit
the effect of biomaterials for bone repair. While various approaches have been tried to
build vascular networks in bone grafts, lack of endothelialization still constitutes a
major technical hurdle. In this study, we have developed a facile technique to fabricate
endothelialized biomimetic microvessels (BMVs) from alginate-collagen composite
hydrogels within a single step using microfluidic technology. BMVs with different
sizes could be readily prepared by adjusting the flow rate of microfluids. All BMVs
supported perfusion and outward penetration of substances in the tube. Endothelial cells
could adhere and proliferate on the inner wall of tubes. It was also found that the
expression of CD31 and secretion of BMP-2 and PDGF-BB were higher in the rat
umbilical vein endothelial cells (RUVECs) in BMVs than those cultured on hydrogel.
When co-cultured with bone marrow mesenchymal stem cells (BMSCs),
endothelialized BMVs promoted the osteogenic differentiation of BMSCs compared to
those in acellular BMV group. In vivo, markedly enhanced new bone formation was
achieved by endothelialized BMVs in a rat critical-sized calvarial defect model
compared to those with non-endothelialized BMVs or without BMVs. Together,
findings from both in vitro and in vivo studies have proven that endothelialized BMV's
function to facilitate osteogenesis and promote bone regeneration, and therefore might

present an effective strategy in bone tissue engineering.

Keywords: Endothelialized biomimetic microvessels; alginate-collagen

hydrogel; microfluidics; GeIMA; bone repair



1. Introduction

As a highly vascularized tissue, bone contains a skeletal vascular network which
plays a critical role in its development, regeneration and remodeling [1, 2]. The blood
vessels in bone not only function to deliver oxygen, nutrients, hormones, growth factors
and other neurotransmitters secreted by tissues (such as brain-derived serotonin) to
bone to maintain the survival of bone cells and stimulate their activities, but also clear
the metabolites from bone tissue to maintain its homeostasis [3-5]. Numerous studies
have also shown that neovascularization plays an important role in bone repair and
regeneration [6, 7]. For example, insufficient vascularization resulted in failure of bone
repair [8], yet rebuilding blood vessels facilitated bone repair [9, 10]. In addition, the
endothelial cells (ECs) which form the innermost layer of blood vessel walls have
important signaling functions that regulate the growth, patterning, homeostasis and
regeneration of surrounding organs/tissues. In the skeletal system, blood vessels
regulate development, regenerative bone formation and hematopoietic function by
providing vascular niches for cells [11].

At present, pedicled vascularized bone grafts are considered the gold standard in
clinical practice for reconstruction of bone defects due to their predictable pedicled
blood vessels and good bone-forming ability. For example, vascularized fibular grafts
increased the vascularity of traumatized region and helped eliminate infection at the
injury site [12]. Recently, microvessels extracted from autologous tissue have been
used to facilitate cardiomyocyte engraftment following myocardial injury [13],
suggesting the potential of using microvessels for tissue regeneration. However, the
challenges associated with autologous blood vessel harvesting, including limited supply
area, surgical wounds and pain to patients, largely hinder the application of autologous
blood vessels-containing tissue grafts for bone repair.

To overcome such limitation, tissue engineering has been used as an alternative
approach for bone repair [14]. Different cells, growth factors or their combination with
scaffold materials have been proven to promote bone healing. A randomized control

study indicated that patients with open tibial fracture treated with collagen sponges
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loaded with recombinant human bone morphogenetic proteins (rhBMP-2) had
significantly better fracture healing compared to non-treated patients [15]. In a clinical
trial, autologous BMSCs mixed with fibrin were locally injected into the long bone
fractures of the patients, and significant fracture healing acceleration was observed [16].
A variety of biomaterials have also been developed for repairing bone defect [17, 18].
As angiogenesis and osteogenesis are tightly coupled during bone development and
regeneration, vascularization of biomaterials remains a major challenge at the early
stage of bone repair process. To address this problem, various pro-vascularization
approaches, such as applying growth factors and ECs, have been developed [19-22].
Incorporation of exogenous vascular endothelial growth factor (VEGF) in bone
scaffolds, for example, markedly promoted new blood vessel formation and bone
regeneration [23, 24]. Other bioactive factors, such as osteoprotegerin, have also been
reported to enhance the recruitment of endothelial progenitor cells and angiogenesis at
the bone defect site, and improve the survival rate of artificial bone grafts [25].
However, the success of this strategy relies on rapid formation of microvascular
network and establishment of effective perfusion in the bone graft, which are
significantly influenced by the health condition of recipient and the location of implant.
Alternatively, ECs regulates tissue morphogenesis by secreting growth factors and
cytokines and expressing signaling molecules on the cell surface. ECs can secrete
BMPs, VEGF and other growth factors to stimulate cell proliferation and differentiation
and further promote bone development and regeneration [26-28]. Incorporating
vascular ECs, therefore, provides another way to promote vascularization [29].
Further, tissue engineered biomimetic microvessels (BMVs), instead of discrete
vascular cells, have emerged as an alternate solution to accelerate vascularization. In
addition, the richer the blood vessels are, the more conducive to the nutrient supply of
tissues, and the thinner the blood vessel wall, the more conducive to the realization of
substance exchange between blood vessels and tissues [10]. BMVs, commonly formed
by encapsulating or seeding blood vessel cells in a prefabricated tube composed of

hydrogel, may function to deliver oxygen and nutrients as well as metabolic waste, and



as a result, promote cell proliferation and other physiological activities. In addition, the
exchange of growth factors could also be achieved by BMVs [30, 31]. To date, a
number of engineering technologies such as micro-modeling [32], coaxial
electrospinning [33], 3D printing [34-36] and microfluidic technology [37-39] have
been used for building BMVs in vitro [40-42]. Among them, microfluidic technology
(or microfluidics), possessing unique advantages including low cost, simple operation
and flexibility in controlling microscale fluid, has been widely used in the preparation
of microscale constructs [43-45]. Importantly, microfluidic technology allows facile
fabrication of hollow microfibers of different sizes by simply varying the flow rate of
fluids without the need to use any complex equipment [46-48]. Various cells, including
human umbilical vein endothelial cells (HUVECs), could directly adhere and
proliferate on the inner wall of hollow fibers [49-51].

In this study, we aimed to load ECs in the lumen of BMVs to prepare
endothelialized BMVs and explore the potential for facilitating osteogenic
differentiation in vitro and promoting bone regeneration in vivo (Scheme 1). Instead of
using conventional two-step approach to prepare cell-loaded BMVs, i.e., fabricating
acellular BMVs followed by culturing cells within them, we developed a facile
microfluidics-based approach which allowed formation of endothelialized BMVs
within a single step. BMVs with different lumen sizes made from alginate-collagen
composite hydrogels were fabricated by adjusting the flow rate of the inner and outer
phases in a coaxial needle. The growth of rat umbilical vein endothelial cells (RUVEC:s)
in the BM Vs, their secretion of growth factors including BMP-2 and PDGF-BB, and
the expression of EC marker CD31 was analyzed. The effect of RUVECs-loaded BMV's
(RUVEC-BMYVs) on the osteogenic differentiation of rat bone marrow mesenchymal
stem cells (rBMSCs) was determined in vitro. To study the bone repair effect of
RUVEC-BMVs in vivo, RUVEC-BMVs were implanted in a rat critical-sized calvarial
defect model and encapsulated with GelMA. Out findings demonstrate that

endothelialized BMVs markedly facilitated osteogenesis and promoted bone



regeneration. Therefore, this study might provide a facile yet effective strategy for bone

tissue engineering.
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Scheme 1. Schematic illustration of the fabrication and application of BMVs loaded
with RUVECs. The coaxial needle is divided into internal and external phases. The
inner phase is calcium chloride containing cells and the outer phase is sodium alginate
mixed with collagen. The two phases are quickly crosslinked upon contact, resulting in
formation of RUVEC-BMVs. After the RUVEC-BMVs are implanted into a critical-
sized calvarial defect of rat, GelMA solution is applied and then cured upon blue light

irradiation to form a gel to cover the defect.

2. Materials and methods

2.1. Materials

Sodium-alginate powder (Alg, 80-120 cP) was purchased from Wak Pure
Chemical Industries (Osaka, Japan). Calcium chloride (CaCly) was purchased from
Sinopharm Chemical Regent Co., Ltd (Shanghai, China). Collagen (Col, Cellmatrix
Type I-A) was purchased from Nitta Gelatin Inc. (Japan). Fluorescein isothiocyanate-
labeled bovine serum albumin (FITC-BSA) was purchased from Solarbio Life Sciences
(Beijing, China). Fluorescence microspheres were purchased from Aladdin Industrial

Corporation (Shanghai, China). All chemicals were used without further purification.



RUVECs were purchased from Huato Biotechnology Co., Ltd (Guangzhou, China).
Alpha’s modified Eagle’s medium (a-MEM) was purchased from Hyclone (UT, USA).

2.2. Preparation of Alginate-collagen (Alg-Col) Hydrogels

Sodium-alginate powder was dissolved in deionized water to obtain Alg solution
(20 mg/mL, wt/v). The Alg hydrogels were fabricated by adding Alg solution into the
12-well plate and then adding CaCl> solution (30 mg/mL, wt/v). Collagen (Col)
membrane was prepared by adding Collagen solution (3 mg/mL, wt/v) into 12-well
culture plate and then adjusting pH to neutral. The Alg-Col mixed solution was prepared,
in which the concentration of collagen and alginate was 2 mg/mL and 20 mg/mL,
respectively. The Alg-Col hydrogels were fabricated by adding the Alg-Col solution
into the 12-well plate, then adding CaCl; solution and Alg was rapidly crosslinked to
obtain hydrogel. The prepared hydrogel was placed in the oven at 37 °C for 15 minutes
to remove water from the surface. Then the water contact angle was measured by
droplet method using a contact angle analyzer (JGW360B, China). Three samples were
used in the water contact angle test. For mechanical testing, the Alg-Col solution was
used to prepare hydrogel cylinders with a diameter of 9 mm and a height of 6 mm. The
hydrogel cylinders were subjected to a compression test using a mechanical testing
machine (HY-0580, Shanghai Heng Wing Precision Instrument Co., Ltd., Shanghai,
China) at a speed of 1 mm/min. The compressive strength was defined as the stress at
60% deformation in a stress-strain curve, wherein the slope of 0-20% deformation was

recorded as the compressive modulus. Five samples were used in the mechanical test.

2.3. Preparation of Alg-Col BMVs

The process of fabricating BMVs using microfluidic technology in one step is
shown in Scheme 1. Using a coaxial needle, BMVs with different sizes were easily
obtained by changing the flow rate of internal and external phases. The Alg-Col solution
(Alg, 20 mg/mL; Col, 2 mg/mL) was used as the outer phase fluid and CaCl: solution

(30 mg/mL) as the inner phase fluid. The flow rate of fluid in inner and outer phase



could be controlled by the syringe pump. When the two phases contact, sodium alginate
reacted with Ca®" and crosslinking happened rapidly. As a result, the Alg hollow fibers
were obtained. Then these fibers were placed in petri dishes containing CaCl, solution
for further cross-linking. Using coaxial needles, hollow fibers with different sizes could
be easily obtained by changing the velocity of the inner and outer phases. The inner
diameter of hollow fiber increases with the decrease of inner flow velocity when the
outer flow velocity remains unchanged. When the flow rate of outer phase was 0.1
mL/min and the flow rate of inner phase was 0.3 mL/min, the BMV wall thickness was
100£20 um. When the flow rate of outer phase was maintained at 0.1 mL/min and the
flow rate of inner phase was reduced to 0.1 mL/min, the BMV wall thickness increased
to 150£20 um. In addition, when the flow rate of outer phase was maintained at 0.1
mL/min and the flow rate of inner phase further decreased to 0.05 mL/min, the wall

thickness continued to increase.

2.4. Processing of BMVs

Fluorescent microspheres were added into the Alg-Col solution at a concentration
of 50 ug/mL to prepare fluorescently labeled BMVs. Following that, the fluorescently
labeled BMVs were woven into grid or twist structures and their morphology was

observed under fluorescence microscope.

2.5. Permeability and Perfusion Performance of BMVs

To test the permeability of protein in BMVs, an FITC-BSA solution (50 pg/mL)
was injected into the BMVs. The permeation experiment was measured under
continuous flow conditions. The syringe pump was used to inject the solution
containing FITC-BSA into BMV, and pictures were taken at 3 s using a Zeiss Axiovert
200 fluorescence microscope (Carl Zeiss Inc, Thornwood, NY). The penetration
distance of FITC-BSA from different BMVs was measured according to the images.

To test the perfusion capacity of the BMVs, a needle was firstly inserted into the

BMVs. The red ink was then injected into the BM Vs by a syringe pump, and the flow



rate is 20 uL/min. The perfusion capacity of the BMVs was tested by observing the

movement of the red ink.

2.6. Cell Culture on the Hydrogels

RUVECs were seeded on different hydrogels in 24-well plates at a density of
2x10% cells/well. Tissue culture plates were used as the control. After 1, 3 and 5 days of
culture, photos were taken through a light microscope. Cell live/dead staining was
performed on day 5 using the live/dead viability/cytotoxicity kit (Invitrogen by Thermo
Fisher Scientific, Eugene, OR, USA). Bone mesenchymal stem cells (BMSCs) were
extracted from the tibias and femurs of male rats (6 weeks old) according to the previous
method [28, 52]. The stem cell-related markers were detected by flow cytometry, and
the multidirectional differentiation potential of stem cells was identified by adipogenic,
chondrogenic and osteogenic induction. The BMSCs were seeded on Alg-Col
composite hydrogel membrane in 24-well plates at a density of 2x10* cells/well. Tissue

culture plates were used as the control. After 2 days of culture, the cells were stained
for actin with TRITC-phalloidin (Yeasen Biotech Co., Ltd., China). The RUVECs were

cultured in basal medium supplemented with 5% fetal bovine serum, 1%
penicillin/streptomycin, 0.1 mg mL"! heparin and 0.05 mg mL"' ECGs at 37 °C with 5 %
COz. The BMSCs were cultured in a-MEM supplemented with 10 % fetal bovine serum
and 1% penicillin/streptomycin at 37 °C with 5 % CO>. The images of cell live/dead
staining and cytoskeleton staining were obtained using a Zeiss Axiovert 200

fluorescence microscope (Carl Zeiss Inc, Thornwood, NY).

2.7. Preparation of RUVEC-BMVs

In order to prepare cell-loaded hollow fibers, RUVECs were dispersed into a basal
medium (supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin, 0.1
mg mL! heparin and 0.05 mg mL"' ECGs) containing 1% CaCl, and used as an inner
phase fluid (Fin). The Alg-Col mixture was used as the outer phase fluid (Fout). A cell

basal medium (supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin,
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0.1 mg mL! heparin and 0.05 mg mL!' ECGs) containing 3% CaCl, was used for further
crosslinking the collected fibers. After 2 min, the BMVs containing RUVECs were
transferred to a culture dish containing culture medium for cell culture. After cell
adhesion and proliferation on the lumen of the BMVs, RUVEC-BMVs were obtained.

The whole process was carried out in an aseptic environment.

2.8. Characterization of RUVEC-BMVs

Optical images of RUVEC-BMVs were obtained by an inverted microscope
(ECLIPSE Ts2, Nikon, Tokyo, Japan) at 1, 3 and 5 days. After culturing for 5 days, the
cells in RUVEC-BMVs were performed s live/dead staining to investigate the cell
viability through laser scanning confocal microscope (Zeiss LSM710/780, Oberkochen,
Germany).

In addition, RUVECs were cultured in the BMVs (3D) and on the hydrogel at 3
and 14 days, the CD31 expression was tested via immunofluorescence. Briefly,
RUVECs were fixed in 4% paraformaldehyde for 15 min and then permeabilized with
0.3% Triton X-100 in PBS for 10 min. Non-specific binding was blocked by 4% bovine
serum albumin at room temperature for 1 h. After incubation with primary antibodies
(rabbit anti-CD31, 1:400, Abcam, Cambridge, UK) in primary antibody dilution buffer
(Beyotime, Shanghai, China) at 4 °C overnight, appropriate Cy3-labeled second
antibodies (Beyotime, Shanghai, China) were incubated and DAPI for 1 hour at room

temperature. Images were acquired using a fluorescence microscope.

2.9. The Content of BMP-2 and PDGF-BB in the Culture Medium

After RUVECs were cultured in the BMVs (3D) and on the hydrogel (2D), the
amount of BMP-2 and PDGF-BB in the medium was investigated by ELISA assay. At
given time points, the concentrations of BMP-2 and PDGF-BB in the supernatant were
measured by using a commercial rat BMP-2 and PDGF-BB ELISA kits (Sangon
Biotech, Shanghai, China), respectively. The optical density of each well was

determined by using a microplate reader (BioTek, Vermont, USA) set to 450 nm. The
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protein concentration for each sample was then calculated according to the standard

curve.

2.10. In vitro Osteogenesis with RUVEC-BMVs

BMSCs were seeded in the lower tissue culture plate of Transwell plate at a density
of 2x10* cells/well. They were divided into four groups. To test the effect of BMVs or
RUVEC-BMVs on osteogenic differentiation of BMSCs, BMVs or RUVEC-BMVs
were placed in the upper chamber of Transwell plate and to be co-cultured with BMSCs
in the lower chamber. The BMV group: BMSCs were co-cultured with acellular BMVs.
The RUVEC-BMV group: BMSCs were co-cultured with endothelialized BMVs
(RUVEC-BMYV). The preparation of osteogenesis induction medium: basal medium
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 50 p M L
Vitamin C, 10 mM L! B-glycerophosphate and 10 nM L' dexamethasone. The BMV,
RUVEC-BMV and Induced groups were cultured in the mixed medium of rat
endothelial medium and osteogenesis induction medium (1:1, v/v). The Ctrl group was
cultured in a-MEM medium. The medium was replaced every 2-3 days. After 7 days of
culture, the cells were fixed with paraformaldehyde and stained with BCIP/NBT ALP
color development kit (Beyotime, Shanghai, China) at room temperature for 30 min.
After the reaction was terminated, the images were taken. After 14 days of culture, the
cells were fixed with paraformaldehyde and stained with alizarin red for 30 min, and
then the images were taken. After 14 days of culture, TRIzol (Invitrogen, California,
USA) was used to extract the total RNA from cultured cells was detected by qPCR
analysis for testing the gene expression of ALP, Col-I, OCN, OPN and Runx2. Total
RNA production was measured using NanoDrop 2000 spectrophotometers (Thermo
Fisher Scientific, MA, USA). One microgram of total RNA was extracted from each
sample and SuperMix (Invitrogen, OR, USA) was synthesized for reverse transcription
using the first strand of SuperScript 11l according to the manufacturer's instructions. All
qPCR reactions were performed using the iTaq Universal SYBR Green Master (Bio-

Rad, Hercules, CA, USA) following the manufacturer's instructions. Ten microliter
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reaction components included 5 uL Master Mix, 1 uL forward and reverse primers, 1.5
uL nuclease free water and 2.5 uL cDNA template. Col-I, ALP, Runx2, OCN and OPN
were selected as target gene primers. Forward and reverse primers for the selected genes
are listed in Table 1. Relative expressions were calculated using the AACt method and

normalized to GAPDH gene expression.

Table 1. Primers for quantitative real-time PCR.

primer
Gene Forward (5°-3”) Reverse (5°-37) )
efficiency

ALP TATGTCTGGAACCGCACTGAAC CACTAGCAAGAAGAAGCCTTT 104.6%
OPN GCGGTTCACTTTGAGGACAC TATGAGGCGGGGATAGTCTTT 99.2%
Runx2  ATCCAGCCACCTTCACTTACACC GGGACCATTGGGAACTGATAG 95.3%
Col-I CAGGCTGGTGTGATGGGATT CCAAGGTCTCCAGGAACACC 95.1%
OCN AACGGTGGTGCCATAGATGC AGGACCCTCTCTCTGCTCAC 105.3%

GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC 102.5%

The temperature of DNA denaturation is 95 °C, and the primer annealing and extension temperature is

60 °C.

After 14 days of culture, total protein of cells was extracted with RIPA Lysis Buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 1% NaF and 1% Triton X-100, Beyotime,
Shanghai, China). Phenylmethanesulfonyl fluoride (PMSF) was added to achieve a
final concentration of 1 mM. The lysate was centrifuged at 14000 rpm at 4 °C for 15
min and cleared, and the supernatant containing protein was collected. These proteins
were quantified using the BCA Protein Assay Kit (Beyotime, Shanghai, China). The
extracted proteins were resolved on 10% SDS-PAGE gels and then electrically
imprinted onto nitrocellulose membrane. After being enclosed with 5% skim milk at
room temperature for 1-2 hours, membranes were incubated overnight with primary
antibodies (rabbit anti-Col I, 1:1000, Abcam, Cambridge, UK; rabbit anti-Runx2, 1:500
ABclonal, Boston, MA, USA; rabbit anti-OCN, 1:1000, ABclonal, Boston, MA, USA)
in primary antibody dilution buffer (Beyotime, Shanghai, China) at 4 °C. The
horseradish peroxidase-conjugated secondary antibody was then incubated at room

temperature for 1 h. The proteins were detected using autoradiography (Bio-Rad,
12



Hercules, CA, USA) and image J software was used to quantify the western blotting

signal density.

2.11. Animal Studies

All procedures followed the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committee of
Soochow University (ECSU-201700041). Fifty 10-week-old Sprague-Dawley (SD) rats
were purchased and randomly divided into five groups. The rats were anesthetized with
pentobarbital intraperitoneal injection and subsequently removed intracranial hair and
disinfected. Then, a sagittal incision of 0.8 ~ 1.3 cm was made on the scalp of each rat
to separate the skin fascia periosteum. After that, blunt dissection was performed to
expose the skull. A 5 mm diameter defect was made using a bone drill at each end of
the herringbone suture in the rat skull, and flush the wound liberally with Hanks balance
solution while drilling. After the skull defect model was constructed, the Ctrl group was
sutured directly without placing any materials. For GeIMA group, the defect was filled
with 15 pL GelMA solution (5 %), and was further irradiated by blue light for 30 s to
cure the GeIMA. In GelMA/RUVEC group, 15 pL. GeIMA solution (5 %) containing
RUVEC (1x10® cells/mL) was used for bone repair. For the GeIMA/RUVEC-BMV
group, a RUVEC-BMV about 20 cm long was prepared, and a total of 1.5x10° cells
were encapsulated in it. The RUVEC-BMV was cut into 1-2 mm length and all
transplanted into one defect. Then 15 pL GelMA solution (5 %) was injected in the
defect site and subsequently crosslinked by blue light. The initial cell number used in
GelMA/RUVEC-BMYV and GelMA/RUVEC groups is the same (1.5x10° per defect).
In the GeIMA/BMYV group, a cell-free BMV about 20 cm long was prepared and cut
into fragments (1-2 mm length), implanted into one defect and covered by GeIMA
hydrogel like as the GeIMA/RUVEC-BMYV group. The rats were sacrificed at 4 and 8
weeks respectively, and the skull was taken and fixed with 4 % paraformaldehyde

solution. There are five samples in each group.
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2.12. Micro-CT Analysis

The samples were analyzed using a micro-CT system (SkyScan 1176, Aartselaar,
Belgium). The micro-CT was set at 50 kV, 385 mA and an aluminum filter of 1 mm.
The scanned images were reconstructed using Skyscan NRecon program. The newly

formed bone volume and density was also quantified.

2.13. Histology Study

The samples were decalcified with Perenyi's decalcification solution (Yuanye,
Shanghai, China) for one month. The samples were then dehydrated with gradient
ethanol and embedded with paraffin. Hematoxylin and eosin (H&E) staining was used
to evaluate new bone formation. Anti-rat CD31 (Abcam, Cambridge, UK) was used for

immunohistochemical staining.

2.14. Statistical Analysis

Quantitative data were expressed as the mean + standard deviation. Origin Pro 8
SR4 software (OriginLab Corporation, MA, USA) and Graph prism software
(GraphPad Software, CA, USA) were used to perform Student’s t tests. Statistical
differences between multiple sets of data were determined using one-way analysis of
variance (ANOVA) tests. The LSD test was used for pairwise comparison with ANOVA.

A value of p <0.05 denotes statistically significant difference.

3. Results
3.1. Characterizations of Alg-Col Hydrogels

The growth of RUVECs on Alg, Col and Alg-Col is shown in Figure 1. While the
cells hardly spread on the surface of Alg hydrogels (Figure 1A), they could well adhere
on Alg-Col composite hydrogels. In order to check the viability of cells, live/dead
staining was carried out after culturing for 5 days. The results show that only a small
number of living cells on the Alg hydrogel, while there were many live cells on Col and

Alg-Col hydrogels and culture plates, and almost no dead cells were found on all
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hydrogels and culture plates (Figure 1B). The survival rate of cells on different
hydrogels was measured using CCK-8 test after culturing for 1, 3 and 5 days,
respectively. The results show that the number of cells on Alg decreased significantly
compared with other groups (Figure S1). These results indicate that Alg hydrogel did
not support cell adhesion and proliferation, and the addition of collagen improved the
cytocompatibility of it, enabling cells to better adhere to and proliferate on it.

The hydrophilicity is an important factor affecting cell adhesion. The water contact
angle of pure Alg hydrogel was less than 5° (Figure 1C). After mixing with collagen,
the water contact angle of Alg-Col complex hydrogel increased to about 25°, meaning
that mixing collagen and Alg decreased the hydrophilicity of Alg-Col composite
hydrogels, making it closer to the hydrophilicity of culture dish (36°). Further, the
mechanical properties of hydrogels were examined using compression tests. A typical
strain-stress cure of Alg-Col hydrogel is shown in Figure S2. The compressive strength
of Alg-Col hydrogel is 62+8 kPa, and the compression modulus is 2.83+0.14 kPa.

In order to further check the cytocompatibility of Alg-Col composite hydrogels,
BMSCs were cultured on Alg-Col composite hydrogels and tissue culture plate. After
one day of culture, cytoskeleton staining of the cells was performed using TRITC-
phalloidin and DAPIL Clearly, BMSCs could well spread on Alg-Col composite

hydrogels (Figure 1D), indicating its decent cytocompatibility.
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Figure 1. Cell culture on different hydrogels. Optical microscopy (A) and live/dead
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staining (B) images of RUVECs on Alg (20 mg/mL), Col (3 mg/mL) and Alg-Col (20
mg/ml, 2 mg/mL) hydrogels and tissue culture plate. Green represents live cells and red
represents dead cells. (C) The water contact angle of different hydrogels and tissue
culture plate (n=3). (D) Representative images of cytoskeleton/nuclei staining of

BMSCs on Alg-Col hydrogels and culture plate. *, p < 0.05. Scale bars, 400 pm.

3.2. Fabrication and Characterizations of BMVs

A two-phase microfluidic device was used in this study to prepare the BMVs. The
inner phase fluid was calcium chloride solution, and the outer phase fluid was a mixed
solution containing sodium alginate and collagen. lonic crosslinking occurred rapidly
after sodium alginate and calcium ions contact with each other. The outer layer rapidly
solidified into a gel and formed hollow fibers immediately. The moderately cured
hollow fibers were collected in a culture dish containing calcium chloride and further
crosslinked to form stable hollow fibers which were BMV. BMVs with various wall
thicknesses were prepared by adjusting the flow rate of internal and external phases,

respectively (Figure 2A). When the flow rate of outer phase was 0.1 mL/min and the
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flow rate of inner phase was 0.3 mL/min, the BMV wall thickness was 100 um + 20
um. When the flow rate of outer phase was maintained at 0.1 mL/min and the flow rate
of inner phase was reduced to 0.1 mL/min, the BMV wall thickness increased to about
150 um £ 20 pm. In addition, when the flow rate of outer phase was maintained at 0.1
mL/min and the flow rate of inner phase further decreased to 0.05 mL/min, the wall
thickness continued to increase. SEM images exhibit the different wall thicknesses of
BMVs (Figure 2B). The BMV microfibers had enough strength for further processing.
As shown in Figure 2C, the BMVs could be woven into a grid structure or a multi-
strand twist structure. These results show that the BMVs had considerable size

adjustability and processability.

A

Figure 2. Microfluidic fabrication of Alg-Col BMVs. (A) Microscopy images of BMVs
with different inner diameters. The flow rate of outer phase was 0.1 mL/min and the
flow rate of inner phase was 0.3, 0.1 and 0.05 mL/min, respectively, from left to right.
(B) SEM images of hollow microfibers with different wall thickness. (C) Fluorescence
microscopy images of different woven architectures of hollow microfibers. (C1&C2)

grid structure; (C3&C4) twist structure. Scale bars, 200 pm.
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The permeation and perfusion properties are two of the most important features of
blood vessels. The FITC-BSA was injected into BMVs prepared with different
conditions. Results showed that the permeation of BM Vs varies with the concentration
of alginate and the degree of crosslinking (Figure 3A). FITC-BSA is not permeable
easily in high concentration and crosslinking of BMVs, but easily permeable in low
concentration and crosslinking BMVs. When the concentration of alginate and CaCl;
solutions are 1 %, BMVs show the lowest crosslinking degree, and the fastest
permeable rate, and the penetration distance is about 600 £ 20 pum. When the
concentration of alginate and CaCl; are 3 %, BM Vs show the highest concentration and
crosslinking degree, and BSA is almost impermeable. In order to ensure the exudation
of factors contributing to bone formation, low-concentration alginate was used to
prepare BMVs in this study. The perfusion property could be reflected by the flow of
red ink in the microfiber. As shown in Figure 3B, the red ink could be injected into the
BMYV and freely flow through the channel. Perfusion results showed that BMV obtained
by this method could achieve nutrient delivery. These results demonstrate that the
BMVs contain permeability and perfusibility, which may mimetic the function of native

blood vessels.
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1% Alg/1% CaCl,
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3% Alg/1% CaCl,

3% Alg/3% CaCl,

Figure 3. Perfusion and permeation of BMVs. (A) Permeation of FITC-BSA from the
hollow alginate microfibers (white lines and red dotted lines represent starting and
ending points, respectively, and white arrows represent the direction of penetration). (B)

Perfusion of red ink in the channels of hollow microfibers. Scale bars, 200 um.

3.3. Characterizations of RUVEC-BMVs

RUVECSs were loaded into hollow channels of microfibers to form an endodermis,
mimicking the lumen of'a blood vessel. RUVECs were dispersed into complete medium
containing CaCly, and then crosslinked with the external phase through coaxial needles
to form RUVEC-BMVs. Clearly, RUVECs proliferated well on the inner wall of BMV
and eventually grew into a cell-loaded BMV (RUVEC-BMYV) (Figure 4A). In order to
further check the status of cells, live/dead staining of BMVs at day 5 was performed.
As shown in Figure 4B, few dead red cells were observed. Moreover, RUVECs
interconnected with each other to form a layer of cells at day 5, resembling the

endothelium of blood vessels. The cross-section view clearly shows a lumen structure
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of RUVEC-BMYV, with a RUVEC layer at the inner wall (Figure 4B). These results
indicate that endothelialized BMVs had been successfully prepared. The CD31
expression of RUVECs in RUVEC-BMVs (3D) or cultured on the hydrogel (2D) at 3
and 14 days is shown in Figure 5. Compared with 2D cell culture, 3D culture is more

conducive to enhance the expression of CD31 in endothelial cells.

A Day 1 Day 3

Figure 4. Characterizations of RUVEC-BMVs. (A) Optical microscopy images of
RUVEC-BMVs after culturing for 1, 3, 5 days, respectively. (B) CLSM images of
live/dead staining for RUVEC-BM Vs after culturing for 5 days. Green stands for live

cell and red stands for dead cell. Scale bars, 200 pm.
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14d
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Figure 5. The expression of CD31 in RUVECs on RUVEC-BMVs (3D) or cultured on

the hydrogel (2D) at 3 and 14 days, respectively. Scale bars, 50 um.

3.4. Secretion of BMP-2 and PDGF-BB in the Culture Medium
The same number of RUVECs were encapsulate into the RUVEC-BMVs or
seeded on the hydrogel and culture for 21 days. Through detecting the amount of BMP-

2 and PDGF-BB in the culture medium, it is found that both the content of BMP-2 and
21



PDGF-BB increases with culture time (Figure 6). In addition, the amount of BMP-2
and PDGF-BB is higher in the medium of RUVEC-BMVs (3D) than the RUVECs
cultured on the hydrogel (2D).
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Figure 6. The content of BMP-2 (A) and PDGF-BB (B) in the culture medium of
RUVEC-BMVs (3D) or RUVEC cultured on the hydrogel (2D) (n=5).

3.5. Effect of RUVEC-BMVs on the Osteogenic Differentiation of BMSCs

The stem cell characteristics of extracted BMSCs were identified. According to
the results of Figure S3, the BMSCs can express the stem cell-related markers, and
show the multidirectional differentiation potential through adipogenic, chondrogenic
and osteogenic induction. In order to verify the effect of biomimetic vessels on the
osteogenic differentiation of BMSCs, ALP staining and alizarin red staining were
performed to detect ALP activity and calcium deposition, respectively. After 7 days of
culture, the RUVEC-BMV group shows the highest ALP expression (Figure 7A).
However, there is no apparent difference in ALP expression between the Induced group
and BMV group. In order to observe the calcium deposition of cells, BMSCs were
stained with alizarin red after 14 days of culture. The results of alizarin red staining
further demonstrate the enhanced bone forming ability of endothelialized BMVs
(Figure 7B). Similar to the results of ALP staining, the RUVEC-BMV group shows the
most calcium nodules than other groups. The content of calcium nodules in BMV group

is similar to that of Induced group. In order to further verify the effect of endothelialized
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BMVs on the formation of calcium nodules in BMSCs, perchloric acid was applied to
quantitatively analyze the results of alizarin red staining (Figure 7C). It is found that
the quantitative results are consistent with the staining results. These results indicate
that BMSCs have a very weak ability to produce calcium nodules under control
condition, and the formation of calcium nodules can be accelerated only through
induction. RUVEC-BMVs, but not BMVs, significantly accelerated the formation of

calcium nodules in BMSCs.

!

OD value at 420 nm
a 5

| .BMV ‘ .RLIVEC-BMV
Figure 7. In vitro osteogenesis of BMSCs cultured with supplement of BMVs. (A) ALP
staining of the BMSCs after osteogenic induction for 7 days and (B) Alizarin red
staining of the BMSCs after osteogenic induction for 14 days. (C) Quantitative analysis

of alizarin red staining. *, p <0.05 (n=5). Scale bars, 200 pm.

The expression of genes related to osteogenesis at 14 days was detected by qRT-
PCR. The results show that the gene expression of Col-I, ALP, Runx2, OPN and OCN
in BMV group is similar to that in Induced group (Figure 8A-E). The expressions of
Col-I, ALP, Runx2, OPN and OCN in RUVEC-BMYV group are higher than that in the

BMYV group. The expressions of genes related to osteogenesis in the Induced group,
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BMYV group and RUVEC-BMV group are all higher than Ctrl group. Meanwhile,
RUVEC-BMYV group shows the highest expression of osteogenic genes. Western blot
analysis also confirms that the protein expressions of Col-I, Runx2 and OCN are

significantly enhanced in the RUVEC-BMYV group compared with other groups (Figure
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Figure 8. Expression of osteogenesis-related genes and secretion of proteins in BMSCs
in vitro. (A-E) Gene expression of ALP, Col-I, OCN, OPN and Runx2, respectively.
GAPDH was used as the housekeeping gene. (F-I) Western blot analysis. *, p < 0.05
(n=5).

3.6. Repair of Rat Skull Defects Using RUVEC-BMVs
Micro-CT was used to evaluate the effect of endothelialized biomimetic vessels
on rat skull repair. After 4 weeks, micro-CT results show that only a small amount of

bone is formed in the skull defect of the Ctrl group (Figure 9A-B). After 4 weeks, the
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rate of new bone formation in GeIMA group, GeIMA/BMV group, GeIMA/RUVEC
group and GeIMA/RUVEC-BMYV group reach 7.82%, 7.27%, 12.72% and 21.12%,
respectively, which are significantly higher than those in the Ctrl group. The results
indicate that the implantation of material promotes bone regeneration. GeIMA group
and GelMA/BMV group show a small amount of new bone formation without
significant difference. The result shows that the biomimetic blood vessel without
carrying cells had no obvious effect on bone formation. On the other hand, the
GeIMA/RUVEC group shows more bone formation than that of GeIMA group and
GeIMA/BMYV groups, which indicates that the addition of RUVECs improves bone
regeneration. Compared with GeIMA/RUVEC group, GeIMA/RUVEC-BMV group
shows significantly more new bone formation (almost doubled the amount of the bone
formation). These results indicate that GeIMA hydrogels have a certain effect of
promoting bone repair. The RUVECs dispersed in the GeIMA hydrogels also enhanced
bone repair. However only the RUVECsS that form the lumen in the biomimetic blood
vessel play the strongest role in promoting bone repair. The BV/TV value of
GeIMA/RUVEC-BMV group is the highest than other groups at both 4 weeks and 8
weeks. H&E staining further confirms these results. Compared with control, GeIMA,
GeIMA/BMV and GeIMA/RUVEC groups, GeIMA/RUVEC-BMV group has the best
bone formation at 4 and 8 weeks (Figure 9C). The new blood vessels represented by
CD31 immunohistochemical staining (Figure S4). New blood vessels form in the
implanting site of all the groups. However, the vascularization in GelMA/RUVEC-
BMYV group is more obvious than other groups. Some big vessels are observed in the

GelMA/RUVEC-BMYV group both at 8 weeks.
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Figure 9. The repair of rat skull defects using different materials at 4 and 8 weeks,
respectively. (A) Micro-CT images. (B) BV/TV values measured by micro-CT. (C)
H&E staining. *, p < 0.05 (n=5). Scale bars, 400 pum.

4. Discussion

Tissue engineering is a technique that uses bioactive substances to repair or
regenerate tissue through tissue engineered constructs [53]. One of the biggest
limitations in tissue engineering is that regenerated organs or tissues do not have enough
blood supply to maintain tissue viability during the initial stage after transplantation
[54, 55]. Angiogenesis plays an important role in tissue engineering [56]. Before the
formation of a network of blood vessels, an implant must rely on diffusion to provide
nutrients and remove wastes from the body [57, 58]. The nutritional deficiencies at the
implant site, may cause improper integration of the implants or even complete loss of
function. In vitro constructing BMVs provides a good nutrition delivery strategy for
organ or tissue repair in vivo [59].

In recent years, many methods have been explored for the preparation of artificial
blood vessels and large-diameter ( > 6 mm) BMVs which are ideal for the purpose of

establishment of microvascular network for tissue perfusion. However, further research
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is still needed for the preparation of small-diameter ( < 6 mm) blood vessels. Compared

with traditional methods such as 3D printing [60], electrospinning [61] and mold
method [60 ,62], microfluidic technology has the advantages of time saving and size
control. However, microfluidic technology could prepare the complex vascular
structure, provide customizable geometric and chemical complexity for fiber, and can
produce continuous long fiber, which make it become a new direction for
vascularization tissue engineering [46, 63, 64]. Microfibers with various size, shape and
composition can be prepared by microfluidic technology. For example, Asthana et al.
successfully prepared sodium alginate microfibers with hollow structure on PDMS
microfluidic chip by using the ion crosslinking reaction between sodium alginate and
calcium ions [13].

The preparation of hollow hydrogel fibers using microfluidic technology has
become a prime concern in recent years [65]. In our previous study, the hollow
biomimetic vascular structure carrying human umbilical vein endothelial cells have
been successfully prepared [51, 59]. In this study, the BMVs with different wall
thickness were obtained used biocompatible materials (Figure 1) via adjusting the flow
rate (Figure 2). The SEM images clearly show the hollow structure and surface
morphology of the BMVs (Figure 2B). It is well known that Alg hydrogels are not
sufficient to provide a favorable microenvironment for cells due to the lack of bioactive
sites [66]. Alginate alone lacks cell adhesion sites, so we observed fewer cells (dead or
living cells) in Alg group. Because alginate lacks the site of cell adhesion, although it
has no cytotoxicity, it does not support cell adhesion and proliferation too. Studies have
been carried out to improve its biocompatibility by grafting cell adhesion peptide and
other methods [67-69]. However, these methods are time-consuming, and the
preparation processes are complicated. In order to prepare cell-laden biomimetic blood
vessels, Alg hydrogels have been modified with collagen (Figure 1). Collagen is one of
the most widely used biomaterials due to its excellent biological properties and

physicochemical properties [9]. As shown in Figure 2B and Figure S1, the addition of
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collagen improved the contact angle of alginate, making it comparable to the culture
dish and more conducive to cell adhesion.

The ability to process and assemble BMVs into 3D vascular network is also an
important consideration for better application in tissue engineering [70]. In order to
meet the needs of different environments in the body, BMVs are needed to assemble
into different structures [71, 72]. However, due to the weak mechanical strength of most
hydrogels, the assembling of BMVs is difficult. Because the BMVs were very small
and there was no suitable method to detect their mechanical properties. Therefore, we
measured the mechanical properties of Alg-Col hydrogels, which were used to build
BMVs. It was found that the compressive strength of hydrogel is 62+8 kPa, and the
compression modulus is 2.83+0.14 kPa. The hydrogels are relatively strong, and the
results in Figure 2 also show that the BMVs can be woven into different structures while
maintaining the tubular structure. In order to demonstrate the great potential of the
BMVs to create three-dimensional biomimetic tissue, BMVs were assembled by
braiding. Several complex 3D architectures were created using BMVs containing
fluorescent spheres. In addition, as the biomimetic blood vessels, the permeation and
perfusion are also important. The results of this study show that the permeation of
BMVs decreases with the concentration of alginate and the degree of crosslinking
(Figure 3A). The red ink exhibits good flow ability in the channel of BMVs. With the
method of this study, the drugs can also be easily encapsulated into the fiber tubes, then
the drugs can be released slowly to promote tissue regeneration. The above results
demonstrate that the BMVs have good processability, permeation and perfusion
properties, which may have potential application in biomedical field.

In addition to the structural resemblance of blood vessel, vascular ECs are also
needed to be considered [71]. ECs not only provide a smooth luminal surface to conduct
blood flow, but also play a vital role in maintaining vascular homeostasis, including
vessel wall permeation, vascular tone, luminal patency and blood coagulation [73-75].
However, bioengineering of endothelialized microvessels presents a big challenge [76].

In this study, we dispersed RUVECs in a medium containing calcium chloride as the

28



inner phase to obtain RUVEC-BMVs via a single step microfluidic technology.
Following a few days of culture, RUVECs proliferated well on the luminal surface of
the tube, and formed a complete endothelium in the BMVs (Figure 4). Live/dead
staining shows that the cell survival rate is over 99%. BMVs have hollow and tubular
structures, which can simulate the in vivo 3D environment of RUVEC, help the regular
arrangement of cells, form lumen structure and maintain cell phenotype. Therefore,
while the cell density was similar in 2D and 3D culture of cells, our results show that
compared with 2D culture, 3D culture better enhanced the expression of CD31 in ECs
(Figure 5).

In this study, to verify the effect of RUVEC-BMVs on osteogenesis, RUVEC-
BMVs were co-cultured with BMSCs to simulate the in vivo environment. As expected,
there was more ALP expression and calcium nodules formation in RUVEC-BMYV group
compared with other groups (Figure 7). Moreover, the expressions of osteogenic genes
and proteins in RUVEC-BMV group are also higher than others (Figure 8). These
results confirm that endothelialized BMVs contribute to osteogenesis. In addition, we
also explored the paracrine effect of BMVs and found that compared with 2D culture,
3D culture promoted the secretion of osteogenic and angiogenic factors in RUVECs
(Figure 6). This might partially be the reason why GeIMA/RUVEC-BMV promoted
osteogenesis and showed better bone repair effect than GeIMA/RUVEC alone. The
bone formation ability of the biomimetic vessels in vivo was further evaluated. For the
in vivo implantation, a BMV about 20 cm long was cut into short segment and
implanted in the skull. Because we found long BMVs were unevenly distributed in the
defect area. Compared with other groups, the RUVEC-BMYV group shows the best new
bone formation at 8 weeks after implantation (Figure 9). In addition to thicker
trabecular bone formation, new bone began to grow from the edge of the defect to the
center. This is consistent with the results of in vitro osteogenesis. The new blood vessels
were also observed in the implanted site. However, no remaining microvessels were
found due to the fast degradation of the BMVs. Moreover, a number of large blood

vessels have been observed in the GelMA/RUVEC-BMV group, which further
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demonstrates the potential of RUVEC-BMVs to promote vascularization in vivo.
Therefore, findings from both in vitro and in vivo studies have confirmed that the
endothelialized BMVs promoted bone regeneration. It is worth noting that no BMVs
were found to be linked to the vascular system in our in vivo studies. Such a limitation

will be specially addressed in our further study.

5. Conclusion

In this study, we have successfully developed a microfluidics-based method to
construct endothelialized BMVs. The BMVs could be easily prepared into various sizes
simply by adjusting the flow rate, and showed considerable perfusion and penetration
properties. The BMVs are conducive to the maintenance of endothelial cell phenotype
and promote the secretion of BMP-2 and PDGF-BB. Moreover, the endothelialized
BMVs had better osteogenic potential than non-endothelialized BMVs. Together,
findings from this study suggest that the use of endothelialized BMVs may promote
vascularization in bone tissue engineering. Such a vascularization technology might

also be adopted in engineering other tissues to promote in situ tissue repair/regeneration.
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