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A B S T R A C T   

Regeneration of the architecturally complex blood vascular system requires precise temporal and spatial control 
of cell behaviours. Additional components must be integrated into the structure to achieve clinical success for in 
situ tissue engineering. Consequently, this study proposed a universal method for including any substrate type in 
vascular cell extracellular matrices (VCEM) via regulating selective adhesion to promote vascular tissue regen-
eration. The results uncovered that the VCEM worked as cell adhesion substrates, exhibited cell type specificity, 
and functioned as an address signal for recognition by vascular cells, which resulted in matching with the 
determined cells. The qPCR and immunofluorescence results revealed that a cell type-specific VCEM could be 
designed to promote or inhibit cell adhesion, consistenting with the expression patterns of eyes absent 3 (Eya3). 
In addition, a 3D vascular graft combined with VCEM which could recapitulate the vascular cell-like microen-
vironment was fabricated. The vascular graft revealed a prospective role for cellular microenvironment in the 
establishment of vascular cell distribution and tissue architecture, and potentiated the orderly regeneration and 
functional recovery of vascular tissues in vivo. The findings demonstrate that differential adhesion between cell 
types due to the cellular microenvironment is sufficient to drive the complex assembly of engineered blood vessel 
functional units, and underlies hierarchical organization during vascular regeneration.   

1. Introduction 

Limited options are currently available for vascular tissue repair and 
reconstruction [1–3]. Surgical approaches to treat vascular tissue lesions 
and defects can utilize autologous tissue harvested from the patient to 
provide a living implant for reconstruction [4,5]. Although natural 
blood vessels replicate many attributes of living tissue, patients experi-
ence significant variability in their individual defect sizes and anatom-
ical locations, typically leading to comorbidities related to mismatches 
[6,7]. One considerable challenge of currently available implants is their 
lack of growth potential, which can ultimately result in thromboembolic 
complications [8,9]. The unpredictability of these procedures can result 
in costly secondary surgeries that are limited by the physiological con-
ditions of each patient [10]. There is a significant need for a biomaterial 

solution that provides the benefits of autologous vascular tissue and has 
the ease of use and delivery of synthetic implants. 

Biomaterials derived from the extracellular matrix (ECM) within 
cellular microenvironment can be used for tissue regeneration [11–15]. 
These ECM-based biomaterials, known as matrices or scaffolds, 
comprise a network of structural proteins and proteoglycans that pro-
vide both mechanical support and biological cues for cell migration and 
tissue development [16–18]. Biological cues from the ECM, including 
growth factors and ECM-associated vesicles, promote cell migration and 
tissue development within the implanted acellular scaffolds, gradually 
leading to the formation of new viable tissue that is potentially perma-
nent [19–21]. Importantly, vessel assembly and maturation are affected 
by the dynamic nature of the ECM [22–24]. It was reported that both 
mouse fibroblast-derived and preosteoblast-derived matrices could 
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support the vascular morphogenesis of human umbilical vein endothe-
lial cells (HUVECs), but a chondrocyte-derived matrix performed poorly 
in forming capillary-like structures [25]. Thus, vascular cells might 
retain their characteristics and essential role in angiogenesis due to their 
proximity to cell type-specific microenvironmental signals. However, 
the effects of vascular cell extracellular matrices (VCEM) in the micro-
environment on vascular tissue architecture remain unknown due to the 
difficulty in isolating and obtaining VCEM from native vascular tissue. 

The regeneration of blood vessels is a fundamental issue in the en-
gineering design of damaged tissues (including skin, nerves, muscles, 
and bones), providing nutrients and oxygen to cells buried deep inside 
the tissue while removing waste away from the cells. Following angio-
genesis activation, vascular cells are programmed to form a three-layer 
structure [26]. The hierarchical vascular tissue is organized spatially to 
provide adequate nutrients to the cells of all organs and supporting 
structures [27]. Spontaneous programmed adhesion to vascular cells 
influences essential cellular processes required for homing and 
engraftment; this is a crucial process that allows biomaterials to be 
transplanted in clinical settings [28–33]. The evolutionarily conserved 
Notch signalling pathway plays critical roles in controlling multiple 
aspects of vascular development and function, ranging from prolifera-
tion, motility, and lumen formation to vessel stability and cell fate 
determination [34–36]. Understanding how microenvironment and 
Notch signalling coordinate to establish spatial patterning units is 
essential to produce functional vascular tissue. 

For this study, a tissue engineering vascular graft with distinct 
microenvironment was created to investigate its cytotypic regulation of 
cellular behaviours. Cell type-specific VCEM induced cell-selective 
adhesion, which positively correlated with the levels of eyes absent 3 
(Eya3), a transcriptional regulator. The results suggest that Eya3 is a key 
cell fate determinant that is positively regulated by Notch. Moreover, it 
is demonstrated that cytotypic effects resulted in host vascular cell 
redistribution over the 3D microenvironment in vivo and controlled cell 
behavior for blood vessel regeneration to establish a functional native 
match for cell type and spatial patterning. 

2. Materials and methods 

2.1. Materials 

Poly (ε-caprolactone, PCL; Mw = 70,000–90,000 Da) pellets and 
γ-secretase inhibitor (DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S- 
phenylglycinet-butylester, C23H26 -F2N2O4) were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). Haematoxylin-eosin (HE) and 
Masson’s Trichrome (MT) staining kits were purchased from Solarbio 
(Beijing, China). Analytical reagents, including N,N-dimethyl -form-
amide, acetone, and ethanol, were all bought from Sinopharm (Beijing, 
China). Human umbilical vein endothelial cells (HUVECs) and human 
vascular smooth muscle cells (HVSMCs) were obtained from Cell Bank, 
Shanghai Institutes for Biological Sciences, and Chinese Academy of 
Sciences. An Eya3 antibody (G-9) was obtained from Santa Cruz 
Biotechnology (California, USA). An anti-vinculin antibody (EPR8185) 
was obtained from Abcam (Cambridge, UK). The Notch1 polyclonal 
antibody was obtained from ProteinTech Group (Chicago, IL, USA), and 
the CD31 monoclonal and smooth muscle actin polyclonal antibodies 
were bought from Affinity Biosciences (Changzhou, China). 

2.2. Generation of engineered vascular microenvironment in vitro 

2.2.1. Preparation of oriented scaffolds 
Scaffolds were fabricated using a customized E-jet 3D bio-printing 

system as previously described [37,38]. In brief, PCL pellets were dis-
solved in DMF at 7% w/v, and the solution was then used for 3D 
printing. Aligned PCL fibres were printed precisely in a predesigned 
pattern using a 27G nozzle at a volumetric flow rate of 200 μL h− 1, and 
the distance to the substrate was approximately 1 mm. A 27 kV voltage 

was applied to ensure the completion of the work. The fabricated ori-
ented scaffolds were then disinfected and stored at 4 ◦C until use. 

2.2.2. Preparation of bacterial cellulose membrane 
The bacterial cellulose (BC) membrane was acquired by culturing 

Bacillus xylinus (ATCC 23767) in NBRC#350 medium, including 5 g 
glucose, 1 g MgSO4⋅7H2O, 5 g mannitol, 5 g polypeptone, and 5 g yeast 
extract in 1 L of deionized water. The medium was sterilized for 20 min 
at 121 ◦C, and then 5 mL ethanol was added before inoculating bacteria 
(10%, v/v). After two weeks, the BC membrane was harvested and 
rinsed with deionized water, then boiled in 1% NaOH until the solution 
was clear. Finally, the membrane was rinsed with deionized water until 
pH 7.0. The collected samples were sterilized and stored at 4 ◦C for 
future use. 

2.2.3. In vitro 3D mircoenvironment with VCEM 
HUVECs were seeded on aligned PCL scaffolds to construct engi-

neered endothelial cell extracellular microenvironment. After 48 h of 
incubation, the samples were rinsed with phosphate-buffered saline 
(PBS) and inactivated by repeated freezing and thawing (F/T) to obtain 
3D HUVEC ECM microenvironment (3D EHUVEC) where ECM compo-
nents were maintained, but cellular components were eliminated. In 
brief, the samples were subjected to three F/T cycles using a − 80 ◦C 
freezer and a 37 ◦C water bath. For the first cycle, the samples were 
stored at − 80 ◦C for 24 h. After the samples returned to room temper-
ature, they were rinsed with PBS 3 times. After freezing for another 24 h, 
the samples were placed in distilled water for 2 h to induce hypotonic 
shock and cytolysis of any remaining cells. After the final F/T cycle, the 
samples were rinsed again with PBS. All procedures were carried out in a 
biological safety cabinet or a sterile environment. Similarly, HVSMCs 
were inoculated on the BC membranous scaffolds to construct engi-
neered 3D HVSMC ECM microenvironment (3D EHVSMC). The methods 
were the same as those used for the engineered 3D EHUVEC. Scanning 
electron microscopy (SEM) and histological analyses were used to assess 
the decellularization process. 

2.3. Water contact angle test 

The surface water contact angles of the specimens were tested using 
the sessile drop method in air at room temperature. A video optical 
contact angle measuring instrument (DSA100, KRUSS, Germany) was 
used, and the drop size was set to 10 μL. 

2.4. Fabrication of engineered vascular grafts 

The constructed vascular grafts had two layers. The outer layer was 
made using a BC membrane, and the inner layer comprised oriented PCL 
fibral scaffolds. The layers were attached to each other under wet con-
ditions. The composite scaffold was then rolled up using a stainless-steel 
mandrel (1.2-mm diameter) with the fiber direction perpendicular to the 
direction of movement; this ultimately formed a two-layered tubular 
structure. Bioengineered vascular grafts containing 3D EHUVEC and 
EHVSMC microenvironment were constructed after seeding and 
removing varied cells as mentioned above. 

2.4.1. Scanning electron microscopy 
Engineered blood vascular grafts were fixed overnight in 4% para-

formaldehyde at 4 ◦C and dehydrated with graded ethanol solutions (30, 
50, 75, and 100% EtOH), followed by critical point drying. The speci-
mens were coated with gold and examined using a scanning electron 
microscope (QUANTA 200, FEI, USA) at an accelerating voltage of 20 
kV, and a JSM-6700F scanning electron microscope (JEOL, Japan) at an 
accelerating voltage of 5 kV. 
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2.5. Immunofluorescence staining 

Cell specimens were fixed in 4% PFA for 15 min, followed by per-
meabilization with 0.2% Triton-X for 10 min; the samples were blocked 
with normal goat serum (ready-to-use, Boster AR0009) for 30 min at 
room temperature. Primary antibodies were diluted 1:100 in PBS and 
incubated overnight at 4 ◦C. After rinsing three times with PBS, the 
specimens were incubated with secondary antibodies for 2 h in the dark. 
All cells were counterstained with DAPI. The immunofluorescence im-
ages were obtained using an OLYMPUS FV1200 confocal microscope, 
and quantitative analyses were conducted using ImageJ. 

2.6. Quantitative polymerase chain reaction (qPCR) 

RNA was isolated with an RNAIso Plus kit (Takara, Japan) and 
quantified using a NanoDrop2000 Spectrophotometer (ThermoFisher). 
cDNA synthesis was performed using an inNova Uscript All in One First- 
Strand cDNA Synthesis SuperMix kit (Innovagene, China). qPCR analysis 
was conducted using 2 × inNova Taq SYBR Green qPCR Mix (Innova-
gene, China) and a CFX96 Touch™ Real-Time PCR Detection System 
(Bio-Rad, Singapore). The specimens were analysed in triplicate, and 
fold changes in expression were determined using the comparative ΔCT 
method. GAPDH was used as an endogenous control, and the primer 
sequences are detailed in Table S1. 

2.7. Animal experiments 

An abdominal aorta replacement model was established using 
Sprague Dawley (SD) rats (aged 10 weeks and weighing 280–320 g) 
purchased from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, 
China). The animal experiments were approved by the Animal Experi-
ments Ethical Committee of Hunan University (Permit No. HNU-
BIO202101009) and complied with the Guide for the Care and Use of 
Laboratory Animals. The rats were anaesthetized by intraperitoneal in-
jection of 5% chloral hydrate (7 mL/kg); approximately 10 min was 
allowed to pass to allow the animals to enter deep anaesthesia before the 
operation. The rats were fixed on an operating table, and their abdom-
inal hair was removed. Then, the abdominal aorta was exposed by blunt 
separation, and a vascular clip was used to clamp and cut. Next, a 7- 
0 suture needle was used to suture the engineered blood vessel grafts 
end-to-end, with 8–10 stitches at each end. 

2.8. Ultrasound imaging 

Ultrasound imaging with a Vevo 2100 ultrasound platform (Visual 
Sonics, Toronto, Canada) was used to monitor the neoartery patency and 
diameter changes of the vascular grafts in vivo. The same neoartery was 
imaged over time at 4, 12, and 24 weeks after implantation. B-mode and 
pulsed-wave Doppler mode were used to determine the position and 
patency of the grafts, respectively. Flow profiles were confirmed using 
colour Doppler mode, and M-mode images were used to monitor 
diameter changes of the neoartery after transplantation. 

2.9. Mechanical tests 

The mechanical strength of the vascular graft or abdominal aorta 
with a comparable dimension was analysed using a HengWing Tester 
(HY–0580WN, Shanghai) equipped with a 10 N loaded cell. Specimens 
were mounted between two stainless steel pins; one of which was 
attached to an actuator, while the other one was attached to the loaded 
cell. The longitudinal stress and strain were measured by clamping the 
samples (2 cm inter-clamp distance) in the testing machine and pulling 
them at a constant rate of 50 mm/min until failure. Engineering stress 
was calculated by dividing the tensile force (F) by the total cross- 
sectional area (S = π * diameter of the graft * thickness of graft wall). 

The elongation at break, tensile strength, and elastic modulus of the 

specimens were calculated and plotted according to a previously 
described method. Suture retention strength was determined in accor-
dance with ISO 7198:2016: a 2-cm long graft was clamped at one ex-
tremity onto a tensile-testing machine, and the other extremity was 
bevelled for implantation; a single bite suture was placed 2 mm from the 
edge (7-0 nylon suture needle with line, Lingqiao, Ningbo Medical 
Needle Co., Ltd). A constant pulling rate of 120 mm/min was applied 
until the suture was pulled out. Suture retention measurements were 
repeated at 120◦ intervals. 

2.10. Histological and immunohistochemical analyses 

At 4, 12, and 24 weeks after surgery, the rats were anaesthetized. The 
abdominal aortas were exposed again via an abdominal incision, and the 
grafts were removed and rinsed immediately with PBS. For histological 
analysis, the explanted vascular grafts were fixed with 4% para-
formaldehyde (PFA, Beyotime, China) at 4 ◦C overnight; then, they were 
paraffin-embedded, sectioned, and stained with HE and MT. 

For immunohistochemical analysis, the vascular grafts were 
embedded vertically into optimal cutting temperature compound 
(Sakura Finetek, USA), snap-frozen at − 80 ◦C, and cryosectioned at 10- 
μm-thickness. The slides were prepared for CD31 and α-smooth muscle 
actin (α-SMA) immunohistochemical staining, and the nuclei were 
counterstained with DAPI for 5 min. The specimens were visualized 
using a bond polymer refined detection system (Leica, USA). All histo-
logical images were captured with an inverted microscope (Eclipse Ti2, 
Nikon, Japan) using bright field or polarized light. The HE staining 
images were then used to quantify the wall thickness of the grafts. 

2.11. Statistical analysis 

The data are presented as the means ± SDs. All statistical analyses 
were carried out using t-test or one-way analysis of variance (ANOVA) in 
Prism 9.0 GraphPad Software (San Diego, CA). P < 0.05 was considered 
statistically significant. 

3. Results 

3.1. The difference in cell adhesion recapitulates cell-type specificity of the 
VCEM 

Vinculin is a highly conserved intracellular protein with a crucial 
role in the maintenance and regulation of cell adhesion [39]. To validate 
the cell type specificity of the VCEM, vinculin was designed to test the 
adhesion of cells on VCEM (Fig. S1). HUVECs and HVSMCs were 
cultured with vascular endothelial cell-derived ECMs (EHUVEC) or 
vascular smooth muscle cell-derived ECMs (EHVSMC) for 48 h; blank 
TCP was used as a control. The results showed that EHUVEC potently 
promoted vascular endothelial cell adhesion (via vinculin staining and 
qPCR), but EHVSMC inhibited this process. Similarly, EHVSMC 
enhanced vascular smooth muscle cell adhesion, but this was not the 
case for EHUVEC (Fig. 1a and b). These results demonstrate that specific 
VCEM played different roles in regulating vascular cell behaviours, 
confirming that the VCEM had cell-type specificity. 

While searching for a regulator of VCEM/cell type interactions, Eya3, 
a highly conserved transcriptional co-regulator and phosphatase was 
identified; this molecule is well-characterized for its role as a cell fate 
determinant [40]. Consistent with the cell type-specific VCEM-related 
changes in cell adhesion, EHUVEC and EHVSMC respectively affected 
HUVEC and HVSMC Eya3 gene expression and protein levels. As ex-
pected, VCEM induced Eya3 downregulation in non-source cells (Fig. 1c 
and d). In fact, Eya3-negative cells may not only lack adhesion with the 
VCEM but also indicate active rejection, this could be seen from the fact 
that the level of vinculin was even lower than that of TCP in 
non-autologous extracellular matrix, both in HUVECs and HVSMCs 
(Figs. S2a&b). The Eya3 expression patterns and resulting differential 
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adhesion dictated the vascular cell distribution with the cell 
type-specific VCEM. Accordingly, linking Eya3 expression with vascular 
cell fate ensures a robust match between vascular cells adhesion and cell 
type-specific VCEM. 

Notch signaling is among the most important pathways involved in 
vascular development, which is implicated in Eya expression during 
tissue self-organization [41]. Therefore, Notch signaling may play a role 
in the differential adhesion of vascular cells caused by Eya3 expression. 
Results show that either Dll4 or Notch1, which were downregulated in 
HVSMCs during culture with EHUVEC, were instead up-regulated in 
EHVSMC. Similarly, in HUVECs, EHVSMC exposure significantly 
reduced the expression of genes associated with Notch signals that were 
increased in EHUVEC (Fig. 1e&f). These results indicated that cell-type 
specific VCEM may regulate expression patterns of Eya3 through Notch 
signalling pathway. 

3.2. Notch1 blockade reduced Eya3 expression in vascular cells 

The Notch1 localization with EYA3 in HUVECs or HVSMCs was 
assessed. Strong association of Notch1 signals with EYA3 signals 
(Fig. 2a) was detected, suggesting that Notch1 signals may regulate 
EYA3. Furthermore, vascular cells were treated with a γ-secretase in-
hibitor (DAPT, 50 μM) to inhibit Notch1 signalling activation [42]. 
Notch1 inhibition was observed in both HUVECs and HVSMCs compared 

to TCP as a control group, confirming the effectiveness of the DAPT 
(Fig. 2a and b). Furthermore, Notch1 protein levels in vascular cells, 
whether cultured with EHUVEC or EHVSMC, were significantly reduced 
by DAPT treatment. In short, the immunofluorescence images show that 
Notch1 blockade inhibited EYA3 signals in HUVECs cultured with 
EHUVEC, which was similar to the results for HUVECs cultured with 
EHVSMC without DAPT. Similarly, Notch1 blockade inhibited EYA3 
signals in HVSMCs cultured with EHVSMC, which was similar to the 
results for HVSMCs cultured with EHUVEC without DAPT. Significantly, 
the vascular cells had impressive EYA3 signals processed by their own 
matrix (Fig. 1c), which disappeared with the inhibition of notch1. Not 
surprisingly, the qPCR results also revealed this phenomenon (Fig. 2c). 
These results indicated that Notch signals may control EYA3 faced with 
the treatment of cell-type specific VCEM. 

To determine the functional role of Notch signalling in regulating 
Eya3 expression, the effect of Notch1 inhibition on vascular cell adhe-
sion was explored. HUVECs had high vinculin protein expression when 
cultured with EHUVEC (Figs. S2a&b). However, vinculin protein levels 
were significantly reduced in DAPT-treated HUVECs compared with 
controls (Fig. 2d). In HVSMCs, high vinculin protein expression was 
observed upon culture with EHVSMC, but the protein expression levels 
were greatly reduced after adding DAPT; these results are similar to 
those of HVSMCs cultured with EHUVEC (Figs. S3a&b). The qPCR re-
sults also demonstrated that DAPT inhibited vinculin gene expression 

Fig. 1. Cell adhesion was affected by cell-type specific VCEM. Vascular cells were cultured with EHUVEC and EHVSMC for 48 h; blank TCP was used as a control. (a) 
Representative confocal images showing the adhesion (vinculin, green) and shape (F-actin, red) of HUVECs and HVSMCs after culture with EHUVEC and EHVSMC. 
(b) Relative mRNA expression of adhesion-related genes in vascular cells. (c) Protein expression of Eya3 in HUVECs and HVSMCs after culture with EHUVEC and 
EHVSMC. (d) Relative mRNA expression of Eya3 in vascular cells. (e–f) Gene expression of the Notch pathway, including the ligand Dll4 (e) and receptor Notch1 (f). 
Scale bar = 200 μm; *p < 0.05; **p < 0.01; ***p < 0.001. Statistically comparison only with the control group. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Eya3 expression patterns and the resulting differential adhesion may require Notch signalling. (a) Images of EYA3 and NOTCH1 co-localization in HUVECs 
cultured with TCP (untreated), DAPT, EHUVEC with DAPT, and EHVSMC and in HVSMCs cultured with TCP (untreated), DAPT, EHVSMC with DAPT, and EHUVEC. 
Scale bar = 20 μm. (b–c) qPCR results showing relative Notch1 (b) and Eya3 (c) expression in HUVECs and HVSMCs from (a). (d) Fluorescence images of vinculin in 
HUVECs cultured with TCP (untreated), DAPT, EHUVEC with DAPT, and EHVSMC and in HVSMCs cultured with TCP (untreated), DAPT, EHVSMC with DAPT, and 
EHUVEC. Scale bar = 200 μm. (e) qPCR results showing relative vinculin expression in HUVECs and HVSMCs from (d). ns indicates not significant. 
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(Fig. 2e). More importantly, DAPT inhibited the positive effects of the 
VCEM on its source cells, resulting in the same effects as other cell- 
derived VCEM and negating the VCEM cell specificity. Taken together, 
these results indicate that the VCEM coordinated extracellular matrix 
matching with the vascular cell type through Eya3-mediated selective 
adhesion, possibly requiring Notch signalling. 

3.3. 3D cellular microenvironment with VCEM in vitro 

For vascular tissue, it is the structural anisotropy and hierarchical 
organization of the VCEM microenvironment that form its functions [43, 
44]. To retain the microtopographical features and microarchitectural 
structures of the vascular endothelial cell cellular microenvironment in 
vitro, a series of longitudinally aligned PCL microfibres to direct vascular 
endothelial cell alignment was generated by 3D printing. The frequency 
distribution of the cell angles showed the preferential orientation for 
HUVECs at a fibre spacing of 100 μm (Fig. S4). Decellularized VCEM 
components from HUVECs were used for the surface modification of PCL 
scaffolds to generate the 3D vascular endothelial cell mimetic culture 
microenvironment (3D EHUVEC, Fig. 3a and c). Decellularized EHVSMC 
were used to modify BC membranous scaffolds to generate the 3D 
vascular smooth muscle cell mimetic culture microenvironment (3D 
EHVSMC, Fig. 3b and e). A calcein-AM/PI double-staining assay visually 
showed abundant cell survival, which confirmed the biocompatibility of 
the PCL (Fig. 3d) and BC (Fig. 3f) scaffolds. SEM images showed hardly 
any cells on the scaffolds after decellularization and the preservation of 
VCEM constituents, indicating the successful surface modification of the 
PCL (Fig. 3g and h) and BC (Fig. 3i and j) scaffolds with EHUVEC and 
EHVSMC, respectively. To confirm the changes in scaffold surface 

properties after VCEM coating, water contact angles were measured 
after surface modification. The water contact angle of 3D EHUVEC 
modified PCL scaffolds decreased from 86 ± 3◦ to 68 ± 2◦ (Fig. 3k & l), 
while that of 3D EHVSMC modified BC scaffolds changed from 25 ± 1◦

to 92 ± 2◦ (Fig. 3m & n). 

3.4. 3D microenvironment with VCEM regulated the selective adhesion of 
vascular cells 

Immunofluorescence staining for vinculin showed that 3D EHUVEC 
significantly increased HUVEC adhesion and effectively guided cell 
alignment (Fig. 4a), similar to vascular endothelial cells in natural 
vascular tissues [45]. However, in contrast to HUVECs, HVSMC adhe-
sion was inhibited by 3D EHUVEC, and vinculin expression was 
evidently lower than that of the TCP group. qPCR analysis confirmed 
that vinculin gene expression in the HUVEC and HVSMC groups was the 
highest and lowest, respectively, when cultured with 3D EHUVEC 
(Fig. 4b). Vascular cells were also cultured with 3D EHVSMC to further 
show the role of 3D VCEM microenvironment in selectively regulating 
vascular cell adhesion (Fig. 4c). 3D EHVSMC obviously inhibited 
HUVEC adhesion, as shown by vinculin immunofluorescence staining, 
but vinculin expression was greatly promoted in HVSMCs, also 
confirmed by qPCR analysis (Fig. 4d). When cultured with 3D EHVSMC, 
vinculin gene expression in the HUVEC and HVSMC groups was the 
lowest and highest, respectively. These results indicate that the 3D 
VCEM microenvironment significantly promoted the adhesion behav-
iour of cells from which they are derived (Fig. 4e); furthermore, the 
selective adhesion of vascular cells was regulated using cell type-specific 
3D VCEM. These datas clearly supported the fact that the selectively 

Fig. 3. Reconstruction and characterization of 3D cellular microenvironment with VCEM in vitro. (a–b) Schematic of the formation of 3D EHUVEC (a) and EHVSMC 
(b) microenvironment. (c, e) FTIR spectra of PCL (c) and BC (e) scaffolds. (d, f) Calcein-AM/PI fluorescence images (green, living cells; red, dead cells) of HUVECs 
cultured with PCL scaffolds (d) and HVSMCs cultured with BC membranes (f). Scale bar = 400 μm. (g–j) SEM images of 3D EHUVEC before (g) and after (h) 
decellularization and 3D EHVSMC before (i) and after (j) decellularization. (k–n) Static water contact angles of PCL scaffolds (k), 3D EHUVEC (l), BC membranes (m) 
and 3D EHVSMC (n). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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adhesion of vascular cell could be regulated by 3D VCEM retained the 
cell type-specificity of the VCEM (Figs. S2a&b). 

3.5. Preparation of bioengineered vascular grafts with distinct cellular 
microenvironment 

Bioengineered vascular grafts (bEVGs) containing 3D EHUVEC and 
EHVSMC were constructed (Fig. 5a). Since cell type-specific 3D VCEM 
can regulate selective vascular cell adhesion, we assume that the com-
bination of 3D EHUVEC and 3D EHVSMC could achieve the endogenous 
induction and localized adhesion of HUVECs and HVSMCs, respectively, 
which are critical for vessel regeneration. The vascular grafts provided 
the needed endogenous stimulus while retaining the microtopographical 
features and tissue structures. Vascular grafts without acellular VCEM 
(EVGs) modification were used as a control. The inner diameter of the 
bioengineered vascular grafts was 1.2 mm (Fig. 5b), and the thickness 
was 158 ± 17 μm. The thickness was not significantly different from that 
of the control group (152 ± 13 μm). SEM images indicated that the inner 
and outer layers of the grafts were closely connected, and longitudinally 
aligned PCL microfibre structures were present in the inner layer. Unlike 
the controls (Fig. 5c), the experimental grafts had no cells present, but 
the ECM constituents were preserved in both the inner and outer layers 
(Fig. 5d). Additionally, no visible nuclei were found in tissue sections 
stained with H&E (Fig. S5). 

3.6. Patency of bEVGs in vivo 

To assess the regeneration potential of bEVGs, an abdominal aorta 
replacement model was established using SD rats (Fig. 6a). EVGs were 
used as controls. The results showed excellent structural integrity 
throughout the study for the bEVG group; no aneurysmal dilation was 

found, and perfect patency with no thrombosis and limited intimal hy-
perplasia was achieved. The position and patency of the grafts were 
monitored in vivo using ultrasound imaging (Fig. 6b, c &S6). The bEVG 
diameters appeared to increase slightly over time after transplantation 
(Fig. 6d), but the surrounding aorta diameters also increased in the 
growing juvenile rats (Fig. S6a). The peak systolic velocity of the bEVGs 
significantly varied during the 24 weeks (Fig. 6e). Furthermore, the 
EVGs reproducibly expanded with systole and diastole, but the peak 
systolic velocity significantly decreased over time after grafting, in 
accordance with the diameter increases (Fig. S6b). No significant dif-
ferences between bEVGs and native arteries were found, and the bEVGs 
worked as the rats’ own blood vessels over time after transplantation. 

3.7. Temporal evaluation of cell infiltration and matrix remodelling 

To further explore the potential of bEVGs to promote in situ angio-
genesis, histological and immunological evaluations of the grafts were 
performed. Routine HE staining of bEVG cross sections at numerous 
times after implantation showed that the bEVGs were repopulated with 
host cells, although the multi-layered structures of the grafts remained 
visible 4 weeks after transplantation (Fig. 7a). bEVGs became progres-
sively more re-cellularized by host cells over time, with further medial 
and neointima layer development in the examined specimens. Most 
notably, the hierarchical organization was significantly optimized in the 
bEVGs compared with the controls (EVGs, Fig. 7a&b). The dense ECMs 
of the bEVGs consisted primarily of collagen (Fig. 7c), and CD31 and 
α-SMA co-staining revealed that thick smooth muscle layers were 
separated from the blood by a continuous endothelium in the bEVG- 
guided neo-artery, similar to native arteries (Fig. 7e&g). As expected, 
the EVGs failed to localize host cells for maturation, and the distribution 
of host endothelial and smooth muscle cells was unorganized 

Fig. 4. 3D microenvironment regulated the selective adhesion of vascular cells. (a) HUVEC and HVSMC adhesion after culture on TCP, PCL scaffolds, and 3D 
EHUVEC for 48 h as indicated by vinculin immunostaining. (b) Vinculin relative expression levels in HUVECs and HVSMCs from (a). (c) HUVEC and HVSMC adhesion 
after culture on TCP, BC membranes, and 3D EHVSMC for 48 h as indicated by vinculin immunostaining. (d) Vinculin relative expression levels in HUVECs and 
HVSMCs from (c). (e) Heatmap showing 3D VCEM of vascular cells can significantly enhance vinculin gene expression in cells from which they are derived. Scale bar 
= 200 μm. 
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(Fig. 7e&f). From these results, we conclude that a bEVG coated with 
vascular cell type specific 3D VCEM microenvironment to direct the self- 
assembly of a mixture of endothelial cells (ECs) and smooth muscle cells 
(SMCs) in vivo. 

The mechanical properties of bEVGs were examined using an HY- 
0580 system to derive stress-strain plots, including elongation at 
break, tensile strength, suture retention, and elastic modulus (Fig. 8). 
Not surprisingly, the vascular grafts, including the controls, displayed 
markedly higher mechanical strength than the native arteries of the rats. 
Compared with those of EVGs, the mechanical properties of bEVGs with 
VCEM surface modification did not change significantly. More impor-
tantly, the elastic modulus improved in bEVGs at week 24 after trans-
plantation (Fig. 8d), which may benefit from better remodelling in vivo. 
The vascular graft presented above possessed adequate biomechanical 
properties and the long-term feasibility as substitutes for the native 
vessel anyway. 

4. Discussion 

The potential of appropriate re-cellularisation in tissue engineering 
for vascular regeneration has recently received considerable attention 
[1]. A key barrier of such applications to clinical settings is adverse host 
cellular reactions due to inappropriate or insufficient matrix remodel-
ling [4]. During blood vessel development, ECM components within the 
in vivo micro-environment are known to provide diverse dynamic sig-
nalling cues that mediate cell migration, proliferation, differentiation, 
maturation, and survival [32,46]. It was previously found that acellular 
vessels, generated by seeding human vascular cells into a biodegradable 
mesh scaffold within a bioreactor system, could be favourably repopu-
lated by host cells. This phenomenon could be explained by the micro-
environment remodelling that the cells were exposed to in vivo, which 

included soluble factors, 3D ECM structures, and dynamic mechanical 
forces during reprogramming [47]. The ECM is known to be a key 
component of cellular microenvironment. By providing complex com-
binations of morphogenetic cues, the ECM is an effective mediator for 
determining cell fate [48]. Although the importance of the cell micro-
environment based on the ECM has been well documented, there have 
been no studies exploring angiogenesis in a VCEM microenvironment. 

Given that the in vivo extracellular environment provides optimal 
biochemical and biophysical cues to guide cellular behaviours, the 
current study aimed to provide a potential strategy for vascular regen-
eration using engineering vessel grafts that have cell-derived biomimetic 
VCEM microenvironment. A decellularized VCEM could provide a cell- 
type specific microenvironment to direct cell redistribution via selec-
tive vascular cell adhesion. Specifically, substantially increased HUVEC 
adhesion behaviour was achieved upon culture with EHUVEC. In 
contrast, this beneficial effect was impaired by EHVSMC. In fact, the 
adhesion of HUVECs was significantly lower upon culture with EHVSMC 
than TCP. Similarly, compared with TCP, EHVSMC promoted HVSMC 
adhesion, while EHUVEC reduced HVSMC adhesion even lower than 
TCP. These results demonstrate that the VCEM has cell type-specific 
characteristics. Thus, specific VCEM can be designed to control 
vascular cell behaviours, notably promoting the adhesion of cells from 
which they originate and inhibiting other vascular cells. By extension, it 
could be hypothesized that the microenvironment was better re- 
cellularized by the cells from which it came at the time of culture for 
3D culture conditions. Indeed, The 3D EHUVEC in bEVG retains the 
effect analogous to the one that we discovered in the EHUVEC. More-
over, 3D EHVSMC signalled HVSMCs to repopulate in the grafts. The 
implanted engineered vessel grafts became progressively more re- 
cellularized by the host cells, and our finding that the hierarchical or-
ganization was significantly optimized over time supports this 

Fig. 5. Ultrastructure of the bioengineered vascular grafts. (a) Pattern diagram of bEVGs. (b) Images of bEVGs (inner diameter = 1.2 mm). (c, d) SEM images of an 
EVG without VCEM modification (c) and a bEVG composed of 3D VCEM microenvironment (d): sections were taken to examine the matrix architecture; higher 
magnification of the inner and outer surfaces. 
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hypothesis. 
Differential adhesion of vascular cells mediated by Eya3 is the basis 

of VCEM cell specificity. Because Eya is associated with ’ectopic’ eyes, 
the Eya-mediated signalling response to 3D VCEM microenvironment 
may contribute to cellular localization [35,49]. The results showed that 
the VCEM conditions facilitated Eya3 expression in the vascular cells 
from which they originated, and Eya3 expression was inhibited in other 
vascular cells, leading to the committed localization of cell type-specific 
vascular cells. The Notch1-delta-like 4 (Dll4) signalling pathway plays 
critical roles in controlling multiple aspects of vascular development, 
ranging from proliferation, motility, and lumen formation to vessel 
stability and cell fate determination [50–52]. For certain types of 
vascular cells, the key factors of the Notch signalling pathway, including 
Notch1 and Dll4, were up-regulated by their derived ECMs; these key 
factors were down-regulated by ECMs from other vascular cells, indi-
cating that the VCEM can affect Notch signalling pathway activation. 
Experiments using the Notch1 inhibitor DAPT revealed that DAPT 
significantly inhibited Notch1 expression, and Eya3 expression 
decreased accordingly. Interestingly, results for DAPT-treated vascular 
cells cultured in their derived ECM were similar to those cultured in 

ECMs from other vascular cells. These findings reveal key roles for Notch 
signalling in luminal cell commitment. The effects of VCEM in regulating 
selective cell adhesion correlated with Eya3 expression levels, and the 
process depended on the activation of Notch signalling. 

Structural and hierarchical anisotropy underlies the structure- 
function relationship of most living tissues [43,53]. Living cells reside 
within an intricate milieu of soluble biomolecules, cell-cell interactions, 
and cellular microenvironment. For blood vascular tissues, the struc-
tural anisotropy and hierarchical organization of the VCEM determine 
their specialized functions [54]. This study provides a proof of principle 
for committed cell localization using reconstituted VCEM microenvi-
ronment and suggests that VCEM systems could be used to regulate 
vascular angiogenesis by guiding the redistribution and localization of 
vascular cells. In addition, this study developed 3D VCEM in vitro that 
provided ECM cues while retaining the appropriate microtopographical 
features and microarchitectural structures for blood vascular tissue 
regeneration. PCL makes a good scaffold for shelf ready vascular graft 
applications due to its excellent mechanical properties, slow degrada-
tion rate, and good biocompatibility [9], however, in the long run, its 
vascular wall regeneration is insufficient, which is the driving force for 

Fig. 6. Transplantation and ultrasonic analysis of bEVGs. (a) Images of bEVGs after implantation in rats. The black boxes indicate the replacement sites. (b) Ul-
trasound B-mode images of bEVGs. Yellow arrow: telecentric end of the bEVG; red arrow: proximal end of the bEVG. (c) Postoperative Doppler ultrasound mea-
surements of bEVG blood flow velocity. (d) Quantification of the mid-neoartery diameter during the study. (e) Quantification of blood flow velocity in neoartery. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the work presented here. Therefore, ECM cues were integrated into the 
universal material to fabricate the 3D EHUVEC scaffold. 3D printing 
further enables construction of mimicking the defining features of native 
vascular intimal. As for 3D EHVSMC, BC comfortably benefits from its 
unique properties such as a high permeability, high water-holding ca-
pacity, good biocompatibility, low toxicity and comparable to values of 
interest like the vasculature strength [55]. The prepared biomimetic 3D 
VCEM was capable of recapitulating a vascular cell type-specific 3D 
microenvironment to facilitate the appropriate niche location of cells by 
regulating their selective adhesion. Finally, the vascular cells cultured in 
vitro were surrounded by a biomimetic 3D microenvironment with 
vascular cell type-specific biochemical and biophysical cues similar to 
those in vivo. The study provides insight into optimizing the design and 
development of biomaterials to improve the remodelling of the vascular 
microenvironment. 

Cell type-specific ECMs can provide a multifunctional system for 
regenerative medicine. However, due to the difficulty of structural 
reconstruction, the relevant research is often limited to the ECM itself, 

and the 3D structure cannot be reproduced in vitro. In this study, bio-
engineered vascular grafts containing 3D EHUVEC and EHVSMC were 
constructed to regulate vascular cell localization. The cell type-specific 
VCEM was combined with the surface topographies of the grafts to 
create the synergistic effects of biochemical and biophysical cues. When 
using transplantation into an abdominal aorta vascular replacement rat 
model, good therapeutic efficacy and significant improvements in 
vascular remodelling and regeneration dependent on proper cell adhe-
sion were found. Cells were capable of transitioning into myogenic or 
endothelial cell types based on colocalization with α-SMA or CD31, 
respectively. CD31+ cells appeared first throughout the graft; in subse-
quent explants, CD31+ cells were primarily in the inner layer, and 
α-SMA+ cells were recruited to the outer layer. Although cell type- 
specific VCEM show exciting therapeutic effects as cell culture systems 
for regulating the selective behaviour of cells, additional studies with 
more time points will be needed to determine whether these cells change 
their phenotype to become other cells in the future. These studies could 
lead to a better understanding of the autonomic homing action of cells 

Fig. 7. Representative routine staining images of EVGs and bEVGs after implantation. (a) HE images showing pink-stained ECM and increased cell infiltration with 
time. i: neointima; m: medial layer; the borders are delineated by the black dashed lines. (b) Quantification of the neointima-to-media ratio. (c) MT images of blue- 
stained collagen fibres. Samples were explanted 4, 12, and 24 weeks after implantation, and sections were taken from the mid-graft regions. (d) Quantification of the 
fibrosis volumes of the neoarteries. (e) Immunofluorescence staining of explanted vascular grafts sections for CD31 (red) and α-SMA (green). The boundaries between 
the neointima and medial layers are delineated by the white dashed lines. The nuclei (blue) were counterstained with DAPI. (f) Quantification of the percentages of 
α-SMA+ or CD31+ in the inner and outer layers of explanted EVG. (g) Quantification of the percentages of α-SMA+ or CD31+ in the inner and outer layers of explanted 
bEVG; L: neoartery lumen. Scale bars = 100 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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that could be applied for guiding the remodelling and regeneration of 
heterogeneous tissues. Detailed information about the VCEM composi-
tion and whether it differs between the two cell types is currently un-
derway supports cell type-specific ECM a new regulatory component to 
the self-organization of multicellular systems. 

5. Conclusion 

This study reveals a potential strategy for vascular regeneration 
using engineered vessel grafts with cell-derived biomimetic microenvi-
ronment. The findings represent a proof of principle for vascular cell 
localization in distinct cellular microenvironment and provide a novel 
perspective for further investigations on the controlled regeneration of 
heterogeneous tissues. The 3D microenvironment with VCEM acts as 
potent regulators that influence the native match between cell type and 
spatial patterning by providing enriched biochemical and biophysical 
cues. Moreover, the distinct cellular microenvironment has the potential 
to generate vascular tissue with high functionality and therapeutic ef-
ficacy, and the in vivo-mimicking model system established in this study 
may be useful for understanding the inherent factors involved in the 
regulation of cell fate and function for vascular tissue regeneration. 
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