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Vascularization and bone regeneration are two closely related processes during bone reconstruction. A three-
dimensional (3D) scaffold with porous architecture provides a suitable microenvironment for vascular growth
and bone formation. Here, we present a simple and general strategy to construct a nanofibrous poly(i-lactide)/
poly(e-caprolactone) (PLLA/PCL) scaffold with interconnected perfusable microchannel networks (IPMs) based
on 3D printing technology by combining the phase separation and sacrificial template methods. The regular and
customizable microchannel patterns within the scaffolds (spacings: 0.4 mm, 0.5 mm, and 0.6 mm; diameters: 0.8
mm, 1 mm, and 1.2 mm) were made to investigate the effect of microchannel structure on angiogenesis and
osteogenesis. The results of subcutaneous embedding experiment showed that 0.5/0.8-IPMs (spacing/diameter
= 0.5/0.8) and 0.5/1-IPMs (spacing/diameter = 0.5/1) scaffolds exhibited more vascular network formation as
compared with other counterparts. After loading with vascular endothelial growth factor (VEGF), VEGF@IPMs-
0.5/0.8 scaffold prompted better human umbilical vein endothelial cells (HUVECs) migration and neo-blood
vessel formation, as determined by Transwell migration, scratch wound healing, and chorioallantoic mem-
brane (CAM) assays. Furthermore, the microangiography and rat cranial bone defects experiments demonstrated
that VEGF@IPMs-0.5/0.8 scaffold exhibited better performance in vascular network formation and new bone
formation compared to VEGF@IPMs-0.5/1 scaffold. In summary, our results suggested that the microchannel
structure within the scaffolds could be tailored by an adjustable caramel-based template strategy, and the
combination of interconnected perfusion microchannel networks and angiogenic factors could significantly
enhance vascularization and bone regeneration.

1. Introduction contribute to the formation of blood vessels, which improves the sur-

vival rate of the tissue and reduces the failure of bone graft materials in

In the process of bone growth, development, remodeling and repair,
bone formation and vascularization are closely related, and the invasion
of blood vessels is a prerequisite for ossification [1]. Traditional bone
repair focuses on the formation of new bone, while in the process of bone
formation, the early vascularization of new bone is particularly impor-
tant. The vascular network plays an indispensable role in maintaining
the function of most tissues via providing cells with appropriate oxygen
and nutrients, while effectively removing metabolic wastes [2-4].
Constructing a bone scaffold with a vascular network can guide cells to
grow inward, and sufficient space and nutrient delivery in the scaffold
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vivo [5]. The porous structure of traditional scaffolds is usually relatively
simple, mainly providing mass exchange through free diffusion, and the
blood vessels grow slowly inward, making it difficult to obtain a func-
tional blood vessel network [6].

Microchannels are simple, perfusable architectural features designed
into biomaterials to promote diffusive transport of oxygen and nutrients
to surrounding tissues, facilitate effective cell seeding, and control the
spatiotemporal distribution of molecules and ligands, and survival,
integration and vascularization of tissue analogues in vivo [7]. The field
of bone regeneration has recently recognized the role of complex
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information biomaterials, through the modification of their physical and
chemical structures, in driving endothelial behavior in vitro [8], and the
impact of promoting tissue vascularization in vivo. For example, several
studies have demonstrated the pore shape, porosity and pore size of
biomaterials affect angiogenesis and wound healing through structural
impact [9,10]. A previous study demonstrated the response of endo-
thelial cells to topological cues (such as nano and microgrooves or
patterns) on the surface of two-dimensional materials [11,12]. Bioma-
terial scaffolds with well-vascularized large pores, more than 300 pm
[13], and porosity greater than 50% are preferred as bone replacement
implants because they have a good angiogenic capacity and can lead to
direct osteogenesis (without preceding cartilage formation) [13].

In the past few years, approaches of introducing hollow, perfusable
microchannels into 3D biomaterial scaffolds have been widely pursued.
For example, scaffolds are cast around wire or needle templates, leading
to hollow, perfusable microchannels in the scaffolds when templates are
removed after manufacture [14,15]. These conventional methods are
simple and accessible but usually limited in the size and final spatial
structure of microchannels because of their low accuracy and poor
control. 3D printed scaffolds have received extensive attention in tissue
engineering in the past few decades because of their unique
three-dimensional porous microchannel structures and high precision,
especially in bone tissue engineering.

Numerous attempts have been made to induce the growth of the
vascular system within 3D engineered tissue structures [16-18]. Stevens
et al. developed a general 3D bioprinting strategy to solve the problems
of maintaining structural fidelity and effective endothelialization and
tissue vascularization [19]. However, this method does not involve
microchannel studies and in vivo verification. Shao et al. reported that a
novel 3D bioprinting method with hydrogels can directly print
millimeter-level fine nutrient delivery channels and achieved the pur-
pose of effective vascularization [20]. Compared with other reported
bioprinting methods, their bioprinting strategy described here can
guarantee both the printability of large free-form constructs and the
achievability of biological performance. However, hydrogels are not
strong enough to maintain long-term tubular structures under pressure.
Lei et al. established a new strategy based on 3D printing technology to
achieve an efficient bionic construction of a vascular network [21]. First,
a caramel-based 3D printing template was prepared and a thin polymer
was coated on it. During solvent evaporation, the microstructure of the
polymer coating was adjusted based on the phase separation mecha-
nism. Finally, the sacrificial template was removed to form a layered
microchannel network. However, further research on the relationship
between the tunable microchannel networks and vascularization needs
to be emphasized. At present, few studies discuss the effect of different
diameters of microchannels in the scaffold on tissue regeneration.
Therefore, it is very important and necessary to understand how the
vascular network structure of the scaffolds affects blood vessel forma-
tion and bone regeneration [22].

To overcome the above obstacles, herein we established a 3D printed
sacrificial caramel-based template strategy to create an interconnected
perfusable microchannel networks (IPMs) within nanofibrous scaffolds,
and investigated the effects of microchannel structure on vascularization
and osteogenesis. The Poly(i-lactide)/poly(e-caprolactone) (PLLA/PCL)
nanofibrous scaffold with interconnected porous architecture was used
in this study since it can be fabricated without using sacrificial porogen
[23]. At the same time, the microstructure allowed the permeation of
nutrients through the scaffold which was beneficial to the tissue
ingrowth. This strategy could be readily applied to various polymers,
and by adjusting the caramel template, tunable scaffolds with different
specifications (spacings: 0.4 mm, 0.5 mm, and 0.6 mm; diameters: 0.8
mm, 1 mm, and 1.2 mm) can be fabricated. However, scaffolds with only
microchannels cannot significantly promote vascularization effectively.
Vascular endothelial growth factor (VEGF), the most commonly used
growth factor in bone tissue engineering in the past few decades, is
effective to improve vascularization via angiogenesis [24]. Therefore,
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the VEGF was loaded in the hydrogel (aldehyde hyaluronic acid/-
carboxymethyl chitosan) and perfused in the microchannel scaffold, so
that the microchannel structure and the inducing factor can interact
with each other to repair the bone defect. We demonstrated the effect of
microchannel structure on angiogenesis and osteogenesis by cultivating
human umbilical vein endothelial cells (HUVECs) in vitro and angio-
genesis and osteogenesis in vivo during the microangiography and rat
cranial bone defects experiments.

2. Materials and method
2.1. Materials

Poly(e-caprolactone) (PCL) (Mn: 80000), tetrahydrofuran (THF),
sodium periodate (NalO4), dexamethasone, L-ascorbic acid, and p-glyc-
erol phosphate were purchased from Sigma-Aldrich Trading Co., Ltd.
(Shanghai, China). Sucrose (purity > 99.9%) was obtained from Aladdin
Reagent Co., Ltd. (Shanghai, China), and poly(i-lactide) (1.93 dL/g
intrinsic viscosity) was provided by Daigang Biomaterials Inc. (Jinan,
China). Sodium hyaluronate was purchased from Liuzhou Dali
Biotechnology Co., Ltd. (Guangxi, China). Carboxymethyl chitosan
(CMCS) was sourced from Shanghai Bangcheng Biotechnology Co., Ltd.
(Shanghai, China). Recombinant Human VEGF165 (rhVEGF165) was
purchased from Peprotech. (New Jersey, USA). Human VEGF Quanti-
kine ELISA Kits were obtained from Shanghai Zcibio Technology Co.,
Ltd. (Shanghai, China). Fetal bovine serum (FBS), DMEM/F12, RPMI
medium 1640, penicillin-streptomycin, and trypsin were purchased
from Gibco Life Technologies Co. (Grand Island, USA).

2.2. Fabrication and characterization of sacrificial caramel-based
template

Sucrose (purity > 99.9%) was used as raw materials for 3D printing.
Sucrose granules were preheated to 180 °C for about 15-20 min in the
muffle furnace (FO311C; Yamato Scientific, Japan) to make them
moderately caramelized and amber. After cooling to the solid-state, the
caramel solid was preheated to 120-130 °C in the extrusion cavity of a
rapid prototyping manufacturing system (HTS-400; Fochif Mechatronics
Technology, China) for several minutes, depending on the previous
caramelization degree. The molten caramel was extruded out through a
nozzle with the temperature of 125-130 °C and directly deposited on a
plate to form a 3D sacrificial caramel template according to the expected
pattern [21]. The filaments of caramel templates with different di-
ameters and spacings were designed. The selected needle diameters
were 0.4 mm, 0.5 mm, and 0.6 mm. The grid width (center-to-center
distance) between filaments was 0.8 mm or 1 mm or 1.2 mm with
—45°/45°0r 0°/90° lay-down patterns between two successive layers.
The height of each layer was 0.4 mm, 0.5 mm, and 0.6 mm according to
the diameter of the needle. To obtain a template with better morphology
and avoid stacking or breaking between layers, the extrusion rate was
adjusted in the range of 0.001-0.03 mm/s. 3D printed caramel templates
were imaged by optical microscope (IX71, Olympus, Japan). For
compression test, the template was measured by a universal mechanical
tester (HY-940FS, Shanghai Hengyu Co., Ltd., China) with a 200 N
sensor. The sample was compressed to destruction at a speed of 1
mm/min. All measurements were performed in triplicate.

2.3. Construction and characterization of IPMs-PLLA/PCL scaffold

The IPMs scaffold was fabricated by combining our previously
described thermally induced phase separation (TIPS) technique [23]
with 3D printed caramel-based templates. Briefly, the blends of PLLA
and PCL with a weight ratio of 70:30 were first dissolved at 60 °C in THF
under magnetic stirring for 1-2 h to obtain homogeneous polymer so-
lutions of 10% (w/v). Next, the obtained homogeneous polymer solu-
tions were immediately casted into 3D-printed caramel-based templates.
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After casting, they were quickly placed at —80 °C for at least 4 h. Af-
terward, the polymer gels with 3D printed caramel-based templates
were taken out and then immersed into an ice/water mixture for 4-5
days to completely eliminate caramel and residual solvent. The water
was changed three times per 24 h. Finally, the IPMs scaffold was ob-
tained by removing from the water and freeze-drying for 48 h.

The morphology and microstructures of IPMs scaffold with different
specifications were observed by a scanning electron microscope (SEM,
Phenom XL, China). The samples were dried by a vacuum freeze dryer
(ALPHA 1-2 LD, Germany), and the cross-section of the scaffolds was
quenched with liquid nitrogen. Before observation, the surfaces of
samples were sprayed with gold and then characterized using SEM at an
acceleration voltage of 10 kV. For compression testing, IPMs scaffold
was tested by a universal test system with a 200 N sensor. The sample
was compressed to a large strain of 80% at a speed of 1 mm/min. The
modulus was calculated by taking the initial slope of the stress-strain
curve. All tests were repeated with six specimens.

2.4. Preparation of VEGF@IPM:s scaffold

2.4.1. Synthesis of aldehyde hyaluronic acid (A-HA)

A-HA was synthesized with some modification based on the previ-
ously reported method [25]. Briefly, 5 g HA was dissolved in 500 mL
ultrapure water at a concentration of 10 mg/mL under magnetic stirring
to obtain homogeneous solutions. Next, 1 g sodium periodate was dis-
solved in 5 mL ultrapure water in the dark at room temperature. An
aqueous solution of sodium periodate was added into the HA solution
dropwise, and the reaction was stirred for 24 h under dark conditions.
Then, 2 mL ethylene glycol was added to stop the reaction by inacti-
vating any unreacted periodate and the solution was stirred for 1 h at
ambient temperature. Subsequently, the obtained reaction solution was
transferred to a dialysis bag (MWCO 7000, Viskase, USA) and purified
by exhaustive dialysis for 3 days, with the deionized water being
changed 4 times per 24 h. The dry product was obtained by
freeze-drying for 2 days for further use.

2.4.2. Preparation of VEGF loaded hydrogels

CMCS) and A-HA can be blended to form injectable hydrogel via
Schiff’s base reaction, and the preparation process is simple and gentle
[26]. Therefore, the CMCS/A-HA hydrogels are available for VEGF
loading within the IPMs scaffolds. CMCS (6%, w/v) and A-HA (6%, w/v)
were dissolved in phosphate-buffered saline (PBS) separately. The
crosslinked composite hydrogels were formed by mixing CMCS and
A-HA solutions at an equal volume at room temperature.

The rhVEGF165 was incorporated non-covalently in the hydrogels by
pre-mixing VEGF in A-HA (6%, w/v) with PBS homogeneous solution
before crosslinking [27]. Then, the hydrogel was infused into IPMs
scaffolds through micropipette tip.

2.5. Porosity test

The porosity of scaffolds was measured by the liquid displacement
method [28]. Anhydrous ethanol was selected as the replacement liquid
due to its ability to seep into the internal pores of PLLA/PCL without
dissolution, swelling, or shrinkage of the scaffolds [29]. Briefly, the
cylindrical sample with a dry weight (W;) was immersed in absolute
ethanol, and placed in a vacuum drying oven to circulate vacuum pro-
cessing until no bubbles were generated in the holder. Then scaffolds
were removed from the ethanol, wiped off the excess ethanol on the
surface, and weighed the weight (W5). The porosity of the sample was
calculated by the following formula:

W,—W,

Porosity(%) = x 100%

Where p is the density of the ethanol at room temperature, V is the
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volume of the wet IPMs scaffold, which is directly calculated by
measuring the diameter and height of the cylindrical scaffolds. Values
were expressed as mean + standard deviation (n = 3) [23].

2.6. In vitro release kinetics of growth factors

For in vitro release study, VEGF was released from scaffolds in PBS at
pH 7.4. Scaffolds loaded with VEGF (1 pg) were placed into the centri-
fuge tubes containing 5.0 mL PBS and incubated in a thermostatic shaker
at 37 °C with a speed of 100 rpm. At 6, 12, 24, 48, 72, 96, 120, 168, 240,
and 336 h, the release medium was withdrawn and replaced with an
equal volume of fresh medium to ensure the total volume. Released
amounts of VEGF was quantified with sandwich enzyme-linked immu-
nosorbent assay (ELISA), using a commercially available kit [27]. All
measurements were performed in triplicate.

2.7. Cells culture

HUVECs were obtained from the Cell Bank of the Chinese Academy
of Sciences and cultured in a RPMI-1640 medium containing 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin at 37 °C
in the incubator with 5% CO,. The culture media was changed in 2 days
intervals. Bone marrow mesenchymal stem cells (BMSCs) were obtained
from a 2-week-old male Sprague-Dawley (SD) rat purchased from
Shanghai JSJ Laboratory Animal Co., Ltd., China. First, the femurs and
tibias of the SD rat’s hind leg were removed, and then the bone marrow
in the bone marrow cavity was washed out with a DMEM/F12 medium
containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. BMSCs
were cultured at 37 °C in a humidified CO5 (5%) cell incubator, and the
cell culture medium was replaced every 2 days. The 3-5th generation
cells with a better growth state were selected for subsequent experi-
ments. All animal procedures were performed following local animal
welfare laws and guidelines, and were approved by the Animal Ethics
Committee of Donghua University.

2.8. Cell viability assay

The viability of HUVECs on the scaffold was evaluated by Cell
Counting Kit-8 (CCK-8). The sterilized 0.4/1, 0.5/0.8, 0.5/1, 0.5/1.2
and 0.6/1 scaffolds (spacing/diameter) were placed in 48-well plates,
and the control group was a blank culture plate without samples (TCP).
HUVECs were seeded on the scaffolds at 2 x 10* cells per well. The
medium was changed every 2 days. After culturing for 1, 4, and 7 days,
the medium was removed and the scaffolds were washed 3 times with
PBS. Next, 200 pL of CCK-8 working solution containing 10% CCK-8
reagent was added to each well. After incubating for 1 h at 37 °Cin a
5% CO; incubator, 100 pL of supernatant was transferred to a 96-well
plate, and the absorbance was read at 450 nm by a microplate reader
(MK3, Thermo, USA). Next, to visually observe the growth of the cells,
the nucleis on the surface of the scaffold were stained with DAPI and
observed and photographed with a fluorescence microscope (IX71,
Olympus, Japan).

Subsequently, HUVECs were seeded on IPMs scaffolds with a certain
thickness, with the purpose of studying the ability of cells to grow into
the scaffold microchannel. HUVECs were seeded on the scaffold with 5
x 10 cells per well. After 7 days of culture, the medium was removed,
and the scaffold was washed 3 times with PBS. HUVECs were incubated
with 0.1% Triton X-100 for 5 min, fixed with 4% paraformaldehyde for
15 min, and incubated with 1% bovine serum albumin (BSA) in PBS for
30 min. The actin filaments of HUVECs were stained with Alexa Fluor
488- phalloidin for 30 min, and the nucleus was stained with DAPI for
10 min.

2.9. Transwell migration assay

The migration of HUVECs was evaluated with a Transwell system
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(Corning Costar, MA, USA) including an 8 pm polycarbonate filter
inserted in a 24-well plate [30]. Briefly, HUVECs were harvested with
trypsin in RPMI-1640 containing 10% (v/v) FBS and 1% (v/v) pen-
icillin/streptomycin. Next, IPMs scaffolds of different specifications
(0.5/0.8, 0.5/1) loaded with different concentrations of VEGF (0 ng/mL,
200 ng/mL, 500 ng/mL) were added to each well in the lower chamber.
Subsequently, 600 pL of serum-free RPMI-1640 culture medium was
added to the lower chamber, and then 2 x 10* HUVECs were seeded to
the upper chamber. After 24 h of incubation, the cells at the bottom of
the Transwell membranes were rinsed with PBS twice and fixed with 4%
paraformaldehyde at 4 °C for 30 min. After carefully erasing
non-migrating cells in the upper cavity with a cotton swab, Transwell
membranes were stained with 1% crystal violet for 10 min. The mem-
branes were washed three times with PBS and photographed under an
inverted microscope. Finally, the crystal violet was dissolved in 10%
acetic acid, and the absorbance was measured at 590 nm. The amount of
cell migration was determined as the ratio of the OD values of the
treatment relative to the control. Each treatment was repeated in three
independent chambers [31].

2.10. Scratch wound assay

An in vitro scratch test was performed to measure the unidirectional
migration of HUVECs [32]. Green fluorescence protein (GFP) expressed
HUVECs were received from Orthopedics Research Institute of Zhejiang
University. HUVECs were cultured in a 24-well plate at 37 °C in RPMI
1640 medium containing 10% FBS, and maintained overnight in a hu-
midified incubator (5% COs). Cells were seeded at a density of 5 x 10*
cells per well. After the cells reaching 80% confluence, the scratch
wound was carefully created by using a 200 pL micropipette tip. Then
cell debris were removed by washing with PBS. Subsequently, the
serum-free RPMI medium was added with IPMs scaffolds with different
concentrations of VEGF for 72 h to obtain the extracts. Cell images for
each condition were photographed with an inverted fluorescence mi-
croscope at 0, 24, and 48 h, and measured the width with ImageJ soft-
ware [33]. These experiments were performed in triplicate.

2.11. Chicken chorioallantoic membrane (CAM) assay

The in vivo biological activity of VEGF released from the hydrogels
was evaluated by the CAM analysis of open-shell chickens [34]. Briefly,
eggshells from 5-day-old native chicken eggs were wiped with a 75%
alcohol cotton ball to disinfect, and fertilized chicken embryos were
incubated at 37.5 + 0.5 °C with 55-65% humidity for 3 days. The eggs
were turned twice a day to promote amniotic movement, prevent em-
bryos from adhering, and ensure oxygen supply. On the third day of
incubation, the 8-day-old chicken embryos were randomly divided into
seven groups: (1) 0.5/0.8 hydrogel; (2) 0.5/1 hydrogel; (3) 0.5/0.8
hydrogel + 500 ng/mL VEGF; (4) 0.5/1 hydrogel + 500 ng/mL VEGF;
(5) 0.5/0.8 hydrogel + 1000 ng/mL VEGF and (6) 0.5/1 hydrogel +
1000 ng/mL VEGF. After sterilizing the eggshells with 75% alcohol, the
chorioallantoic membranes were opened in a super clean table to place
different scaffolds. The inner shell membrane was rinsed with 1 mL of
warm saline for 1 min to wet the inner shell membrane of the chicken
embryo, and then a syringe needle was used to gently prick a small hole
in the inner shell membrane. Subsequently, the inner shell membrane
was gently removed with ophthalmic forceps to expose the underlying
CAM membrane. Finally, the window was wrapped with parafilm, and
the eggs were continued to incubate after labeling. During the incuba-
tion, the windows were facing upwards and no more eggs were trans-
ferred. After 48 h, the angiogenesis effect surrounding the scaffolds was
observed and photographed using a stereo microscope, and the ratio of
blood vessel area was measured by Image-Pro Plus software. These ex-
periments were performed in triplicate.
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2.12. In vitro osteogenic differentiation and angiogenesis assay

To thoroughly examine and determine the level of osteogenic dif-
ferentiation and angiogenesis in the different groups, real-time PCR
analysis was performed in each group (control group, without and with
VEGF group). Briefly, the sterilized IPMs scaffold was placed in 6-well
plates, and BMSCs were seeded into the wells at a density of 2 x 10°/
well. BMSCs were cultured in osteoinduced medium (DMEM/F-12
containing 100 nM dexamethasone, 10 mM p-glycerophosphate, and 50
pg/mL r-ascorbic acid) for 7 or 14 days. The total RNA of BMSCs was
extracted with TRIzol reagent. RT-PCR was used to detect the expression
of osteogenic and angiogenesis markers, including runt-related tran-
scription factor 2 (RUNX2), osteocalcin (OCN) and osteopontin (OPN),
collagen type I (Col I), Vascular Endothelial Growth Factor Receptor 2
(VEGFR2), and von Willebrand factor (vWF). These experiments were
performed in triplicate. The forward and reverse primer sequences used
in this study are shown in Table S1.

2.13. Evaluation of angiogenesis in vivo

The angiogenesis in vivo was evaluated with subcutaneous embed-
ding. Samples were embedded under the skins of four-week-old male
ICR mice. All materials were sterilized by ethylene oxide in advance, and
all surgical instruments were sterilized by autoclaving in advance. The
samples were divided into four groups: (1) 0.5/0.8 hydrogel; (2) 0.5/1
hydrogel; (3) 0.5/0.8 hydrogel + 1 pg VEGF; and (4) 0.5/1 hydrogel + 1
pg VEGF. The mice were randomly divided into 5 groups with 6 mice in
each group. Subsequently, the mice were anesthetized by intraperito-
neal injection of sodium pentobarbital. The hair on the experimental site
of the mice’s back was removed and different materials were implanted
in the skin. After a predetermined period, materials were obtained for
fixation, and images were taken with a stereo microscope to observe the
vascular growth. Subsequently, hematoxylin/eosin staining (H&E) and
immunofluorescence staining were performed on the sections of the
materials in each group to observe the biocompatibility and analyze the
angiogenesis in vivo. All staining results were observed and photo-
graphed under a microscope. Similarly, for the determination of IPMs
scaffolds with better angiogenesis, IPMs scaffolds with different speci-
fications (0.4/1, 0.5/0.8, 0.5/1, 0.5/1.2, and 0.6/1) were also investi-
gated with subcutaneous experiment.

2.14. Microangiography

After 4 weeks, the animals were anesthetized by injection of pento-
barbital, and Microfil® (Flow Tech, MA) was used for micro-
angiography. After midline thoracotomy, the heart was exposed and
cannulated by a vascular catheter, which was fixed by dripping bio glue.
Heparinized saline solution (50 mL) was perfused to prevent blood
coagulation and clear the vessels of blood, and 4% paraformaldehyde
solution was injected to fix the tissue. Then the blue liquid, radioopaque,
low viscosity polymer Microfil® was perfused at a flow rate of 2 mL/
min, until the tail and toes turned blue. After the compound was poly-
merized in about 2 h, the implant was removed and fixed in a 4%
paraformaldehyde solution for micro-computed tomography (Micro-CT)
imaging system (SkyScan 1176, Bruker Optik GmbH, Belgium).

2.15. In situ bone repair

The bone repair efficiency of different materials was evaluated using
the previously reported rat critical-size skull defect model [35]. The
implants were divided into five groups: (1) blank; (2) 0.5/0.8 hydrogel;
(3) 0.5/1 hydrogel; (4) 0.5/0.8 hydrogel + 1 pgVEGF; (5) 0.5/1
hydrogel + 1 pg VEGF. Four-week-old male SD rats were anesthetized
with pentobarbital sodium injection intraperitoneally, and 5 mm
diameter defects were created on the skull. Then five groups of scaffolds
were implanted at the defect site. After 4 and 12 weeks of surgery, the
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rats were sacrificed and the skulls were harvested and fixed with 4%
paraformaldehyde for further characterization. Micro-CT analysis was
performed to observe the degree of bone repair of different scaffolds and
the ratio of new bone volume to total volume (BV/TV) was analyzed by
CT-Analyzer software. Subsequently, the bone tissue was decalcified for
about one month and paraffin-embedded sections were cut into slices for
staining. The new bone formation was observed by H&E staining,
Masson trichrome staining, and immunofluorescence staining of OCN
and OPN; the angiogenesis around the new bone tissue was observed by
immunofluorescence staining of platelet endothelial cell adhesion
molecule-1 (CD31) and Alpha-smooth muscle actin (x-SMA). Signal in-
tensities were quantified using Image-Pro Plus software. These experi-
ments were performed in triplicate.

2.16. Statistical analysis

All data in this study were presented as mean =+ standard deviation
(SD) for n > 3 and performed using one-way analysis of variance
(ANOVA) followed by Tukey’s method. The statistical significance of all
tests was considered at *P < 0.05 and **P < 0.01.

3. Result and discussion
3.1. Preparation and characterization of IPMs scaffolds

3.1.1. The preparation of IPMs scaffolds

The fabrication process of IPMs scaffolds is shown in Fig. 1A. The
melting temperature of sucrose is around 185 °C. However, the high
temperature causes the viscosity of small molecules to be too low to
maintain a stable form [21]. Therefore, we did not directly perform
fused deposition 3D printing on sucrose itself. After preheating sucrose
in the muffle furnace, we extended the heat treatment range of sucrose.

A

3D Printing
T

|
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Through polymerization and aldol condensation, a relatively high mo-
lecular weight caramel is produced, making the printing performance
stable [36]. The macro picture of pre-caramelization is shown in Fig. S1.
By pre-caramelizing sucrose, we printed 3D caramel templates with
different diameters and spacings. From the optical micrographs
(Fig. 1B-F), we can observe that the printed caramel templates exhibited
a certain size. The printing process (Fig. 1G, Video 1) showed that the
template had good stability, and the representative photo of a single
caramel sacrificial template is shown in Fig. 1H. The compression test of
the multi-layered caramel sacrificial template (Fig. 1I) shows that the
caramel sacrificial template exhibited a high modulus and low
compressive fracture strain, which ensuring structural stability and
providing a morphological and structural guarantee for the subsequent
construction of IPMs scaffold.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.02.033

In the existing nanofiber preparation technology, thermally induced
phase separation (TIPS) is a common method in which temperature
changes drive phase separation to prepare polymer nanofibers. Studies
have shown that TIPS porous scaffolds can mimic the structural char-
acteristics of natural bone in terms of fiber size, pore size, and porosity
[37]. It is found that when the binary polymer system containing
L-polylactic acid (PLLA) undergoes phase separation and the two poly-
mers are thermodynamically incompatible, macroporous nanofiber
structures can be formed, such as PLLA/PCL composite.

TIPS technology was used to prepare the composite scaffold of PLLA/
PCL and caramel frame. After immersing it in ice water for 3-4 days,
sacrificial caramel-based filaments were readily dissolved out to form an
interconnected perfusable scaffold. At that time, the IPMs scaffold pre-
sented a pore structure inside, and the connected pore structure can be
perfused with growth factors-loaded hydrogel, which is conducive to
vascular growth. As shown in Fig. 2, the position of the original caramel
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Fig. 1. Schematic illustration and characterization of caramel sacrificial templates. (A) Schematic illustration of the fabrication process for IPMs scaffolds. (B-F)
Optical images of caramel sacrificial templates prepared with different nozzle diameters and filament spacing: (B) 0.5/0.8 mm; (C) 0.5/1 mm; (D) 0.5/1.2 mm; (E)
0.4/1 mm and (F) 0.6/1 mm. (G) 3D printing process for caramel sacrificial template. (H) The representative photograph of caramel sacrificial templates. (I)
Representative stress-strain curve of caramel sacrificial template in the compression testing.
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Fig. 2. Morphology and characterization of IPMs scaffolds. (A1-E1) Photographs of IPMs scaffolds prepared with the following combination of specific filament
spacing (mm) and diameter (mm): (A1) 0.4/1; (B1) 0.5/0.8; (C1) 0.5/1; (D1) 0.5/1.2 and (E1) 0.6/1. (A2-E2) SEM images of IPMs scaffolds corresponding to (A1-
E1). (F1, F2) SEM images of IPMs scaffolds prepared with filament spacing and diameter of 0.5/1 and their magnified fields. (G) Pore diameter distribution of IPMs
scaffolds prepared with filament spacing and diameter of 0.5/1, AD indicates the average diameter; SD means the standard deviation. (H) The porosity of IPMs
scaffolds prepared from different parameters. (I) The representative photograph of a longitudinal section of IPMs scaffolds.

template holder formed microchannels, and the original gap of the
caramel template was filled with the PLLA/PCL solution. The SEM im-
ages in Fig. 2A2-F2 clearly revealed the morphologies of IPMs scaffolds.
The IPMs scaffold had a spherical macroporous structure, which was
related to the existence of PCL. The macropores were interconnected
with the average pore size of 34.3 + 12.8 pm (Fig. 2G). As shown in
Fig. 2F2, the magnified SEM image shows that the IPMs scaffold was
composed of nanofibers with an average fiber diameter of 256.9 + 90.6
nm (Fig. S2), which mimics the size of collagen fibers in the native
extracellular matrix (ECM) (50-500 nm in diameter) [38]. The porosity
of all specifications of the scaffold was above 90% (Fig. 2H). The IPMs
scaffold prepared by the sacrificial template method not only exhibits
the nanofiber network structure of the biomimetic ECM, but also has a
connected microporous structure that facilitates the transportation of
nutrients and vascularization.

3.1.2. The evaluation of IPMs scaffolds
(1) Mechanical characterization

In the wet state, mechanical tests were performed on different IPMs
scaffolds (Fig. 3). The results showed that under the same diameter, the
smaller the spacing, the smaller the compressive modulus value, and
there were significant differences among the 0.5/1, and 0.4/1, and 0.6/1
groups (Fig. 3A2). For the 0.4/1 group, the lowest compressive modulus
(0.19 MPa) was mainly due to the smallest pore size, which resulted that
in the most channels in the same mold and thereby causing the loose
network. Under the same spacing, the larger the diameter, the larger the
compressive modulus was. The compressive modulus of 0.5/1.2 group
was significantly higher than that of 0.5/0.8 and 0.5/1 group (Fig. 3B2).
For the 0.5/0.8 group, which possessed the smallest diameter and the
most channels prepared in the same mold, formed with the loose
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network structure, exhibited relatively lowest compressive modulus
(0.22 MPa). From the mechanical test results, the compressive me-
chanical strength of the prepared IPMs scaffolds is relatively low due to
the formation of microchannels inside the scaffold. In order to meet the
need for scaffold mechanical strength in various bone defect treatments,
further research needs to establish a good balance between the me-
chanical strength of the scaffold and the microchannel structure.

(2) In vitro evaluation of IPMs scaffolds

For in vitro studies, HUVECs were used to evaluate the proliferation
ability of different IPMs scaffolds. After 7 days of culture, it was
observed that cells showed the proliferation trend after being cultured
on different scaffolds, indicating that each scaffold had good biocom-
patibility. Among the five groups, the 0.4/1 group showed the best
proliferation effect (p < 0.05), followed by the 0.5/1 group (Fig. 4B).

(3) Subcutaneous embedding

To visually observe the growth of the cells, the nucleis on the surface
of the scaffolds were stained with DAPI and observed using a fluores-
cence microscope. This was consistent with the results of the CCK-8 test
(Fig. S3). Subsequently, HUVECs grew on the IPMs scaffolds were
further observed by SEM. As shown in Fig. 4A, the cells grew on the
surface of the scaffolds showed spreading morphology. As the culture
time increased, the number of cells on the surface of the scaffold also
increased. The above results further confirmed that all the fabricated
scaffolds had good biocompatibility and supported cell growth.

To further investigate the ability of cells to grow into the pores of the
scaffolds, HUVECs were seeded on different scaffolds with a certain
thickness and then cultured on a culture plate with low cell adhesion.
IPMs scaffolds were cut by a blade to obtain a longitudinal section,
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Fig. 3. Compressive mechanical behavior of IPMs scaffolds prepared with different filament spacing and diameter. (A1, B1) The representative stress-strain curves.

(A2, B2) Young’ modulus. **P < 0.01 compared with other groups.

which was observed through a fluorescence microscope. From Fig. 4D,
different cell numbers and different cell distribution depths inside
different scaffolds can be observed.

In the 0.4/1 group, due to the small pore size, most of the cells were
trapped and grown on the surface of the scaffold. A small number of cells
entered the scaffold, and the depth of distribution of cells inside the
scaffold was the smallest. In different scaffold groups (0.5/0.8, 0.5/1,
0.5/1.2) with a pore size of 0.5, more cell growth was seen within the
scaffold. Specifically, the cells in the 0.5/1 group basically penetrated
the entire scaffold, and the cells in the 0.5/0.8 group sneaked in half and
stayed in the middle channel, but the upper channel had been fully
covered and connected. When the pore size increased to 0.6, though the
cells were distributed in a better depth inside the scaffold, the cells of the
0.6/1 group gathered in the left half of the middle layer, and the number
of cells decreased. This may be due to the larger pore size making it easy
to leak and difficult to trap more cells inside the scaffold.

The subcutaneous embedding experiment was carried out to further
investigate the tissue growth in different scaffolds. The optimal IPMs
scaffolds can be selected by in vitro experiments. Fig. 5 shows the dis-
tribution of capillary vessels on the surface of the scaffolds and the H&E
staining image after the scaffolds were embedded subcutaneously in ICR
mice for one month. As shown in Fig. 5A, the images obtained from
stereomicroscope showed that the vascular tissue of the surface of the
scaffold in the 0.5/0.8 group and 0.5/1 group was more abundant. As
shown in Fig. 5B, C, D, the H&E staining images clearly showed the
cross-section of small blood vessels (indicated by arrowheads), which
was consistent with the results of the stereomicroscope images. In
summary, after combining physical characterization (mechanical char-
acterization), in vivo (subcutaneous embedding), and in vitro (cell
behavior) experiments, finally we selected the 0.5/0.8 and 0.5/1 groups
as suitable specifications for subsequent experiments due to
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comprehensive consideration [13,39].

3.2. Promotion of microvasculature growth by IPMs scaffolds loaded with
VEGF

Before evaluating the effect of VEGF@IPMs scaffold on bone repair in
vivo, we first investigated the ability of VEGF@IPMs scaffold to promote
angiogenesis. The release rate of VEGF from VEGF@IPMs scaffold was
also measured. As shown in Fig. S4B, the initial rapid release of VEGF
from 0.5/0.8 and 0.5/1 scaffolds in the first 24 h was similar. On day 7,
the former was higher than the latter, reaching 50.00 ng/mL and 47.34
ng/mL respectively. The previous study had revealed that days 7 post-
operatively was a critical time points for vascularization of bone injury
[40]. Then, both scaffolds continued to release VEGF for the next 7 days.
The VEGF was released as the hydrogels degraded by comparing the
release profile with the weight loss curve (Fig. S4C).

It is a well-known fact that endothelial cell migration is a key process
of angiogenesis. The first step of vascularization is the recruitment of
endothelial cells to facilitate the formation of new blood vessels.
Therefore, we used a cell migration chamber to test whether the VEGF-
loaded IPMs scaffolds can induce HUVECs migration in a serum-free
medium. As shown in Fig. 6A, the scaffolds with a low concentration
of VEGF (200 ng/mL) effectively induced HUVECs to migrate from the
upper surface of the membrane to the lower surface, as compared with
the scaffolds without VEGF loading. The higher the concentration of
growth factors, the stronger the ability to induce cell migration, and the
more cells adhered to the lower surface of the Transwell membrane.
Dissolved crystal violet was used to further quantitatively analyze cell
migration. It was observed that OD values of the 0.5/0.8 group and the
0.5/1 group, which loading with 500 ng/mL VEGF, were higher (0.1089
+ 0.0086 and 0.0952 + 0.0052) than those of other groups. The 0.5/0.8
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Fig. 4. Invitro cell biocompatibility evaluation. (A) SEM images of HUVECs cultured on different scaffolds for 1, 4 and 7 days. (B) HUVECs proliferation on different
scaffolds after cultured for 1, 4 and 7 days. (C) Representative confocal images of HUVECs cultured on scaffolds, cytoskeleton stained with Alexa Fluor™ 488
Phalloidin (green) and nuclei stained with DAPI (blue) (Video 2). (D) Fluorescence staining images of HUVECs on the longitudinal section of different scaffolds after 7

days’ culture. *P < 0.05.

group showed a better ability to induce HUVECs migration, which may
be due to the shorter interval between pores and better connectivity.
Therefore, the contact area between the hydrogel and the growth fluid
was larger, and the growth factor release rate was relatively faster. In
summary, the released VEGF from VEGF-loaded IPMs scaffolds can
significantly induce HUVECs migration when the loaded VEGF con-
centration reaching to 500 ng/mL.

Next, in vitro scratch healing experiment was performed to evaluate
the induction function on endothelial cell migration. As shown in
Fig. 6B. The blank control group and the VEGF-free group showed a
small amount of cell migration, while the experimental group with a
high concentration of VEGF observed obvious cell migration (Fig. 6B(f,
g)). However, in comparison with the 0.5/1 scaffold loading with 500
ng/mL VEGF, it was found that the 0.5/0.8 scaffold loading with 500
ng/mL VEGF showed a better scratch healing effect. The results showed
that the released VEGF from VEGF-loaded IPMs scaffolds can stimulate
endothelial cell migration in a concentration-dependent manner, and
the 0.5/0.8 scaffold loading with 500 ng/mL VEGF exhibited better
stimulation effect on endothelial cell migration.

In vivo CAM model is an ideal model for studying angiogenesis of
scaffolds, as the CAM membrane has a certain degree of wettability
allowing growth factors to be released from hydrogels. The ratio of

3261

vascular areas was measured through Image-Pro Plus software after 48 h
of incubation, as shown in Fig. 6C. The blood vessels in the VEGF-free
group showed normal tree root-like growth, while the blood vessels in
the groups with VEGF showed a dense capillary network. Moreover,
scaffolds with a concentration of 1000 ng/mL VEGF showed a denser
capillary network than scaffolds with a concentration of 500 ng/mL
VEGF. By comparing the two groups with high-concentration of VEGF,
the 0.5/0.8 group had a better ability to promote vascularization. Ac-
cording to the ratio of the vascular area (Fig. 6C(g)), the 0.5/0.8 group
showed a significant increase as compared with the 0.5/1 group in the
angiogenesis area at the same concentration (P < 0.05). Overall, these
results indicated that the VEGF-loaded IPMs scaffolds could promote
vascular growth, especially for the 0.5/0.8 group.

3.3. Differentiation ability of VEGF@IPM:s scaffold in vitro

To examine the effects of VEGF@IPMs scaffolds on osteogenic dif-
ferentiation of rBMSCs, quantitative PCR analysis was performed.
Fig. 7A-D showed the expression of osteogenic genes including RUNX2,
OCN, OPN, and Col I after rBMSCs were cultured with IPMs scaffolds for
7 and 14 days, respectively. After 7 days of induction, the mRNA
expression level of these genes in the VEGF@IPMs scaffold group was
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Fig. 5. Evaluation of vascularization after subcutaneous embedding of different scaffolds. (A) Stereo microscope and (B-D) H&E staining of different IPMs scaffolds

after subcutaneous implantation in ICR mice for 4 weeks.

significantly increased compared with the control and IPMs scaffold
groups (P < 0.01). On day 14, we also observed the same result.
Compared with the VEGF@0.5/1-IPMs scaffold group, VEGF@0.5/0.8-
IPMs scaffold showed higher mRNA expression of these osteogenic
markers. Besides, we also detected the angiogenic gene expression after
rBMSCs were cultured with IPMs scaffolds for 14 days. It was found that
the higher mRNA expression of VEGFR2 and vWF genes was observed in
the VEGF-loaded groups, while there was no significant difference be-
tween VEGF@0.5/0.8-IPMs scaffold group and VEGF@O0.5/1-IPMs
scaffold group (Fig. 7F).

3.4. Evaluation of vascularization ability in vivo

The effect of the local growth factor release on the ectopic blood
vessel formation was studied by microangiography and pCT imaging
after 4 weeks of implantation. The three-dimensional pCT reconstruc-
tion images revealed newly formed blood vessels distributed in the im-
plants (Fig. 8A). Compared with other scaffolds, the vascular network
within VEGF-containing scaffolds was denser. In the VEGF@0.5/0.8-
IPMs scaffold group, the more vascular network was observed, and the
blood vessels were extended along the channel within the scaffolds
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(Video 3). From the quantitative result in Fig. 8B, VEGF@0.5/0.8-IPMs
scaffold group had a significantly larger total vessel volume than other
groups. The stereomicroscope showed that the vascular supply of the
scaffold surface tissue in the VEGF@IPMs scaffold group was more
abundant, and the effect was more obvious with the increase of time
(Fig. S5). These results were further confirmed by H&E staining
(Fig. 8C). After 2 weeks, the IPMs scaffold group showed a minor cell
infiltration along the edge of the scaffold, while the VEGF@IPMs scaf-
fold group showed relatively more cell infiltration and more blood
vessels. After 4 weeks, the cell infiltration effect in the VEGF@0.5/0.8-
IPMs scaffold group was the best, and the enlarged image even showed
that the microvessel was invaded in the macropore structure of the
PLLA/PCL scaffold.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.02.033

3.5. Evaluation of VEGF@IPMs scaffold bone repair ability in vivo

In situ bone repair was used to further evaluate the effects of VEG-
F@IPMs scaffold on rat skull repair. The bone formation of each group at
6 and 12 weeks after surgery is shown in Fig. 9A. The puCT reconstruction
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Fig. 6. The migration effects of HUVECs and the pro-angiogenesis effects of different samples in the CAM model. (A) The effects on HUVECs migration in the
Transwell assay. (a, b, c) are all 0.5/0.8 hydrogels, the VEGF concentration is 0, 200, and 500 ng/mL, respectively. (d, e, f) are all 0.5/1 hydrogels, the VEGF
concentration is 0, 200 and 500 ng/mL. (g) Quantification of the Transwell assay. (B) The effects on HUVECs migration in the scratch wound assay. (a) control, (b, d,
f) are all 0.5/0.8 hydrogels, the VEGF concentration is 0, 200 and 500 ng/mL (c, e, g) are all 0.5/1 hydrogels, the VEGF concentration is 0, 200 and 500 ng/mL. (C)
Optical images of neo-blood vessel formation after 48 h of treatment with different samples in the CAM model. (a, b, c) are all 0.5/0.8 hydrogels, the VEGF con-
centration is 0, 500 and 1000 ng/mL (d, e, f) are all 0.5/1 hydrogels, the VEGF concentration is 0, 500 and 1000 ng/mL. (g) The percentage of vascular area. *P <

0.05, **P < 0.01.

images clearly showed that there was almost no new bone formation in
the control group at 6 weeks, while there was an obvious new bone
formation in the IPMs and VEGF@IPMs scaffold groups. After 12 weeks,
the bone mass of each group increased significantly. The BV/TV in the
VEGF@IPMs scaffold group was significantly larger than that in the
IPMs scaffold group at 6 weeks (P < 0.01), and further increased at 12
weeks (Fig. 9B). Most likely, VEGF enhanced bone formation indirectly
by increasing the supportive vascular network and vascular perme-
ability [41,42]. VEGF may play an important role in multiple stages in
the process of bone defect repair, and the increase in local blood flow
improves the accessibility of cell implantation sites [43]. For example,
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VEGF promotes the recruitment of macrophages and angiogenesis in the
inflammatory phase, and intramembranous osteogenesis also requires
the participation of VEGF to promote bone regeneration [44]. Interest-
ingly, at 12 weeks, the bone volume of the VEGF@0.5/0.8-IPMs scaffold
group was significantly higher than that of the VEGF@0.5/1-IPMs
scaffold group (P < 0.05), which may be related to the important role
of angiogenesis in bone repair.

Subsequently, H&E staining and Masson’s trichrome staining were
used to observe the new bone formation after implantation of scaffolds
in the bone defect sites. As shown in Fig. 9C, only a small amount of new
bone was formed in the control group. In contrast, a large amount of new
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with VEGF. Significant difference compared to the control group, **P < 0.01.

bone formation around the bone defect was observed in the IPMs scaf-
fold group and VEGF@IPMs scaffold group, and the latter was more
obvious than the former. Scaffolds with smaller diameters possess more
channels in the same mold, which could provide more cell attachment
sites due to larger surface area [45]. The porous scaffold recruits
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osteoprogenitor cells from the adjacent periosteum [46]. When
implanted in the defect, the scaffold stimulates and guides these cells to
infiltrate the interior of the porous scaffolds [5]. Therefore, the
VEGF@0.5/0.8-IPMs scaffold group with more space for cell/tissue
ingrowth was in favor of bone tissue formation.
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Masson’s trichrome staining was used to further assess the newly
formed bone, as shown in Fig. 9D. Consistent with the results of H&E
staining, in Masson’s trichrome staining image, it was observed that the
IPMs scaffold group and VEGF@IPMs scaffold group possessed more
new bone formation than the control group. Furthermore, the
VEGF@0.5/0.8-IPMs scaffold group showed better performance on the
bone regeneration compared with the VEGF@0.5/1-IPMs scaffold
group.

To investigate the angiogenesis in the process of bone repair, we
performed immunofluorescence staining on the endothelial marker
CD31 and the vascular smooth muscle marker a-SMA during the for-
mation of new blood vessels, as shown in Fig. 10. The red fluorescence
represents CD31, and the green fluorescence represents a-SMA, both of
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which have a typical circular or elliptical structure. The results showed
that almost no new blood vessels were formed in the control group,
while a few blood vessels were formed in the IPMs scaffold group.
However, compared with other groups, more new blood vessels were
formed in the VEGF@IPMs scaffold group. The quantitative results of
vessel occupied area indicated that the expression of CD31 and a-SMA in
VEGF@0.5/0.8-IPMs scaffold was significantly higher (**P < 0.01) than
that of other groups (Fig. 10B and C). Besides, the expression levels of
osteoblast markers (OCN and OPN) in VEGF@IPMs scaffold groups were
also increased accordingly. Notably, the expression level of OPN and
OCN in VEGF@0.5/0.8-IPMs scaffold group was significantly higher
than that in VEGF@0.5/1-IPMs scaffold group (Fig. 10D and E). The
above results showed that VEGF@0.5/0.8-IPMs scaffold could
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significantly enhance the new bone formation by promoting angiogen-
esis during the process of bone repair [47].

Previous studies have demonstrated that incorporation of micro-
channels within scaffolds had great contribution on the extent of tissue
and vascular ingrowth [7]. For example, Rnjak-Kovacina et al. fabri-
cated the silk-based scaffolds with arrayed hollow channels (254 pm-
and 508 pm-diameter). The results of subcutaneous implantation assay
indicated that the scaffold with hollow channels showed better cell
infiltration compared with the unchanneled scaffold. This was particu-
larly obvious in the scaffold with 508 pm diameter channels [14]. In this
work, different microchannel patterns within the scaffolds were made
based on 3D printing technology. It is unlikely that a single micro-
channel design can bring outstanding vascularization. Here, the micro-
channel within the scaffold can facilitate the transportation of solutes
and thereby promoting the tissue ingrowth and vascularization, as well
as can provide the space for VEGF loading to further enhance the
vascularization. Benefited from the synergistic effect of microchannel
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networks and VEGF release, more vascular formation was observed in
the VEGF@IPMs-0.5/0.8 scaffold. As a result, the bone defect area
showed more newly formed bone tissue after the VEGF@0.5/0.8-IPMs
scaffold implantation. Therefore, we have proposed an effective strat-
egy on the construction of nanofibrous scaffolds with interconnected
perfusable microchannel networks for engineering of vascularized bone
tissue.

4. Conclusion

In this study, we successfully prepared a nanofibrous PLLA/PCL
scaffold with interconnected perfusion microchannel networks (IPMs)
based on 3D printing technology. Furthermore, different diameters and
spacings were made to reveal the effect of microchannel structure on
angiogenesis and osteogenesis of bone tissue. 0.5/0.8-IPMs (spacing/
diameter = 0.5/0.8) and 0.5/1-IPMs (spacing/diameter = 0.5/1) scaf-
folds were selected for subsequent loading of rhVEGF165, which showed
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Fig. 10. Representative immunofluorescence staining at 12 weeks. (A) Fluorescence images of CD31 (red), a-SMA (green), OCN (green), OPN (green), and cell
nucleus (blue) staining. (B-E) Quantitative analysis of positively stained areas using Image-Pro Plus software. *P < 0.05, **P < 0.01 versus control group.

the deeper cell distribution and richer blood vessel distribution than
other groups. The growth factor rhVEGF-165 was loaded in the CMCS/
A-HA hydrogel. After 4 weeks of implantation, microangiography was
used to analyze angiogenesis, the total vascular volume of VEGF@IPMs-
0.5/0.8 scaffold was significantly higher than that of VEGF@IPMs-0.5/1
scaffold. In the rat cranial bone defects experiments, the result indicated
that VEGF@IPMs-0.5/0.8 scaffold significantly enhanced new bone
formation in the bone defect area. In summary, the strategy is highly
versatile to construct microchannel structures within the scaffolds by
adjustable caramel-based templates, and the combination of inter-
connected perfusion microchannel networks and angiogenic factor
significantly promote the effects of angiogenesis and bone repair.
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