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Abstract 

Background: Cardiovascular disease is responsible for a large number of deaths each year. 

Autologous vascular transplantation is still the best surgical intervention option, but the 

success rate is affected by many factors. Tissue engineering is a growing research area of 

great interest because it can produce bionic grafts to replace autologous tissue. Although 

many molding strategies have been tried, precellularization of small-diameter vascular grafts 

remains a research challenge. Here, a novel approach for fabricating bionic small-diameter 

vascular vessels with endothelial and smooth muscle cells is developed through combining 

nanofiber electrospinning and a specially-designed rotary bioprinter.  

Results: Combining and utilizing the advantages of nanofiber electrospinning and rotary 

printing, a tissue-engineered vascular tissue more suitable for biological transplantation is 

fabricated. Electrospun poly(ε-caprolactone) (PCL) provides good elasticity, and the 

electrospinning modification is beneficial for adhesion and functionalization of endothelial 

cells. A flat monolayer on the surface of PCL is formed after 7 days cultivation. Modification 

of the traditional three-dimensional (3D) bioprinter to increase rotation of the central axis 

used dual motors rotating clockwise and anticlockwise at the same speed increase stability 

during the printing process. This allowed a uniform dense methacrylated gelatin (GelMA) 

structure containing smooth muscle cells to be bioprinted with the cells are arranged linearly 

along the horizontal axis of rotation. Perfused with umbilical vein endothelial cells, a 

monolayer endothelial structure is formed. The two type cells maintain viability and 

proliferation in the structure during the process of cultivation. In addition, the bionic structure 



is superior to the natural blood vessel in anti-burst pressure and suture retention strength. 

Conclusion: By combining nanofiber electrospinning and modified rotary bioprinter, we 

successfully formed a small-diameter bionic vascular vessel with smooth muscle cells and 

endothelial cells. This method takes advantages of two advanced technologies and provides a 

new strategy for the development of bionic blood vascular tissue. 

Keywords: Small-diameter bionic vascular vessel; Nanofiber electrospinning; Rotary 

bioprinting; Tissue engineering; Cardiovascular disease 

 



Background 

 Cardiovascular diseases (CVDs) are common diseases and difficult to treat in clinic. The 

World Health Organization (WHO) indicates that CVDs are the leading cause of death 

globally 1, 2. When pharmaceuticals are ineffective in treating these diseases, surgical 

treatment is the only option, with autologous blood vessel transplantation is the gold standard 

in surgery 3. However, due to the need for an invasive operation at the donor site and the 

potential complications, the application of blood vessel transplantation is limited in clinical 

practice 4, 5. For large diameter vessels, synthetic grafts are an effective substitute 6. Dacron 

and expanded polytetrafluoroethylene (ePTFE) are clinically applied in reconstruction of 

vascular defects and perform well as large diameter conduits 4. However, due to thrombosis, 

plaque deposition caused by stenosis or occlusion, and mechanical mismatch, their 

application in small-diameter blood vessels (SDBVs; <6 mm) is limited 7, 8. Therefore, 

replacing natural small-diameter vessels using synthetic materials remains an unmet 

challenge 9. 

 Tissue engineering is an excellent strategy toward solving this problem because it can 

combine materials and cells organically 10, 11. 3D bioprinting is an advanced tissue 

engineering technology with potential to manufacture of SDBVs due to the precise spatial 

control of materials and cells 12, 13. Using catechol-functionalized, gelatin methacrylate 

(GelMA/C) containing smooth muscle cells (SMCs) as the outer layer and Pluronic F127 

containing Ca2+ and human umbilical vein endothelial cells (HUVECs) as the inner layer, an 

elastic hydrogel can be formed by rapid oxidative crosslinking during the coaxial bioprinting 

progress. In vivo and in vitro experiments indicate that the structure has good activity and 



compatibility 14. Although, hydrogels (such as fibrin, gelatin, alginate) used in bioprinting 

have good biocompatibility, poor mechanical strength makes it impossible to simulate the 

suture resistance of real blood vessels 15. In addition, the surface of the hydrogel needs to be 

pretreated to facilitate the attachment and functionalization of endothelial cells 16. 3D 

bioprinting is thus limited for transplantation of small diameter blood vessels. 

 Electrospinning is another effective method to construct SDBVs 17, 18. Proper surface 

modification is key to promoting cell adhesion, growth and rapid reendothelialization 14, 19. 

Electrospinning is an effective surface modification and cost effective technology 20. Under 

the electrostatic driving process, material is plasticized into nanofibers with high specific 

surface area, good mechanical properties and suitable porosity 21. The electrospun matrix has 

shown promise as an effective vascular tissue engineering approach, as tunable porosity and 

extremely high surface to volume ratio mimic that of the extracellular matrix (ECM) of native 

vessels, promoting cellular activities including proliferation and differentiation 6. However, 

electrospinning can only make vascular grafts endothelialized through the perfusion of 

endothelial cells and cannot simulate the vascular middle (smooth muscle cells) layer. The 

graft can only be muscularized by a later crawling replacement that is limited in large 

segment vascular defects 22. 

 Thus, there are many ways to manufacture SDBVs and each of these methods has their 

own advantages and limitations. Combining two or more technologies and combining their 

respective advantages can effectively compensate for their respective shortcomings to create 

tissue-engineered blood vessels with both excellent mechanical and biological properties 23. 

In this study, we present a new approach for biofabricating SDBVs by combining 



electrospinning and modified 3D printer with clockwise and counterclockwise rotating dual 

motors. We shape PCL into scaffolds by electrospinning to improve the strength and elasticity 

of the whole structure and to enhance the adhesion and functionalization of endothelial cells. 

The GelMA-based bioink containing SMCs can be evenly distributed in the outer layer by the 

rotary bioprinter while the stability of small-diameter circular mandrel can be ensured using 

the double motors during the bioprinting process. In this way, we successfully constructed 

precellular SDBVs and the combination of these two advanced technologies represents a new 

step for the clinical transformation of tissue engineering biomimetic blood vessels. 

Results 

Synthesis and identification of GelMA 

 Gelatin and methacrylic acid reacted to produce GelMA with photo-crosslinking ability. 

The reaction was identified by 1H-Nuclear Magnetic Resonance (1H-NMR). We observed the 

characteristic resonance peak of the double bond appear at 5.5-6.0 ppm in GelMA (Figure S1). 

The methacrylation degree of GelMA was 78.9 ± 3.1% using TNBS. 

Characterization of electrospun PCL tubes 

 PCL tubes with an inner diameter of 1.62 mm were fabricated by electrospinning. The 

mean wall thickness of all samples was 0.31 mm (Fig. 2a). Using a scanning electron 

microscope (SEM), nanofiber width was measured as 1.055 ± 0.1382 μm (Fig. 2b). To show 

the ductility of electrospun PCL, the same thickness of PCL without electrospinning 

treatment was used as a control. The control group could be extended by 145.5 ± 5.043% 

while the electrospun group could be extended by 1384 ± 76.22% (Fig. 2c). Ductility of 



polymer material was effectively increased by electrospinning. 

Properties of GelMA with different concentrations 

Pore size 

 Cell survival rate and proliferation were closely related to pore size of the structure. To 

identify the appropriate concentration of SMCs, scaffold samples were created using 2%, 5% 

and 8% GelMA solution and then observed at both macro (Fig. 2d) and micro (Fig. 2e) scales. 

After shaking in deionized water at 37 C for 2 days, uncrosslinked GelMA and other small 

molecules were removed and crosslinked GelMA expanded, resulting in an increase of pore 

size. Mean pore sizes were: 280.23 ± 7.989 μm (2% GelMA), 86.71 ± 4.152 μm (5% GelMA), 

and 52.44 ± 2.810 μm (8% GelMA) (Fig. 2f). Pore size of the scaffold was not affected by 

gelatin, glycerin, photo-crosslinking agent or hyaluronic acid (HA) in the GelMA solution. A 

pore size of 100 µm maintained the SMCs in a stable space and promoted growth and 

function 24. Therefore, we chose 5% GelMA as our printing concentration. 

Rheological measurement 

 Physical properties were measured by oscillatory rheology. Storage modulus and loss 

modulus increased with increasing concentration of GelMA and remained stable for the 

various changes of angular frequency and strain tested. Storage modulus of the GelMA 

solution was much greater than its loss modulus and thus, GelMA maintained a stable solid 

state after crosslinking (Fig. 2g, h). 

Fabrication of acellular tubular structure 

 A tubular structure with a GelMA scaffold as its outer layer and electrospun PCL as its 



inner layer was fabricated using rotary bioprinting and electrospinning. Thickness of the 

outer layer was 0.78 mm, thickness of the electrospun PCL was 0.31 mm, and the inner 

diameter was 1.62 mm (Fig. 3a). When the tubular structure was deformed via interior 

pressure, the structure recovered perfectly after the pressure was released, indicating good 

elasticity in the structure (Fig. 3b). The microstructure is shown in Figure 3c. 

Mechanical properties 

 In general, burst pressure of the acellular tubular structure (2035 ± 173.8 mmHg) was 

higher than that of the average carotid artery (1558 ± 115.6 mmHg) (Fig. 3d). The structure 

was stiff enough to effectively resist the pulsation of blood flow. The tubular structure also 

had a much larger suture retention strength (2.192 ± 0.176 N) than the normal carotid artery 

(0.235 ± 0.026 N), indicating that the structure can be sutured (Fig. 3e). 

Growth situation of HUVECs on electrospun PCL 

 Live/dead staining and fluorescence imaging was used to observe cell viability (Fig. 4a). 

Survival rate of HUVECs on the electrospun PCL at days 1, 4, and 7 was 87.64 ± 1.38, 91.57 

± 0.64, and 97.38 ± 0.35%, respectively (Fig. 4b). HUVECs showed good viability after 

perfusion. The CCK-8 absorption value of HUVECs at days 0, 1, 4 and 7 was 0.1618 ± 

0.0035, 0.1634 ± 0.0033, 0.2510 ± 0.0139, and 0.3608 ± 0.0114, respectively (Fig. 4c). A 

good proliferation of HUVECs was detected on the electrospun membrane. 

 Microstructure of the HUVECs on the electrospun membrane was further observed by 

SEM. HUVECs were granular and scattered on the electrospun membrane at day 1. Some 

cells showed limited modality at day 4. Cells were fused into pieces at day 7. After 7 days of 

cultivation. HUVECs formed a flat cell layer on the surface of the electrospun membrane. 



Growth situation of SMCs in GelMA 

 GelMA bioink containing SMCs was bioprinted. In this process, cells died partially due 

to a long separation time from the medium and stimulation from extrusion pressure. In our 

PCL structure, cells maintained a good survival rate (Fig. 5a) and over 90% cell viability was 

observed in all groups (Fig. 5b). CCK-8 test absorption values were 0.1382 ± 0.0107, 0.1354 

± 0.0076, 0.2273 ± 0.0154, 0.3142 ± 0.0193 at days 0, 1, 4, and 7, respectively (Fig. 5c). 

SMCs were completely expanded in a linear shape and arranged in an orderly pattern along 

the printing direction at day 7 (Fig. 5d). 

Bionic vascular structure 

 To show that the vessel-like structures with HUVECs and SMCs were formed by 

electrospinning and rotary printing, Masson staining was used to detect the morphology of 

the bionic tissue. After one week of culture, SMCs were evenly distributed in the outer layer 

of the GelMA scaffold and secreted collagen. The GelMA scaffold was tightly connected to 

the electrospun PCL and a circular monolayer of HUVECs was formed in the inner layer (Fig. 

6a). Immunofluorescence staining further confirmed the good construction of bionic blood 

vessels with endothelial cells as the inner layer and smooth muscle cells as the outer layer 

(Fig. 6b). 

Discussion 

 Tissue engineering has expanded possibilities for the research and development of 

vascular grafts. However, fabricating tissue engineered vascular grafts (TEVGs) with both 

advanced biological properties and suitable mechanical properties remains a challenge 1. In 

this study, by treating the PCL with electrospinning, depositing the GelMA-SMCs bioink on 



the external layer and perfusing the HUVECs among the internal membrane, SDBVs with 

good biological and mechanical properties are successfully biofabricated by our novel 

approach. 

 PCL is a high polymer with superior biocompatibility that is biodegradable, has 

appropriate mechanical properties and is commonly used as the scaffold in vascular tissue 

engineering 25. However, untreated PCL cannot harbor cells on its surface effectively. It is 

revealed that electrospun nanofibers can overcome this shortcoming and are promising 

candidates for tissue-engineered vascular scaffolds 26. Synthesized vascular endothelial 

growth factor (VEGF) nanoparticles were loaded into PCL solution for electrospinning to 

make stem cells differentiate into endothelial cells successfully 27. Jirofti et al. 28 introduced a 

co-electrospinning method to fabricate compliant small-diameter vascular scaffolds using 

composite polyethylene terephthalate and elastic polytetrafluoroethylene (PCL/PU). 

Mechanical properties were significantly improved by this applied method and scaffolds 

could meet clinical requirements. In various studies, different types of electrospun vascular 

tubes have been manufactured and used to promote cell affinity and activity on fiber surfaces. 

Fiber topography affects the morphological and biochemical changes of the endothelial cell 

by directing cell migration and spread 29. In our work, the tubular nanofibrous PCL 

membrane created by electrospinning was beneficial to proliferation and epithelization of 

endothelial cells. In addition, the fabricated tube exhibited the attractive properties of high 

strength and ductility. Tensile strain of the fabricated tube in the electrospun group was about 

ten times greater than in the control group.  

 Another important issue for small-diameter vascular scaffolds is suture retention strength 



(SRS). Creating scaffolds with sufficient SRS is key for successful surgical anastomosis 30. 

Vascular grafts fabricated by composite material with flexible polylactic acid (PLA) and PCL 

have better SRS compared to single-material constructs 31. Alex et al. 22 used 

hexafluoroisopropanol (HFIP) as solvent to dissolve silk fibroin for improved mechanical 

properties of the electrospun structure. The burst pressure and suture retention were 1441 ± 

41 mmHg and close to 1 N, respectively. In our study, the suture retention of the tubular 

structure reached 2.192 ± 0.176 N, much larger than that of the common carotid artery (0.235 

± 0.026N), indicating its feasibility for clinical application.  

 3D bioprinting is an advanced technology that combines different cells with 

biocompatible materials 32, 33. Due to the limitation of mechanical properties in natural 

materials, most bioprinting research has concentrated on endothelialization of a vascular 

inner layer or in vitro study of vascular models 34. In particular, various 3D bioprinted 

microvascular networks have been developed to provide oxygen and nutrition for 

tissue-engineered tissues and organs 35. Recently, Lei et al. 24 fabricated a bilayered bionic 

vascular vessel in a single step using 3D bioprinting technology by adjusting the 

concentration of GelMA-based bioink for the inner and external layers. HUVECs and SMCs 

were successfully stratified in the printing process 24. In the present study, with the 

advantages of high precision and uniform ink deposition 3D bioprinting, we used 

GelMA-based SMCs to create an external membrane on which cells were homogenously 

located to form the external layer of small diameter vessel-like scaffolds. Freeman et al. [37] 

used gelatin-fibrinogen blended bioink and a specifically modified rotary printer to creat a 

bionic blood vessel with a monolayer of endothelial cells. Burst pressure of this bionic vessel 



can reach 1110 mmHg, which is 52% that of the saphenous vein 36. We improved the rotary 

printing method by loading a clockwise motor and a counterclockwise motor at each end of 

the circular mandrel to ensure stability during the bioprinting. 

 Single technology cannot simulate the complex biological and mechanical properties of 

natural blood vessels. By combining thermally-induced phase separation (TIPS) with 

electrospinning, David et al. 37 fabricated an elastomeric bilayered tubular structure that 

maintains higher patency after the implantation as aortic interposition grafts. In this study, we 

combined electrospinning with rotary bioprinting and manufactured bionic vascular vessel 

structures with mechanical properties comparable to, or better than, native blood vessels. 

These vascular vessel structures also display biological properties. The inner layer of PCL 

nanofibers modified by electrospinning mimics the natural extracellular matrix, which allows 

adhesion and functionalization of endothelial cells. The bioprinted GelMA-based porous 

outer layer scaffold enables smooth muscle cells to aggregate, migrate and secrete large 

amounts of collagen to form elastic muscle tissue. The method integrates the advantages of 

two technologies to produce a new way to fabricate small-diameter bionic vessels for clinical 

application. 

Conclusion 

 In this study, we successfully constructed artificial vessel grafts using a new method. We 

modified PCL by electrospinning, bioprinted with GelMA-based bioink containing SMCs, 

and perfused HUVECs to fabricate a small-diameter bionic vessel containing smooth muscle 

cells and endothelial cells. Combining the advantages of these two technologies, the artificial 

graft showed good elasticity, burst resistance and suture retention. Perfused HUVECs and 



bioprinted SMCs maintained good activity and function in the structure after culture. This 

approach may fill the need for the clinical transformation of tissue-engineered blood vessels. 

In addition, this method is suitable for other tubular tissue structures, such as urethra, trachea, 

and intestine. It could provide a new method for constructing artificial bionic tissue with both 

mechanical strength and biological activity. 

Methods 

Material 

 All chemical reagents were purchased from the Sigma-Aldrich company unless 

otherwise specified. Cells used in the experiment were from generations 4 to 8.  

Synthesis of GelMA 

 The GelMA was synthesized by a chemical reaction 24; 8.0 g gelatin (type A; 300 bloom 

from porcine skin) was dissolved in 50 ml 0.25 M carbonate-bicarbonate buffer (pH 9.2) for 

1 h at 60 ºC. Then, 0.8 ml methacrylic anhydride (MA) was slowly added to the solution 

while stirring and allowed to react for 3 h at 55 ºC. The reaction was terminated with 80 ml 

Dulbecco’s phosphate buffered saline (DPBS) and the mixture dialyzed with 12-14 kDa 

cut-off dialytic tubes at 37 ºC for 7 days. The dialyzed solution was freeze-dried and stored at 

-20 ºC until use. 

Analysis of 1H-NMR 

 The synthesis of GelMA was examined through 1H-NMR. GelMA polymer was 

dissolved (30 mg/ml) in deuterium oxide (D2O) at 55℃ and an NMR spectrometer (1H-NMR, 

Bruker, Billerica, MA) with a single axis gradient at 400 MHz used to get the spectra. Gelatin 



was tested as control.  

Determination of methacrylation degree by TNBS 

 The methacrylation degree of GelMA was measured by 2,4,6-trinitrobenzenesulfonic 

acid (TNBS) 38. A 200 μg/ml mixture was obtained by dissolving GelMA into 0.1 M sodium 

bicarbonate solution at 37 ºC for 1 h. Next, 250 μl TNBS was added and allowed to react at 

37 ºC for 2 h. To terminate the reaction, 250 μL 10% sodium dodecyl sulfate (SDS) and 125 

μL 1 N hydrochloric acid (HCl) were added. Optical density (OD) was obtained by 

microplate reader (SpectraMax M5, Molecular, USA) at 335 mm. Gelatin was used as a 

control. Methacrylation degree was calculated as: 

Methacrylation degree (%) = (1 - OD of GelMA/OD of Gelatin) × 100 (%)  

Electrospinning 

 The electrospinning device consisted of a rotating and translating circular mandrel to 

ensure uniform deposition of nanofibers. Electrospun nanofiber tubes were fabricated using 

poly(ε-caprolactone) (Mw. 43000-50000; Polyscience Inc). Pluronic solution was ejected 

through an 18-gauge needle at a flow rate of 1 ml/h. Under a voltage of 25 kV and using a 

rotation rate of 1000 rpm, Pluronic fiber film was fabricated on a 1.55 mm circular mandrel at 

a distance of 15 cm from the needle to facilitate the removal of the PCL tube. This generated 

an electrospun tube with a 1.62 mm inner diameter and 0.31 mm thick walls. The tube 

washed three times with sterile PBS, disinfected in 70% ethanol, air dried, and then exposed 

to ultraviolet light for 30 minutes. The tubes were kept in the fume hood until use. 

Preparation of different concentrations GelMA solution samples 

 Different concentrations GelMA-based solutions were prepared with GelMA, gelatin 



(type A; 80 bloom from porcine skin), glycerol, HA and a photo-crosslinking agent (irgacure 

2959) to increase printability. Briefly, 20 mg/ml (2%), 50 mg/ml (5%) or 80 mg/ml (8%) 

GelMA was mixed in DPBS with 30 mg/ml gelatin, 3 mg/ml HA, 10% (v/v) glycerol and 1% 

(w/v) irgacure 2959 to create different concentrations of GelMA solution. Samples 1 cm in 

diameter and 2 mm thick were obtained in the mold by crosslinking for 100 s under 

ultraviolet (UV) light with 200 mV/cm2 strength and 365 mm wavelength. 

Scanning electron microscopy 

 Electrospun PCL samples were coated with gold using a sputter coater (EM Ace600, 

Leica) and then observed under a scanning electron microscope (Flex SEM1000, Hitachi). 

Different concentrations of GelMA samples were put into DI water at 37 ºC for 2 days and 

then freeze-dried. A cross section of the structure was coated and observed as above. The 

diameters of PCL fiber and GelMA samples were analyzed in ImageJ. 

Rheological test 

 The rheology of the GelMA-based solution of different concentrations was analyzed 

using an HR-2 Discovery Rheometer (TA instruments, Newcastle, DE). In brief, storage 

modulus (G) and loss modulus (G) were measured using an 8 mm steel plate geometry at 

room temperature. Strain was measured from 0.01 to 3% at an oscillation frequency of 1 rad/s. 

Frequency was measured from 1 to 100 Hz with a 1% constant strain. 

Bioprinting of bionic blood vessel grafts 

 The self-designed rotary bioprinter was combined with the Bio-X 3D bioprinter (Celink, 

Gothenburg, Sweden) and clockwise and counterclockwise rotating dual motors. The Bio-X 

3D bioprinter had a XYZ stage controller, a distributing module and a chamber. It could 



realize multi-material and multi-temperature controlled bioprinting. Combined with the 

specially designed dual motors, the movement of the XYZ axes and rotation of the central 

axis could be carried out simultaneously. The dual motors were controlled by the same 

control board to rotate at the same speed and maintain the balance of the circular mandrel. 

 For printing the acellular tubular structure, the 5% GelMA-based solution was added into 

the syringe with 300 μm nozzle (Izumi, Japan). The printing was carried out on the outer 

layer of electrospun PCL tube with 100 kPa print pressure, 5 mm/min speed and 40 rpm 

rotation speed at 20 ºC. After printing one layer along the straight line, the nozzle returned to 

the starting point, and raised the z-axis by 0.4 mm before printing again. A 0.78 mm thick 

outer layer of GelMA was formed and the acellular structure removed from the circular 

mandrel.  

 For construction of bionic vascular vessel, 10 × 106 cells/ml SMCs were evenly mixed 

into 5% GelMA solution by slow blowing, and then printed as previously described. A cell 

suspension of 30 × 106 cells/ml HUVECs was injected into the channel and the structure 

rotated 90 every 30 min. HUVECs were given 2 h in a 37 ºC incubator for adhesion and then 

non-adherent cells were washed away with DPBS to ensure patency of the lumen (Figure 1). 

Mechanical tests 

Tensile test 

 Electrospun PCL tubes were cut into strips and an Instron mechanical tester (model 5533, 

Instron Corporation, Norwood, Ma) used to test the tensile force using the maximum load of 

10 N. At a speed of 0.2 mm/s, the samples were stretched slowly until tearing occurred. The 

same thickness of PCL samples without the electrospinning treatment were used as the 



control. 

Burst pressure test 

 Acellular tubular structures fabricated through combined electrospinning and rotary 

printing were directly connected to a pressure tube through a conical adapter. Normal saline 

was slowly and continuously pumped from a 50 ml syringe into the graft and the pressure 

measured with a pressure transducer. The pressure measured just before rupture of the graft 

was taken as burst pressure. Carotid arteries of the rabbit were used as control.  

Suture pull-out test 

 The suture pull-out test was used to test SRS. Both ends of the acellular tubular 

structures were threaded with a 5-0 suture and fixed on the Instron tensile machine. Suture 

retention test was performed at a constant pull-out rate of 2 mm/min and the force tested 

under a 50 N load cell. The data were expressed as the structure being split. Carotid arteries 

of the rabbit were used as control.  

Cell culture 

 HUVECs and SMCs, purchased from Lonza, were cultured in EGM-2 (Lonza) and 

smooth muscle cell growth medium 2 (Promocell), respectively. Antibody (1% v/v penicillin 

and streptomycin) was added to the medium. EGM-2 and smooth muscle cell growth medium 

were mixed with the ratio of 1:1 to culture the bionic vascular tissue. All cell cultures were 

maintained in 5% CO2 and 95% relative humidity at 37 ºC and medium was changed every 2 

days.  



In vitro biological evaluation of cell viability and proliferation 

 Cell viability was detected using the live/dead viability/cytotoxicity kit (Invitrogen). 

GelMA bioink containing 10 × 106 cells/ml SMCs was bioprinted into 24-well plates and 30 

× 106 cells/ml HUVECs suspension was seed onto the electrospun PCL fibers as previously 

described. After being in cultured for 1, 4 and 7 days, the tissues were washed by DPBS three 

times and incubated with 0.5 μL/ ml Calcein AM and 2 μL/ml ethidium homodimer for 45 

min at 37 ºC. Images were observed under a fluorescence microscope (Zeiss Axiovert 200M, 

Oberkochen). Six random fields were used to analyze viability with ImageJ. 

 Cell proliferation was assessed using a CCK-8 kit. Samples were washed with DPBS 

three times before 900 μL medium and 100 μL CCK-8 solution added. Optical density was 

read with a SpectraMax M5 at 460 nm after incubating at 37 ºC for 3 h. 

SEM of bionic vascular vessel 

 Bionic tissue samples were fixed with 2.5% glutaraldehyde at 4 ºC for 4 h and then 

gradient dehydrated with 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol, before being 

placed into a critical point dryer (Leica, EM CPD 300, Germany) to replace ethanol by CO2. 

The samples were coated with gold and the microstructure of the cells at different culture 

stages observed by SEM. 

Histological and immunofluorescence analysis 

 Bionic grafts were embedded with optimal cutting temperature compound and the 

samples cut into 15 μm section in a cryostat at -20 ºC. Histology and collagen secretion were 

observed by Masson staining. 

 Bionic vascular tissue samples were characterized by immunofluorescence staining with 



specific antibodies. HUVECs were labeled with the primary antibody of mouse anti-human 

CD31 (1:50, Abcam) and a secondary antibody of Alexa Fluor 488 goat anti-mouse (1:500, 

Abcam) to detect lumen formation. SMCs were labeled with the primary antibody of rabbit 

anti-human α-SMA (1:200, Abcam) and a secondary antibody of Alexa Fluor 594 Donkey 

anti-rabbit (1:500, Abcam). All sections were counterstained with DAPI, and fluorescence 

images were acquired using a fluorescent microscope. 

Statistical analysis 

 All data are expressed as means ± SD (standard deviation) and differences analyzed with 

Student's t-tests; P < 0.05 was considered statistically significant. 
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Figure Legends 

Figure 1 

Schematic showing the novel approach for fabricating small-diameter bionic vascular tissue 

by combining nanofiber electrospinning and rotary bioprinting. 

 

Figure 2 

The analysis of electrospun PCL and different concentration of GelMA solutions (a) Photo 

image of electrospun PCL. (b) SEM of electrospun PCL. (c) Tensile stress assessment of 

electrospun PCL and PCL without electrospinning treatment (***, P < 0.001, n = 6). (d) 

Photo image of different concentration GelMA. (e) SEM of different concentration GelMA. 

(f) Pore size assessment of different concentration GelMA (***, P < 0.001). (g, h) Dynamic 

mechanical analysis of different concentration GelMA solution. Storage modulus (G) and 

loss modulus (G) were measured with the changes of angular frequency and stain (n = 6). 

 

Figure 3  

Analysis of acellular tubular structure. (a) Phone image of acellular tubular structure. (b) 

Structure completely restored after the applied pressure removed; (i) pressure applied (ii) 

pressure removed. (c) SEM of acellular tubular structure; (i) inner (ii) junction (iii) GelMA. 

(d) Maximal burst pressure before failure (***, P <0.001, n = 6). (e) Maximal cutting force 

before failure (*, P <0.05, n = 6). 

 

Figure 4 

Viability, proliferation and microstructure of HUVECs on the surface of nanofiber 

electrospun PCL. (a) Live/dead stain of HUVECs on days 1, 4, and 7. (b) Cell viability of 

HUVECs. Cell survival rate of all groups was >85%. (c) Cell proliferation by CCK-8 assay 

(***, P < 0.001; NS, not significant, n = 4). (d) Microstructure changes of HUVECs on fiber 

observed by SEM.  

 

 



Figure 5 

Viability, proliferation and microstructure of SMCs in GelMA after bioprinting. (a) Live/dead 

stain of SMCs (Day 1, Day 4, Day 7). (b) Cell viability of SMCs. (Cell survival rate of all 

groups was more than 90%) (c) Cell proliferation by CCK-8 assay (*, P < 0.05; **, P < 0.01; 

NS, not significant, n=4). (d) Microstructure of SMCs in GelMA observed by SEM after 

seven days of cultivation.  

 

Figure 6 

Masson and immunofluorescence staining of bionic vascular tissue. (a) Masson staining: (i) 

SMCs in GelMA, (ii) Junction, (iii) HUVECs on the surface of fiber. (b) 

Immunofluorescence of bionic vascular. (CD31, green; α-sma, red; DAPI, blue). (c) 

Immunofluorescence staining in different positions of bionic vascular tissue: (i) Outer, (ii) 

GelMA, (iii) Junction, (iv) Inner. 

 

Supplementary Figure 1 

The 1H-NMR of GelMA and gelatin. Two characteristic peaks appeared at 5.5-6.0 ppm in 

GelMA. 

 



Figures

Figure 1

Schematic showing the novel approach for fabricating small-diameter bionic vascular tissue by
combining nano�ber electrospinning and rotary bioprinting.



Figure 2

The analysis of electrospun PCL and different concentration of GelMA solutions (a) Photo image of
electrospun PCL. (b) SEM of electrospun PCL. (c) Tensile stress assessment of electrospun PCL and PCL
without electrospinning treatment (***, P < 0.001, n = 6). (d) Photo image of different concentration
GelMA. (e) SEM of different concentration GelMA. (f) Pore size assessment of different concentration
GelMA (***, P < 0.001). (g, h) Dynamic mechanical analysis of different concentration GelMA solution.
Storage modulus (G) and loss modulus (G) were measured with the changes of angular frequency and
stain (n = 6).



Figure 3

Analysis of acellular tubular structure. (a) Phone image of acellular tubular structure. (b) Structure
completely restored after the applied pressure removed; (i) pressure applied (ii) pressure removed. (c)
SEM of acellular tubular structure; (i) inner (ii) junction (iii) GelMA. (d) Maximal burst pressure before
failure (***, P <0.001, n = 6). (e) Maximal cutting force before failure (*, P <0.05, n = 6).

Figure 4

Viability, proliferation and microstructure of HUVECs on the surface of nano�ber electrospun PCL. (a)
Live/dead stain of HUVECs on days 1, 4, and 7. (b) Cell viability of HUVECs. Cell survival rate of all groups
was >85%. (c) Cell proliferation by CCK-8 assay (***, P < 0.001; NS, not signi�cant, n = 4). (d)
Microstructure changes of HUVECs on �ber observed by SEM.



Figure 5

Viability, proliferation and microstructure of SMCs in GelMA after bioprinting. (a) Live/dead stain of
SMCs (Day 1, Day 4, Day 7). (b) Cell viability of SMCs. (Cell survival rate of all groups was more than
90%) (c) Cell proliferation by CCK-8 assay (*, P < 0.05; **, P < 0.01; NS, not signi�cant, n=4). (d)
Microstructure of SMCs in GelMA observed by SEM after seven days of cultivation.



Figure 6

Masson and immuno�uorescence staining of bionic vascular tissue. (a) Masson staining: (i) SMCs in
GelMA, (ii) Junction, (iii) HUVECs on the surface of �ber. (b) Immuno�uorescence of bionic vascular.
(CD31, green; α-sma, red; DAPI, blue). (c) Immuno�uorescence staining in different positions of bionic
vascular tissue: (i) Outer, (ii) GelMA, (iii) Junction, (iv) Inner.
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