
www.jzus.zju.edu.cn; www.springer.com/journal/11582
E-mail: jzus_a@zju.edu.cn

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)   2024 25(1):79-96

Biomimetic microchannel network with functional endothelium 
formed by sacrificial electrospun fibers inside 3D gelatin 
methacryloyl (GelMA) hydrogel models
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Abstract: Three-dimensional (3D) hydrogel models play a crucial role in tissue engineering for promoting tissue regeneration. 
A biomimetic microchannel network system in the 3D hydrogel model is necessary for optimal cellular function. This report 
describes the preparation of a biomimetic hydrogel scaffold with an internal microchannel network, using electrospinning 
techniques and the sacrificial template method for 3D cell culture. Microchannels and cavities were created within the gelatin 
methacryloyl (GelMA) hydrogel by sacrificing polyvinyl alcohol (PVA) electrospun fibers (>10 μm), resulting in the creation of 
microvessel-like channels. Mechanical characterizations, swelling properties, and biodegradation analysis were conducted to 
investigate the feasibility of a biomimetic microchannel network hydrogel scaffold for 3D cell culture applications. Compared 
to pure GelMA hydrogel, the hydrogel with microchannels promoted cell proliferation, adhesion, and endothelial tube formation. 
Moreover, the results confirmed that the biomimetic microchannel network scaffold had a major impact on the distribution and 
arrangement of human umbilical vein endothelial cells (HUVECs) and can enable the formation of artificial microvasculature 
by the culture of HUVECs and cell media perfusion.
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1 Introduction 

Although traditional two-dimensional (2D) cell 
cultures have been used as in vitro models to study 
cell behavior from biophysical and biochemical cues, 
the 2D systems can result in cell bioactivities that, 
under some circumstances, deviate appreciably in their 
in vivo response. Cell‒cell and cell‒matrix interactions 
in 3D hydrogel models are more comparable to in vivo 
conditions (Duval et al., 2017; Roh et al., 2019; Türker 
et al., 2019; Lovett et al., 2020). Moreover, the tissue 
scaffolds that closely mimic native tissues require spe‐
cific extracellular matrix (ECM) composition and com‐
plex material structures, which can achieve diffusion 
of oxygen and nutrients and exchange of waste in larger 

biological scaffolds (Rnjak-Kovacina et al., 2014). 
Therefore, the fabrication of 3D artificial scaffold mod‐
els that can mimic native tissues in structure and prop‐
erties and with microvascular systems remains a major 
challenge (Rouwkema et al., 2008; Rademakers et al., 
2019; Xia and Luo, 2022).

Fully developed vascular networks of 10 μm in 
diameter are essential for cell growth and tissue for‐
mation (Buchwald, 2009; Zohar et al., 2018; Zia et al., 
2022). Therefore, it is necessary to form perfusable 
microchannel networks to ensure the survival of larger 
artificial tissues (Ryma et al., 2022). Furthermore, cut-
off distances of more than 200 μm between cells and 
the vascular system have been reported as resulting 
in a significant reduction in cell viability. An upper limit 
of (232±22) μm has been experimentally observed 
for oxygen diffusion distances based on a 3D sphere 
in vitro measurement (Groebe and Mueller-Klieser, 
1991; Chang and Niklason, 2017). At present, existing 
microvascular networks within artificial 3D tissue 
models are larger than 100 μm in diameter. Therefore, 
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it is important to develop tighter patterning of the micro‐
channel network to mimic the complexity of native 
tissues (Moulisová et al., 2017; Enrico et al., 2022).

In recent years, advances in manufacturing tech‐
nology have made the creation of complex 3D vascu‐
lar systems possible. In particular, 3D bioprinting-based 
methods, such as inkjet printing (Therriault et al., 2003; 
Zhao et al., 2022), extrusion printing (Hinton et al., 
2015; Shiwarski et al., 2021), and stereolithography 
printing (Mota et al., 2015), allow the generation of in 
situ microchannels in 3D hydrogel structures contain‐
ing cells. However, these techniques lead to reduced 
cell viability. More importantly, limitations by resolu‐
tion make it difficult to prepare microvascular networks 
(Cicha et al., 2017; Liaw and Guvendiren, 2017; Dogan 
et al., 2020; Kumar and Sharma, 2021). Electrospinning 
(Wittmer et al., 2011; Kim and Kim, 2014; Kurakula 
and Koteswara Rao, 2020; Toriello et al., 2020) is one 
of the most established and advanced fabrication tech‐
niques, producing fibres from the nano- to micron-scale 
that resemble the fibrous and porous structure of natu‐
ral ECM and the network-like structure of microves‐
sels (Boakye et al., 2015; Edwards et al., 2015; Wan 
et al., 2018; Bacakova et al., 2019; Li et al., 2021). 
Such interconnected porous fibres provide easy trans‐
port of nutrients and removal of metabolic waste, which 
is important for cell growth and tissue regeneration 
(Türker et al., 2019).

An artificial 3D matrix should mimic the com‐
plex cellular microenvironment with a unique combi‐
nation of biological and physical properties, including 
biocompatibility as they mimic ECM, tunable mechani‐
cal, swelling, and degradation properties that promote 
cell survival, behavior, and response in the 3D environ‐
ment (Uppuluri et al., 2022; Xu et al., 2022). Amongst 
natural hydrogels, collagen is one of the most com‐
monly used biomaterials as it is the main component of 
the ECM in tissues to support cell proliferation, migra‐
tion, and differentiation (Helary et al., 2011). However, 
collagen hydrogels have some limitations such as low 
mechanical properties and rapid degradation rates 
(Helary et al., 2010). Additionally, there is potential 
toxicity caused by chemical cross-linking agents (e.g., 
glutaraldehyde) of collagen, which are commonly used 
to improve the mechanical properties and stability of 
hydrogels (Hu et al., 2010; Chamorro et al., 2016). 
Gelatin methacrylate (GelMA), the hydrolysis product 
of collagen, contains Arg-Gly-Asp (RGD) sequences 

that promote cell attachment, as well as matrix metal‐
loproteinase (MMP) target sequences suitable for cell 
remodeling (Nichol et al., 2010; Bae et al., 2011; Zhao 
et al., 2016; Xiao et al., 2019; Bupphathong et al., 
2022). The advantages of GelMA over collagen are its 
better solubility and lower immunogenicity (van den 
Bulcke et al., 2000). This polymerization can occur 
under mild conditions (room temperature, neutral pH, 
aqueous environment, etc.) and allows for temporal 
and spatial control of the reaction (Nichol et al., 2010; 
Bae et al., 2011). This allows the creation of unique 
patterns, morphologies, and 3D structures in micropro‐
cessed hydrogels, providing an ideal platform, includ‐
ing the formation of microvascular networks, for con‐
trolling cell behavior, cellular biomaterial interactions, 
and tissue engineering (Aubin et al., 2010; Nichol et al., 
2010; Chen et al., 2012; Lin et al., 2013; Bertassoni 
et al., 2014; Pien et al., 2021).

As research on 3D tissue engineering scaffold 
progresses, molecules and cells in networks can be 
made to diffuse through the interconnected pores and 
microchannels by the combination of electrospinning 
and 3D bioprinted structures (Li et al., 2021; Wang 
et al., 2022). However, researchers have mostly limited 
themselves to the use of nanofibres as bionic in vivo 
ECM structures to provide 3D structures (Kenar et al., 
2019; Nazarnezhad et al., 2020). Therefore, we devel‐
oped novel 3D microchannel network biomimetic hy‐
drogel scaffolds combined with GelMA hydrogels and 
sacrificial electrospun fibers (>10 μm) using electrospin‐
ning technology (Scheme 1). The physical properties of 
the hydrogels were modulated by systematically vary‐
ing the GelMA concentration to control their mechani‐
cal properties, degradability, swelling, and the feasibility 
of forming microchannels within the hydrogels. Human 
umbilical vein endothelial cells (HUVECs) were used 
as a model to study cell biocompatibility, cell adhesion, 
and proliferation in 3D GelMA hydrogel scaffolds. 
Overall, this paper presents novel biomimetic hydrogel 
scaffolds containing a microchannel network system to 
promote the distribution and alignment of endothelial 
cells for generating vascularized tissue models.

2 Experimental 

2.1 Materials

Polyvinyl alcohol (PVA, analytical reagent, number-
average polymerization degree of 98.0%–99.0%) was 
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purchased from Aladdin Chemistry Co., Ltd. (Shanghai, 
China). Hexafluoroisopropanol (HFIP), gelatin (from 
porcine skin, Type A, 300 bloom), and methacrylic 
anhydride (MA) were obtained from Macklin Chemis‐
try Co., Ltd. (Shanghai, China). Lithium phenyl-2,4,6-
trimethyl-benzoylphosphinate (LAP) was acquired 
from Shanghai Yuanye Bio-Technology Co., Ltd. 
(Shanghai, China). Phosphate-buffered saline (PBS, 
pH 7.4 10×, Gibco), High Glucose Dulbecco’s Modi‐
fied Eagle’s Medium (DMEM), Fetal Bovine Serum 
(FBS), and Cell Counting Kit-8 (CCK-8) were pur‐
chased from Pulilai Gene Technology Co., Ltd., China. 
The LIVE/DEAD Viability/Cytotoxicity Kit was ob‐
tained from Beyotime Biotechnology Co., Ltd., and 
4'6-diamidino-2-phenylindole (DAPI) and F-actin were 
procured from Solarbio Co., Ltd. (Beijing, China).

2.2 Materials fabrication of sacrificial template 
fibers

As a sacrificial material for generating the channel 
network, PVA solutions of different proportions were 
prepared by dissolving 10% or 15% (mass fraction) 
PVA in different ratios of deionized water and HFIP and 
stirring for 12 h. The PVA solution was electrospun 
through a 5 mL syringe and an 18G needle. The high- 
voltage power supply was 5 kV or 10 kV, the push rate 
was 10 mL/h, the distance between the needle and the 
drum receiver was 10–20 cm, and the drum receiver 
speed was 20 r/min to spin a more uniform micron fibre 
structure. The collected sacrificial micron fibres were 
placed in a vacuum drying oven and freeze dried for 48 h 
prior to the next characterisation step and cell studies.

2.3 Characterisation of sacrificial template fibers

The morphological structure of PVA electrospun 
micron fibers was observed using scanning electron 
microscopy (SEM) to characterize the surface morphol‐
ogy of the fibers after gold spraying of the film. ImageJ 
was used to measure the average diameter of the PVA 
fibers in at least 50 randomly selected positions.

To analyze the degradability of the fibers in PBS 
solution, the electrospun membranes were cut into 
squares of approximately 30 mg and incubated in PBS 
solution at 37 ℃. Three parallel samples of each sample 
were taken. The fibers were dried in a vacuum desic‐
cator and weighed at predetermined time points (1 min, 
3 min, 5 min, 10 min, 15 min, 20 min, 30 min, and 
60 min). The initial weight was recorded as m0, and the 
weight at the time points was recorded as m1. The rate 
of fiber dissolution was determined by calculating the 
weight-loss. The degradation rate of the fibers (D) was 
determined by

D =
m0 -m1

m0

´ 100%. (1)

2.4 Synthesis of GelMA

Briefly, Type A pig skin gelatin (10.0 g) was added 
to 100 mL of PBS to prepare a gelatin solution at a 
concentration of 0.1 g/mL. Then 0.5 mL of MA was 
added dropwise to the gelatin solution at a rate of 
0.5 mL/min and stirred vigorously at 50 ℃ to react with 
the gelatin. Then, after 2 h, the reaction was terminated 
by adding 400 mL of PBS solution. The solution was 

Scheme 1  Schematic diagram of the fabrication of a microchannel GelMA biomimetic hydrogel scaffold by sacrificial 
electrospinning of fibers, including the electrospinning process and the sacrificial removal of PVA fibers within the GelMA 
hydrogel. PDMS: polydimethylsiloxane. UV: ultraviolet
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centrifuged at 3500 r/min for 10 min to remove precipi‐
tated impurities and poured into a 12–14 kDa dialysis 
bag of deionized water at 40 ℃ for one week to remove 
methacrylic acid by-products and unreacted MA. The 
product was then lyophilized and stored at −20 ℃.

Fourier-transform infrared spectra (FTIR) of 
GelMA were measured to determine if the synthesis 
was successful. Gelatin, GelMA, and GelMA hydrogel 
were freeze-dried, crushed in a pestle and mortar, and 
mixed with potassium bromide (KBr) powder in a 
ratio of 1100׃ (in mass) and poured into a mold to be 
pressed into a transparent sheet. Data were collected 
by Fourier infrared spectrometer.

High-resolution proton nuclear magnetic reso‐
nance hydrogen spectroscopy (1H-NMR) of GelMA 
was used to determine the degree of substitution of the 
synthesized GelMA. Before measurement, 50 mg of 
gelatin and GelMA were dissolved in 1 mL of deute‐
rium oxide (D2O), separately. A baseline correction was 
applied before obtaining the peak region of interest. 
The degree of methacrylamide modification was deter‐
mined by

Ds =
N1

N
´ 100% (2)

where N1 is the number of methacrylate groups, and N 
is the number of amine groups on unreacted polymers.

2.5 Micromorphology of GelMA hydrogels

The photoinitiator LAP was heated in a water 
bath at 40–50 ℃ and dissolved in PBS for the prepara‐
tion of a pre-crosslinking solution of GelMA. The syn‐
thesized GelMA was irradiated with the above photo‐
initiator LAP for 15–30 s and placed in a refrigerator 
at −20 ℃ for 20 h. The GelMA hydrogels were then 
freeze-dried at −80 ℃. Before being sprayed with gold 
and observed by SEM, the GelMA hydrogels were 
placed in an ultra-low temperature refrigerator at −80 ℃ 
overnight and vacuum freeze-dried for 12 h. Porosity 
was quantified from SEM images by ImageJ software 
to determine pore size; six pictures for each condition 
were used for the purpose.

2.6 Fabrication of channel network hydrogels

The GelMA pre-crosslinking solutions were pre‐
pared at concentrations of 15%, 20%, and 25% (mass 
fraction, noted as G-15, G-20, and G-25). The prepared 
pre-crosslinking solution and the sacrificial fiber 

material were simultaneously added to a polydimeth‐
ylsiloxane (PDMS) mold and then quickly irradiated 
with a 405 nm UV light source for gel crosslinking. 
Because of the low alcoholysis degree, PVA has a 
temperature-dependent water solubility, which de‐
creases as the temperature gradually increases. After 
the temperature was reduced to room temperature, the 
fibers were dissolved by immersion for 1– 2 h and 
eluted by squeeze infusion water washing. In this way, 
a network of void channels was created after the fibers 
had been dissolved and washed by infusion. The 
channel network scaffolds formed inside the above-
mentioned hydrogels at different concentrations are 
noted as GC-15, GC-20, and GC-25.

2.7 Mechanical properties measurement

The compressive mechanical properties of the 
hydrogels were determined by a universal testing 
machine (INSTRON 5544, USA) using a 50 N pressure 
transducer. Compressive stress tests were performed 
on different concentrations of pure GelMA hydrogels 
and channel network hydrogel scaffolds. For the com‐
pression tests, test samples were prepared in a cylin‐
drical shape (10 mm diameter and 2 mm thickness). 
The samples were incubated in a 37 ℃ PBS solution 
for 24 h and then subjected to compression tests at 
room temperature (at a rate of 1 mm/min and a maxi‐
mum compressive strain of 75%). The modulus of elas‐
ticity was determined as the slope within the linear 
region of the stress‒strain curve for 5%–15% strain. 
All tests were carried out more than three times.

The tensile mechanical properties of the hydro‐
gels were measured by a universal testing machine 
(INSTRON 3343, USA) using a 50 N pressure trans‐
ducer. Test samples were prepared in a dumbbell shape 
(20 mm×2 mm×2 mm). Samples were incubated in 
37 ℃ PBS solution for 24 h and then subjected to tensile 
testing at room temperature (at a rate of 1 mm/min 
and a maximum compressive strain of 75%) until frac‐
ture occurred. The modulus of elasticity was determined 
as the slope within the linear region of the stress‒strain 
curve for 5%–15% strain. All tests were carried out 
more than three times.

2.8 Swelling ratio analysis

Samples were incubated in 37 ℃ PBS solution 
for 32 h. Samples were incubated in PBS solution at 
5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 21 h, 27 h, 
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and 32 h, gently blotted dry, and weighed (WS). The 
samples were then lyophilized and weighed to deter‐
mine the dry weight (WD). The swelling rate of the solu‐
bilized gel was calculated by

RS =
WS -WD

WD

´ 100%. (3)

2.9 Degradation study

Samples were placed in 500 µL of PBS and shaken 
at 37 ℃ at 140 r/min for three weeks to accelerate deg‐
radation. The PBS solution was renewed every 2–3 d 
to maintain a balanced concentration within the solu‐
tion. At predetermined time points (12 h, 1 d, 3 d, 7 d, 
11 d, 15 d, and 21 d), hydrogels were removed, rinsed 
twice with sterile deionized water, frozen, and weighed. 
The degradation rate of the gel was determined by

RDG =
W0−Wt

W0

´ 100% (4)

where W0 is the initial sample’s dry weight and Wt is 
the dry weight after time t.

2.10 Cell viability

HUVECs were cultured in DMEM, supplemented 
with 10% FBS and 1% penicillin-streptomycin antibi‐
otic solution at 37 ℃ and 5% CO2. Cell proliferation 
was detected by the CCK-8 method. Briefly, cell pro‐
liferation on the samples was examined after incuba‐
tion in electrospun membrane dip solution or in channel 
network hydrogel scaffolds.

In addition, the survival of cells after culturing on 
the surface of fibrous membrane and microchannel net‐
work hydrogel scaffolds of different formulations was 
tested by LIVE/DEAD assays. In general, HUVEC 
suspensions were inoculated on the surface of sam‐
ples at a density of 1×104 cells/cm2. After 7 d, the cells 
were assayed using calcein acetoxymethyl (AM) (green) 
and propidium iodide (PI) (red) and observed by the 
cell workstation.

2.11 Endothelial tube formation experiments on 
the surface and inside the scaffold

HUVECs were seeded on the surface of scaffolds 
to determine the feasibility of scaffolds for promoting 
endothelial cell tube formation. The prepared micro‐
channel network scaffold was placed in each well of a 

24-well plate. HUVECs at a density of 5×104 cells/well 
were seeded on the scaffold and cultured at 37 ℃ for 
24 h. Endothelial tube formation images were taken 
using a cell workstation. The numbers of nodes/junctions 
and meshes were counted from 10 randomized low-
power fields (LPFs) for each group.

To assess microchannel endothelialisation within 
the scaffold and to analyse cell morphology in compar‐
ison with the scaffold surface, HUVECs were stained 
with phalloidin and DAPI fluorescent dyes to visualise 
the nucleus and cytoskeleton when an intact endothelial 
monolayer was formed. HUVECs were seeded and 
then placed in a 5% CO2 incubator at 37 ℃ for 30 min. 
Then, 300 μL of cell culture medium was added for in‐
cubation. After 3 d, the cells were fixed in 4% buffered 
paraformaldehyde and permeabilized with 0.2% Triton 
X-100 in PBS. Cellular F-actin filaments were stained 
with phalloidin at a final concentration of 200 units/mL, 
and nuclei were stained with DAPI solution. Ultimately, 
detailed high-resolution images were obtained using 
a confocal laser scanning microscope (CLSM).

2.12 Statistical analysis

All experiments were repeated independently 
three times. All quantitative data obtained from differ‐
ent assays were presented as the mean±standard error 
of mean. Comparisons between two groups were per‐
formed by independent t-test, whereas multiple com‐
parisons were performed by one-way analysis of vari‐
ance (ANOVA) with Tukey’s post-hoc test using 
SPSS version 18.0. P<0.05 was considered statistically 
significant.

3 Results 

3.1 Fabrication and characterization of sacrificial 
electrospun fibers

In this study, sacrificial template fibrous materials 
similar to the structure of natural capillary networks 
were constructed using the electrospinning technique. 
Through the optimisation of various influencing factors, 
micron-sized fibres of different diameters were obtained 
with an average diameter of more than 10 µm, allowing 
for better microchannel formation in hydrogels, which 
is of great significance for 3D cell culture studies.

The diameter of electrostatically spun fibers is 
positively related to the concentration of the solution. 
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First, to optimize the electrospinning parameters of 
PVA, different concentrations of PVA (10% and 15%) 
were dissolved in 13׃1 ,2׃, and 14׃ of deionized water: 
HFIP solutions. As the PVA concentration increased, the 
fiber diameter increased and gradually white fiber bun‐
dles could be seen to be adsorbed on the aluminum foil. 
Uniform, continuous fibers were observed under SEM 
(Fig. 1a) with good dispersion, and the average diame‐
ter of the samples was (14.64±8.98) μm (Fig. 1b).

Subsequently, the degradability of PVA in PBS 
solution was examined to allow for better elution at the 
expense of electrospun PVA fibers (Fig. 1c). The elec‐
trospun PVA fibers in PBS were degraded quickly in 
the first 10 min. The electrospun PVA fibers degraded by 
approximately 80% in 20 min. At the 60 min mark, the 
electrospun PVA fibers were almost completely degrad‐
ed. The rapid degradation of electrospun PVA fibers can 
be regarded as a necessary condition for the formation 
of microporous channels within the GelMA hydrogel.

3.2 Fabrication of microchannel GelMA hydrogel 
scaffolds

Scheme 1 briefly describes the process and prin‐
ciples of preparing microchannel GelMA hydrogel 
bionic scaffolds. For GelMA hydrogels, hydrolysis from 
collagen can mimic the main components of the skin 
extracellular matrix, containing RGD sequences and 
matrix metalloproteinase MMPs, with better biocom‐
patibility and lower immunogenicity (Eke et al., 2017). 
More importantly, the fidelity of microchannel forma‐
tion within GelMA can be improved by increasing the 
concentration of GelMA hydrogels. As shown in Fig. 2a, 
characterization was carried out to verify that GelMA 
was synthesized from gelatine and MA. The absorp‐
tion peaks at 3234 cm−1 were mainly N‒H stretching 
vibrations corresponding to the presence of peptide 

bonds. The absorption peak at 1640 cm−1 was mainly 
the carbon‒carbon double bond, exhibiting an increase 
in the intensity of GelMA, and representing the inter‐
action between gelatine and methacrylic anhydride. The 
spectrum of GelMA showed an increase in the intensity 
of some peaks, particularly around 2352 cm−1, which 
may be related to the MA grafted onto the gelatine. 
Figs. 2b and 2c show the NMR hydrogen spectra of 
gelatine and GelMA, respectively. Using the phenylal‐
anine peak (7.2‒7.5 ppm, 1 ppm=1×10−6) as a standard 
in both different samples, a baseline correction was 
applied before obtaining the region of interest for the 
peak. The degree of methacrylate of gelatine was cal‐
culated from the proton NMR spectra of the gelatine 
aromatic amino acid residues at 7.4 ppm and the dou‐
ble bonds of the methacrylate group at 5.5 ppm and 
5.7 ppm. The results of the proton NMR spectral char‐
acterization of this reaction indicated that the degree 
of methacrylate of gelatine was 77%.

The GelMA hydrogels were obtained by dissolv‐
ing GelMA in a standard solution of LAP initiator and 
crosslinking it with UV. The prepared pure GelMA 
hydrogel scaffolds had a distinct morphology of pore-
like structures, where the linkage between pore-like 
structures was reduced and became less numerous and 
the inter-pore wall thickness became smaller as the 
concentration of GelMA pre-crosslinking solution in‐
creased (Figs. 3a–3c). In addition, the microstructural 
properties and porosity of hydrogels are critical for 
cell and surrounding microenvironment interactions, 
so we investigated the effect of different concentra‐
tions on the porosity of engineered GelMA hydrogels 
(Fig. 3d). The results showed that the apparent pore size 
in the central region of the hydrogel decreased from 
(202.63±79.68) μm to (100.13±26.02) μm with increas‐
ing GelMA concentration. Thus, fibrous templates could 

Fig. 1  Fabrication and characterization of PVA fibers: (a) SEM image of PVA fibers to study the surface of PVA fibers to 
mimic the capillary structure; (b) average diameter of PVA fibers; (c) degradation ratio of PVA fibers in PBS at room 
temperature
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connect the pore-like structures, allowing the rapid 
migration and infiltration of cells. The PVA fibers were 
visible and well dispersed, allowing the fibers to be 
easily pulled apart. The fibers were filled with a pre-
crosslinked GelMA hydrogel solution as described 
above, and then eluted with PBS in crosslinking curd 
hydrogels to obtain the original microchannel net‐
work scaffold (Fig. 3e). To observe the channel net‐
work formed after elution more clearly, we used anti-
diffusion dye for perfusion. As shown in Fig. 3f, the 
channel network formed by perfusion can be observed 
clearly. Overall, the interconnected microchannel net‐
work in the GelMA hydrogel scaffold can provide 
structural advantages for nutrient transport and migra‐
tion of cells in the scaffolds (Nichol et al., 2010; Wang 
et al., 2022; Zhang et al., 2022).

3.3 Mechanical properties

The mechanical properties were affected by the 
addition of microchannels within the GelMA hydrogel. 
As shown in Fig. 4, the tensile moduli of the three 

concentrations of pure GelMA hydrogels G-15, G-20, 
and G-25 were (65.82±7.98) kPa, (148.44±8.84) kPa, 
and (230.37±9.56) kPa, respectively. There was a sig‐
nificant increase in tensile mechanical properties with 
increasing GelMA concentration, which may be attrib‐
uted to the increased crosslink density of GelMA hy‐
drogels. The tensile moduli of the three concentrations 
of the microchannel network hydrogel scaffolds GC-15, 
GC-20, and GC-25 were (50.50±2.88) kPa, (89.92±
9.14) kPa, and (106.97±2.69) kPa, respectively. Here, 
the formation of microchannels within the GelMA 
hydrogels by sacrificing the PVA fibers resulted in the 
disruption of their internal structure. However, the 
microchannel network hydrogel scaffold GC-20 was 
still suitable for the culture of endothelial cells (Zhao 
et al., 2016). In addition, the compression tests of pure 
GelMA hydrogels and microchannel network hydrogel 
scaffolds followed the same pattern (Figs. 4b and 4d). 
The moduli of compression for the three concentra‐
tions of pure GelMA hydrogels G-15, G-20, G-25, 
GC-15, GC-20, and GC-25 were (75.91±6.11) kPa, 

Fig. 2  Synthesis and characterization of GelMA hydrogels: FTIR spectra of gelatine, GelMA, and GelMA hydrogels (a); 
1H-NMR spectra of gelatin (b) and GelMA (c). ppm: parts per million (×10−6)
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(120.64±8.10) kPa, (192.45±1.87) kPa, (9.81±5.74) kPa, 
(65.12±4.02) kPa, and (87.44±6.43) kPa, respectively. 
In comparison to the tensile test, the fragmentation of 
the scaffold was caused by the collapse of the micro‐
channels within the GelMA hydrogel (Fig. 4b). As can 
be seen from the stress‒strain curves, the scaffolds frag‐
mented earlier as compression progressed and the stress-
strain curves for the microchannel network scaffolds 
showed a similar increasing trend to the pure GelMA 
hydrogels. Overall, the mechanical properties of both 
pure GelMA hydrogel and microchannel network hydro‐
gel scaffolds gained a significant enhancement with 
increasing concentration of GelMA hydrogel. Although 
the mechanical properties of both decreased with the 
addition of microchannel hydrogels, the elastic and com‐
pressive moduli (≈100 kPa) of both have been shown 
to favor the growth of HUVECs (Zhao et al., 2016).

3.4 Swelling

We further characterized the swelling rate of the 
hydrogel, which reflects its water absorption capacity 
and thus predicts its degradation rate. As shown in 
Fig. 5, it was found that the increase of the GelMA 
concentration from 15% to 25% resulted in a decrease of 
the swelling rate from 462% to 307% for pure GelMA 
hydrogels, and from 586% to 514% for microchannel 
network hydrogel scaffolds. The crosslink density of 
GelMA may not only affect the rate and amount of 
water penetration but was also thought to have influ‐
ence on degradation. Interestingly, the addition of micro‐
channels in GelMA hydrogels caused increases in swell‐
ing rates after they reached swelling equilibrium and 
the speed of degradation (Fig. S1 of the electronic sup‐
plementary materials). This may be due to the reduced 

Fig. 3  Fabrication and characterization of microchannel GelMA hydrogels: (a–c) SEM images of GelMA hydrogels G15, 
G20, and G25; (d) quantification of GelMA hydrogel porosity from SEM images as a function of GelMA concentration; 
(e) image of microchannel network dye infusion; (f) microscopic image of microchannel network dye infusion
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crosslink density and accelerate rate and amount of 
water penetration within GelMA hydrogels.

To determine the feasibility of microchannel hydro‐
gel scaffolds for regenerative purposes, biodegradation 
profiles were assessed by using them in PBS solution. 
Here, pure GelMA hydrogels were used as control 

samples. The mass retention curves for three different 
concentrations of GelMA and microchannel GelMA 
hydrogels for 21 d are shown in Fig. S1. The results 
show that the degradation rate decreases with increas‐
ing GelMA concentration, with pure GelMA hydrogels 
being completely degraded in three weeks. Furthermore, 

Fig. 4  Mechanical properties of pure GelMA and microchannel GelMA hydrogel scaffolds: stress‒strain curves (G-15, G-20, 
G-25, GC-15, GC-20, and GC-25) of (a) tensile and (b) compression tests, and statistics of their (c) tensile modulus and 
(d) compressive modulus for pure GelMA hydrogel and microchanneled GelMA hydrogel scaffolds

Fig. 5  Swelling properties of pure GelMA and microchannel network GelMA hydrogel scaffolds: (a) swelling curve; 
(b) swelling rate statistics
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25% of the GelMA hydrogels were still present at more 
than 80% even after three weeks of incubation. The 
GelMA hydrogels incorporating microchannels de‐
graded more rapidly than the pure GelMA hydrogels. 
Three of the microchannel GelMA hydrogels, GC-15, 
GC-20, and GC-25, had a mass retention of 0%, 32%, 
and 51% after 15 d. The microchannel hydrogel scaf‐
fold has an increased contact area with the solution 
and therefore it increases the degradation rate of the 
hybrid scaffold. Compared to previously developed 
collagen hydrogels (Helary et al., 2010, 2011, 2012), 
GelMA hydrogels are considered to be more suitable 
for long-term wound healing cases. They can remain in 
the wound bed for a long time, thus ensuring optimal 
healing while avoiding secondary infections.

The above results show that the mechanical and 
degradation properties of GelMA hydrogels can be mod‐
ulated to a large extent by varying the GelMA concen‐
tration. The compression and elastic moduli can be 
adjusted from a few kilopascals to several hundred 
kilopascals, and degradation time can be retained for 
up to 51% for three weeks, demonstrating the broad 
performance of hydrogel as a tissue substitute in dif‐
ferent body parts and different wound types.

3.5 Cell viability

In tissue engineering, ideal scaffolds are expected 
to promote cell migration, proliferation, and differenti‐
ation. The effect on cell viability is important due to 
the direct contact between cells and the scaffolds (Bae 
et al., 2011). In this study, biocompatible GelMA hydro‐
gel with microchannels was prepared using PVA fibers 
as sacrificial material. HUVECs were cultured on hydro‐
gel scaffolds to assess cytotoxicity and proliferative 
capacity using the CCK-8 method. As shown in Fig. S2, 
the extract of PVA fiber showed minimal cytotoxicity. 
Cell proliferation studies were performed on HUVECs 
using the CCK-8 method at four predetermined time 
points of 1, 3, 5, and 7 d (Fig. 6a). As shown in Fig. 6a, 
the optical density (OD) values of HUVECs on all the 
scaffolds increased with the culture time. On days 5 
and 7, the OD values of HUVECs on GC-20 were higher 
than those of the other two. In addition, the potential 
toxicity of the developed hydrogel and its effect on 
cell behavior were systematically investigated using 
LIVE/DEAD assays, the results of which are shown in 
Fig. S3. There was no significant red fluorescence in the 
scaffolds. Therefore, GC-20 was chosen for subsequent 

experiments as it not only has good physical proper‐
ties but also promotes cell proliferation. Furthermore, 
GelMA hydrogels can provide a 3D microenvironment 
similar to an extracellular matrix, which can be used to 
create complex, cell-responsive microtissues (Nichol 
et al., 2010; Chen et al., 2012; Lin et al., 2013).

3.6 Effects of scaffold surface and intra-scaffold 
microchannel on endothelial tube formation

The incorporation of microchannels within GelMA 
hydrogels is essential for the generation of tubular 
structures in HUVECs. Firstly, we observed the for‐
mation of endothelial rings on the scaffold surface by 
means of a cell workstation (Fig. 6b). The data showed 
that the numbers of endothelial nodes/junctions and 
meshes were significantly increased on the scaffold 
surface (2D culture) compared with the blank group 
(Figs. 6c and 6d). This result indicated the direct effect 
of GelMA hydrogels on angiogenesis in HUVECs. To 
further assess the changes in the cell morphology of 
HUVECs after ring formation on the GelMA hydro‐
gel surface, we performed immunofluorescence stain‐
ing of their nuclei and F-actin (Figs. S4 and 7a) and 
compared the cell morphology with that of the endo‐
thelial monomolecular layer cells within the micro‐
channel (3D culture).

To demonstrate the feasibility of the use of fiber-
forming microchannels in achieving artificial blood 
vessels, we introduced a standard vascular cell type, 
HUVECs, into the microchannels by direct extrusion 
perfusion and allowed it to achieve a confluent endo‐
thelial monolayer lining. We sacrificed the well-oriented 
template fibers embedded in the hydrogel matrix by 
lysis and, due to the excellent mechanical properties 
of this scaffold, repeated extrusion adequately elutes 
the PVA solution within the microchannel. To popu‐
late the microchannels with cells, the resulting micro‐
channels were filled with a suspension of HUVECs 
by direct squeezing and the samples were placed stati‐
cally in an incubator at 5% CO2 and 37 ℃ for 30 min 
to support cells passing into the microchannel lumen. 
During the 3 d of static cell culture, the sidewalls of 
the microchannels within the hydrogel support adhe‐
sion and endothelial monolayer formation. Although 
dynamic culture can improve endothelialization out‐
comes, culturing cells under continuous flow condi‐
tions involves additional technical challenges, and we 
chose to use static cell culture. Cell proliferation was 
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subsequently monitored by microscopy, and on day 3, 
monolayers of endothelial cells were attached to the 
lumen of the microchannel (Fig. 7b). We monitored 
HUVECs daily using bright field microscopy and, 
unlike other studies, no bioactive molecules promoting 
endothelial vascularisation were added, demonstrating 
that sacrificing fiber-patterned microchannels can sup‐
port a functional and healthy endothelial monomolecu‐
lar layer. Furthermore, the high activity of cells in the 
hydrogel, cell adhesion at the lateral end of the scaf‐
fold, the rapid proliferation, and vascularisation of endo‐
thelial cells in the spreading and patterned microchan‐
nels (Fig. 7c) demonstrated that the template fibers did 
not produce any significant toxic by-products.

To investigate the effect of the local 3D micro‐
channel structure on the behavior and growth state of 
HUVECs, the growth morphology of HUVECs on the 
surface of the scaffold (2D) and within the lumen of 
the microchannel (3D) was assessed. Obviously, the 

morphology of HUVECs differs in different microen‐
vironments. In the 2D matrix, the HUVECs were more 
densely distributed and showed a stacked state, with a 
tendency to develop toward a 3D structure (Fig. 7a). 
Within the 3D scaffold, the cells show a typical homo‐
geneous endothelial monomolecular layer (Fig. 7c, 
magnified image).

Next, we measured the morphology of the nuclei 
e.g., long-axis length, area, and aspect ratio (Fig. S5). 
The results showed that the 3D matrix significantly 
enhanced the spreading area and length of the nucleus 
compared to the 2D matrix. This suggests that the cells 
spread well within the lumen by deforming to fit the 
microchannel structure through the cellular perception 
of the external microenvironment ((193.50±38.38) μm2, 
(18.09±2.97) μm in the 3D matrix, and (128.62±
26.94) μm2, (15.39±1.84) μm on the 2D matrix (Figs. 8a 
and 8c)). Furthermore, the average nucleus aspect ratio 
of HUVECs on the 2D matrix was significantly higher 

Fig. 6  Effect of scaffold surface on endothelial tube formation: (a) evaluation of cell viability of HUVECs on microchannel 
GelMA scaffolds; (b) localization of endothelial nodes/junctions (defined as junctions where at least three endothelial 
segments (walls) joined together) and mesh (defined as a complete loop of endothelial tubes surrounded by endothelial 
segments (walls)); (c and d) quantification of the numbers of meshes and nodes/junctions from each set of 10 random 
fluorescent images. Each bar represents the mean value of three independent experimental data. Data are presented as 
the mean±standard error of mean (**P<0.01). OD450: optical density at 450 nm
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than for those in the 3D matrix (1.71 and 1.43, respec‐

tively) (Fig. 8b). Thus, in summary, HUVECs in the 3D 

matrix showed a typical cobblestone-like endothelium 

structure, whereas cells on the 2D matrix showed a lon‐

ger cell morphology due to the formation of the appli‐

cable ring-like structure. In addition, we measured the 

Fig. 7  Effects of intra-scaffold microchannel networks on endothelial tube formation: CLSM images after immunofluorescence 
staining of the nucleus (blue) and F-actin (red) of the endothelial monomolecular layer on the GC-20 scaffold surface (a); 
CLSM images on the lumen of the microchannel in the GC-20 scaffold near the central part of the scaffold (b) and near the edge 
of the scaffold (c) (magnification of 10×, 40×, and 63×, respectively). References to color refer to the online version of this figure
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angle of the long axis of the nucleus, for the 2D and 
the 3D matrices, to the tangent of the cell ring and the 
main axis of the microchannel, respectively. As 
shown in Figs. 8d and 8e, the majority of cells (>80%) 
favored either the cell ring or the main axis of the micro‐
channel. In conclusion, the 3D ECM microenvironment 
provided by a high concentration of GelMA hydrogel 
scaffolds containing microchannels can influence the 
cell behavior and morphology of HUVECs through 
contact guidance, thereby promoting a homogeneous 
endothelial monomolecular layer.

4 Discussion 

This study presents a method for the preparation 
of 3D hydrogels embedded within a mimetic branch‐
ing microvessel that mimics the native tissue struc‐
ture of ECM. By electrospinning in the microchannel-
containing mimetic tissue structure, the scaffold with 
microporous channels ensures the permeability of the 
final structure to achieve a high-resolution scaffold struc‐
ture at the micrometer scale to facilitate the formation 
of endothelial cell monomolecular layers by HUVECs.

By optimizing the dispersion of electrospun fibers, 
the original structure of the sacrificial fiber template was 
adapted to form naturally branching and interconnected 
microchannel networks in hydrogels. The need to form 

complex and interconnected networks to simulate vas‐
cular systems has led to the development of various 
sacrificial template methods over the last few years. 
However, limitations in the resolution of the process 
and spatial considerations in the fabrication of 3D struc‐
tures were two challenging factors for the realization 
of microvascular systems with this approach. The sig‐
nificant advantage of the fiber template designed in 
this study is that it breaks through in the tunability of 
electrospinning in the manufacture of micron-scale pro‐
duction and can be used to create predictable and 
defined micro-scale network architectures that mimic 
native capillaries, depending on the size requirements.

The production of fibrous templates by electros‐
pinning is particularly interesting as achieving high 
resolution is a key challenge for other channel cre‐
ation methods. The fabrication of microchannels that 
mimic capillary networks is essential to ensure the uni‐
form distribution of nutrients and oxygen in larger hydro‐
gel structures and, so far, biocompatible templates 
for microchannels have mainly used heat-responsive 
sacrificial structures (Kolesky et al., 2014, 2016; Tsai 
et al., 2020; Davoodi et al., 2022) or water-soluble 
carbohydrate-based structures (Miller et al., 2012; Gryka 
et al., 2019). Daly et al. (2018) used sacrificial plu‐
ronic inks in mesenchymal stem cell (MSC)-loaded 
GelMA hydrogels to 3D print interconnected micro‐
channel networks. Zhou et al. (2022) developed a 

Fig. 8  Quantitative comparison of endothelial cell nucleus length (a), area (b), aspect ratio (c), and pinch angle under 2D 
(d) and 3D (e) matrix conditions. Data are expressed as the mean±standard error of mean, n≥3 (***P<0.001)
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catechol-functionalized ink system to produce tough 
and elastic scaffolds with built-in microchannels that 
mimic vascular structures; these approaches can achieve 
significant levels of geometric complexity for achiev‐
ing interconnected channels. However, key bottlenecks 
include some design aspects such as the circularity 
of the microchannels and the creation of overhanging 
branching sacrificial structures, and the scale aspect of 
the sacrificial template. Also, the microchannel net‐
works prepared by this method have difficulty in sim‐
ulating the complexity of microvascular structures 
within native tissues.

As an alternative to existing sacrificial materials, 
we have used water-soluble PVA because of its inher‐
ent biocompatibility and its unique electrostatically 
induced plasticity. The low alcohol solubility of PVA 
allows for rapid dissolution at room temperature. As a 
result, pre-crosslinked GelMA solutions allow rapid 
encapsulation of low alcohol-degradable PVA fibrous 
structural fibers without loss of scaffold integrity, avoid‐
ing the fusion of adjacent fibers during the gelation of 
the hydrogel matrix. GelMA hydrogels were induced 
to form a natural tissue structure mimicking a capillary-
containing network, and the PVA solution within the 
channel network was eluted by repeated extrusion 
under room temperature conditions. Perfusion of engi‐
neered microvasculature was established in the hydrogel, 
as evidenced by the presence of diffusion-resistant dye 
within the microchannel network alone, and the GelMA 
hydrogel could be demonstrated to have good tunabil‐
ity and resolution of stereoscopic micropatterning.

The mechanical properties of hydrogel scaffolds 
have different effects on endothelial cell behaviour and 
microvascular networks (Yamamura et al., 2007). For 
example, microvascular networks invade more deeply 
in rigid gels than in flexible gels. Cells in flexible gels 
invade the gel independently, forming networks that are 
predominantly distributed at a depth of <30 μm. In 
contrast, in rigid gels, the balance shifts towards mor‐
phogenetic properties at the expense of migratory 
activity. In order to control the 3D conformation of the 
network, a balance between migratory activity and mor‐
phogenetic properties is important. In the work pre‐
sented here, we have demonstrated that the stiffness 
of 20% GelMA hydrogels affects the proliferation of 
HUVECs and the formation of endothelial monomo‐
lecular layers within the channel. Increasing the stiff‐
ness of the scaffold by increasing the concentration of 

GelMA hydrogel ensures various physical properties of 
the hydrogel as a scaffold. Secondly, endothelial cells 
may require more ECM remodelling active material to 
penetrate the rigid gel, which may result in reduced 
migration activity. Thus, the incorporation of micro‐
channels within high concentrations of GelMA hydro‐
gels not only increases cell permeation and nutrient 
diffusion but the ECs in the 3D matrix promote mor‐
phogenesis, and the suitably reduced mechanical prop‐
erties of GelMA hydrogels may be more conducive to 
the formation of EC monolayers.

The lack of a vascular network may limit oxygen 
diffusion in thicker 3D tissue models and lead to cell 
death due to hypoxia. Thus, vascularisation remains a 
key challenge for engineered tissues and their success‐
ful translation into clinical tissue regeneration. In this 
study, we used HUVECs to successfully form an endo‐
thelial monomolecular layer in a 3D tissue model con‐
taining a microchannel network. Microchannel endo‐
thelialization within hydrogels was performed by short-
term static cell seeding, starting with squeeze perfusion 
resting for 30 min to allow initial cell attachment. After 
3–4 d of culture using this method, HUVECs sponta‐
neously arranged into an endothelial monolayer lined 
with the interior of the microchannel, pointing to the 
potential of using our platform to promote vascularisa‐
tion to investigate the effect of channel size on neo‐
vascularisation and revascularization. In line with the 
results of Enrico et al. (2022), this 3D channel was 
confirmed to form artificial microvessels through endo‐
thelial cell culture and cell media perfusion. F-actin/
DAPI staining showed that the nuclei of HUVECs 
were evenly distributed within the lumen of the micro‐
channel; microfilaments were clearly visible and spread 
in an elongated structure within the channel lumen, 
and cells were more tightly connected (Fig. 7b). Con‐
sistent with other studies (Atia et al., 2018), under static 
conditions, the luminal HUVECs formed an elongated 
shape due to the low number of cells, suggesting that pro-
angiogenic conditions trigger higher cell viability and 
thus the formation of an endothelial monomolecular 
layer. At the same time, this further confirms the conti‐
nuity and patency of pore formation within the GelMA 
hydrogel and the feasibility and robustness of hydro‐
gel mechanical properties for microvessel formation.

Furthermore, the integrity and effectiveness of 
engineered vascular networks are key challenges in 
regenerative medicine. Vascular heterogeneity does not 
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allow ECs from different adult tissues or pluripotent 
stem cells to mimic the specific microvasculature of 
the corresponding tissues. In recent work, Song et al. 
(2022) established a method to dilate tubular microves‐
sels with ECs and pericytes from the same adult tis‐
sue on 2D rigid substrates for investigating the mecha‐
nisms of EC-pericyte interactions in tissue regenera‐
tion and disease. The hydrogel 3D scaffold platform 
containing the microchannel network proposed in this 
study can be further used for the study of EC-pericyte 
interaction mechanisms, which is beneficial for the 
development of personalized microvascular engineer‐
ing for precision medicine. In addition, Gao et al. 
(2022) investigated the generation of microvessels by 
human pluripotent stem cells (iMVs) and validated the 
potential of iMVs for rapid angiogenesis and tissue 
repair. Therefore, in the future, it is crucial that we 
should validate the hydrogel scaffold platform in com‐
bination with other rapidly vascularised cells or units 
for validation applications and also undertake further 
animal studies to assess the safety and efficacy of this 
model before it is translated into the clinic.

In summary, this study presents a high-precision 
microfabrication strategy suitable for the fabrication of 
tissue models simulating endocapillary networks, which 
will enable their translation into clinically relevant 
implants. Furthermore, this approach is expected to 
advance the field of tissue engineering and regenerative 
medicine by opening up new opportunities for explor‐
ing the effects of well-controlled 3D microgeometry on 
cell behavior.

5 Conclusions 

This study introduced an integrative and straight‐
forward approach combining the sacrificial template 
method with electrospinning to fabricate microchan‐
nel network biomimetic hydrogel scaffolds that mimic 
the native structure and microenvironment of the ECM. 
Fibers were prepared by electrospinning technology. 
Moreover, GelMA hydrogels were induced to form 
mimetic natural tissue structures mimicking capillary 
networks by extrusion elution. The results showed that 
GelMA hydrogels have an excellent impact on the 
viability, distribution, and alignment of HUVECs.

The design for microvascular networks, the flexi‐
bility of the hydrogel matrix properties, and the rapid 

functional endothelialization allow us to address some 
of the limitations of current methods for creating micro‐
vascular structures. Therefore, the present findings pro‐
vide new insight into 3D tissue hydrogel models as a 
widely applicable alternative platform for generating 
vascularised tissue models.
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