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Microfiber-Templated Porogel Bioinks Enable Tubular
Interfaces and Microvascularization Down to the Building
Blocks for 3D Bioprinting

Yuzhi Guo, Ziyu Wang, Xuening Zhang, Jinghang Li, Shan Gao, Yang Lv,
and Liliang Ouyang*

Vascularization is key to the biofabrication of large-scale tissues. Despite the
progress, there remain some outstanding challenges, such as limited vessel
density, difficulty in fabricating microvasculatures, and inhomogeneity of
post-seeding cells. Here, a new form of bioink called microfiber-templated
porogel (μFTP) bioink is introduced to engineer vasculatures down to the
filament building blocks of 3D bioprinted hydrogels. The cell-laden sacrificial
microfibers (diameter ranges from 50–150 μm) are embedded in the bioink to
template tubular voids and deliver endothelial cells for in-situ
endothelialization. The inclusion of softening hydrogel microfibers retains the
desirable rheological properties of the bioink for extrusion-based bioprinting
and the microfibers are well inter-contacted in the extruded filament. Such
bioinks can be printed into a well-defined 3D structure with tunable tubular
porosities up to 55%. Compared to the conventional bulk bioink counterpart,
the μFTP bioink supports the significant growth and spread of endothelial
cells either embedded in the matrix or sacrificial fibers, free of the post-cell
seeding procedure. Furthermore, the bioprinted scaffolds based on μFTP
bioink are seen to significantly promote the in-growth of blood vessels and
native tissues in vivo. The μFTP bioink approach enables the engineering of
tubular bio-interfaces within the building blocks and contributes to the in-situ
endothelialization of microvasculatures, providing a versatile tool for the
construction of customized vascularized tissue models.
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1. Introduction

The vascular network is a major compo-
nent of the circulatory system in the human
body, responsible for the transportation and
distribution of blood/immune cells, nu-
trients, and metabolic substances.[1] It is
involved in the regulation of numerous tis-
sue and organ development, physiological
homeostasis, and plays an important role in
injury repair and disease development.[2,3]

The engineering of biomimetic vascular-
ized tissues can be used for both in vitro
tissue modeling and in vivo tissue/organ
transplantation. However, achieving ro-
bust vascularization in 3D engineered
tissues remains a significant challenge.
A straightforward approach is to culture

endothelial cells (ECs) in a suitable extra-
cellular matrix (ECM) that allows for the
self-assembly of ECs into blood-capillary-
like vasculatures.[4,5] The formation of func-
tional vascular networks highly relies on
the physiochemical properties of ECM ma-
terials and other physical and biochem-
ical conditions, such as medium perfu-
sion and growth factor induction.[6–8] Typ-
ical ECMmaterials for this purpose include

fibrin and Matrigel, which, however, are often too soft and less
adaptable to advanced biofabrication scenarios, such as 3D bio-
printing. Combining ECM materials with other complementary
materials, such as gelatin or alginate, can enhance their struc-
tural integrity. However, it is still challenging for these ECM
materials alone to support complex bioprinted structures. An-
other approach is to fabricate biomimetic lumen channels first
and then seed ECs to form endothelial layers on the inner
surface of the channels. Complex biomimetic vascular lumens
have been fabricated using extrusion-based,[9,10] digital light
processing,[11,12] and volumetric bioprinting[13] technologies. For
example, Grigoryan et al. constructed structures with complex
intravascular and multivascular networks using digital light pro-
cessing based on the optimization of a photoabsorber.[12] How-
ever, post-seeding cells into lumens could induce non-uniform
distribution of cells and have difficulties in achieving proper
orientation for vascular layering. To achieve this, researchers
have used sacrificial inks to deliver ECs on-site while the inks
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Figure 1. Schematic of formulating μFTP bioink for bioprinting applications. A) Fabrication of cell-laden microfibers by coaxial microfluidic method and
preparation of μFTP bioink. B) Extrusion bioprinting using μFTP bioink and cell growth process in comparison with conventional bulk bioink counterpart.
C) Schematic of in vivo subcutaneous implantation of μFTP scaffolds.

are removed.[9,10] Nevertheless, due to the resolution limit, con-
ventional bioprinting approaches usually yield vasculatures of
hundreds of micrometers, lacking microvasculatures beneficial
for surrounding cells. Multiphoton ablation[14,15] or femtosecond
laser irradiation[16] techniques can be used to create finer mi-
crovascular structures within cell-laden hydrogels but they are
less efficient to scale up.
Templating methods based on salt,[17,18] oil-water

emulsion,[19–21] and sacrificial microgels[22–24] have been com-
monly used to generate micropores in hydrogels for better mass
transfer. With a similar topology to tubular vessels, sacrificial
microfibers have been used to induce the generation of mi-
crochannels and vascularization in hydrogels. For example,
Lee et al. incorporated wetspun poly(N-isopropylacrylamide)
fibers with gelatin hydrogels and removed the fibers afterwards
for in vivo angiogenesis induction.[25] Other studies have used
sacrificial hydrogel fibers to template microchannel for in vitro
tissue vascularization, mainly based on the post-seeding of
endothelial cells into the channels.[26] Recently, Lammers et al.
demonstrated rapid tissue perfusion by incorporating alginate
microfibers into fibrin hydrogels.[27] However, the existing fiber-
templating work either relies on the post-cell-seeding procedure
or migration of surrounding ECs, making it less controllable for
endothelialization, and none of them has been adapted to 3D
bioprinting systems.
In this study, we developed a microfiber-templated porogel

(μFTP) bioink system for 3D bioprinting and in-situ endothe-
lialization, paving the way for the vascularization of customized
tissue biofabrication. We first fabricate alginate microfibers with
tunable diameters (50–150 μm), which are capable of encapsu-
lating living cells. The μFTP bioink was prepared by supple-
menting photocrosslinkable hydrogel precursor solution with
dispersible alginate microfibers, which was only possible by soft-

ening the microfibers beforehand (Figure 1A). After bioprinting
and photocrosslinking for structure stabilization, the embedded
microfibers can be readily dissolved and gently washed out by in-
cubation with low-concentration sodium citrate solution, gener-
ating microchannels in bioprinted structure with tunable porosi-
ties (up to 55%). The rheology tests and bioprinting practice show
that the μFTP bioink has good printability and structural stability,
where the embedded microfibers appear to be partially aligned
along the printed filaments. After the dissolution of microfibers,
the ECs were released from the fibers and attached to the inner
wall of the generated channels, forming a confluent endothelial
layer (Figure 1B). Moreover, subcutaneous implantation experi-
ments confirmed the significant promotion of the in-growth of
blood vessels and native tissues with the μFTP-based bioprints
(Figure 1C). Collectively, we propose a versatile bioink strategy
for constructing tubular lumen voids within the building block
level of bioprinted tissues, which enables in-situ endothelializa-
tion inside the lumens, providing a practical solution for the en-
gineering of customized vascularized tissues.

2. Results and Discussion

2.1. Fabrication of Hydrogel Microfibers with Tunable Size and
Dissociation Properties

Due to the quick ionic chelated reaction with divalent cation, algi-
nate has been widely used to fabricate hydrogel microfibers.[28,29]

Here, we use a versatile coaxial flow method to fabricate algi-
nate microfibers with tunable size. 0.5% (w/v) alginate solution
and 180 mm calcium chloride solution were respectively injected
into the inner and outer layers of a homemade coaxial needle
(34G/22G), which is connected to a silicone tubing as an outlet
for flow restriction. By adjusting the flow rate of the inner and
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Figure 2. Fabrication and dissolution of tunable hydrogel microfibers. A) Representativemicroscopic images of alginatemicrofibers and B) the quantified
diameters under different flow rates of inner (0.5% alginate) and outer (180 mm calcium chloride) layer in the coaxial needle. One-way ANOVA with
a Tukey’s multiple comparisons test, ***p < 0.001. Each data point represents the average microfiber diameter from multiple measurements of one
collection of fibers (the number of collection replicates n = 3). C) Representative fluorescence images of alginate fibers treated with sodium citrate at
different concentrations, illustrating the microfiber’s dissolution profiles. D) Oscillatory rheological time sweep of collected alginate fibers (diameter of
50 μm) at 22 °C, frequency of 1.5 Hz and shear strain of 1%. E-i) Appearance of packed unsoftened and softened alginate microfibers and (ii) μFTP
bioink prepared with unsoftened and softened alginate microfibers. F) High-low strain cycle tests of unsoftened and softened alginate microfibers and
representative image of intertwined untreated microfibers under high strain conditions. Scale bars: 500 μm (A,C), 5 mm (E-i) and 10 mm (E-ii, F).

outer layers, continuous alginate microfibers with diameters of
50, 100, and 150 μm were successfully fabricated with good sta-
bility and uniformity (Figure 2A,B). Decreasing the flow rate of
sodium alginate solution in the inner layer would induce signif-
icantly smaller microfibers. In contrast, without the outer flow
restriction, much larger fibers (e.g., 200 μm in diameter) will be
obtained using the 34G needle alone. The fabricated alginate mi-
crofibers could be stored in a calcium chloride solution for a long
term.
Sodium citrate, whose citrate ion can chelate to calcium ions

and form calcium citrate complexes, was proven to be an effective
chemical to dissolve calcium alginate hydrogels.[30,31] Here, we
used sodium citrate solution with gradient concentrations (0.1,
0.3, 0.5, and 1% (w/v)) to dissolve the alginate microfibers and
tested the dissolution profiles. To visualize the dissolution pro-
cess, alginate was labeled with fluorescein isothiocyanate (FITC)
(Figure 2C). 0.1% sodium citrate solution is not strong enough
to dissociate the fibers in a timescale of 60 min. When the con-
centration of sodium citrate increases to 0.3% or above, the out-

line of the fiber starts to blur within minutes, and the fluores-
cence intensity decreases with time, suggesting successful dis-
solution. As expected, a higher concentration of sodium citrate
results in a higher dissolution speed. When using 1% sodium
citrate solution, the microfibers were fully dissolved within 30
min, while it took ≈240 min to achieve a similar dissolution us-
ing 0.3% sodium citrate solution (Figure S1A, Supporting Infor-
mation). The rheological tests carried out with pure alginate mi-
crofibers indicated the decrease of shearmoduli with time treated
with sodium citrate solution (Figure 2D). This decrease is likely
attributed to the dissolution of the microfibers (Figure S1A, Sup-
porting Information).
We further tested the influences of sodium citrate solution on

the growth of ECs. Human umbilical vein endothelial cells (HU-
VECs) were treated with a culture medium supplemented with
sodium citrate of varied concentrations for 24 h (Figure S1B, Sup-
porting Information). According to the Live/Dead staining assay,
cell viability is negligibly influenced, but the cellular morphol-
ogy seems to change with the treatment of high-concentration
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sodium citrate. The circularity of the cells increased with the con-
centration increase of sodium citrate, indicating a less adherent
tendency of cells when treated with high-concentration sodium
citrate. Furthermore, the gene expressions associated with apop-
tosis (Caspase–3, Bcl–2, and BAX) showed no significant differ-
ences between the control and sodium citrate-treated groups with
up to 0.6% sodium citrate, indicating the biocompatibility of the
treatment process (Figure S2, Supporting Information). Consid-
ering both the dissolution timeline and cell behavior, we chose
the 0.3% sodium citrate solution to dissolve alginate microfibers
in the subsequent studies.
When manipulating the generated alginate microfibers, we

found it was difficult to separate them due to the entanglement
and sticking effect, which affected the uniformity of fiber dis-
tribution. To better disperse the microfibers in the μFTP for-
mulation, we cut the microfibers into small segments with the
length distribution centered from 1.5–3 mm (Figure S1C, Sup-
porting Information) and softened themicrofibers by immersion
in saline. The use of a specific volume of saline (20 times the vol-
ume of the microfiber precursor solution) would soften the mi-
crofibers and make them easier to disperse, resulting in better
uniformity of the formulated μFTP bioink. First, saline-treated
microfiber has a higher transparency in appearance (Figure 2E-i).
After pulling the microfibers, we observed that the unsoftened
microfibers exhibited irreversible deformation with a reduction
in diameter and adhesion between microfibers (Figure S3, Sup-
porting Information). In contrast, the fractured surface of the
softened microfibers was smooth, and there was no signifi-
cant change in shape (Figure S3, Supporting Information). In
the high-low strain rheological tests, unsoftened microfibers be-
came intertwined under high-strain conditions, which led to in-
accurate testing results (Figure 2F). In contrast, saline-treated
fibers showed lower modulus and reversible shear-thinning and
self-healing properties (Figure 2F). This may be because saline
washed away excess calcium ions from the surface ofmicrofibers,
making it easier to slip between microfibers. When preparing
the μFTP bioinks, the softened microfibers led to a homoge-
neous and clear formulation, while the inclusion of unsoftened
microfibers resulted in unwanted aggregates and precipitations
(Figure 2E-ii). Together, these results highlight the advantages of
softening treatment for microfibers.

2.2. μFTP Allows for the Creation of Fibrous Pores with Tunable
Porosity

To prepare μFTP bioink, alginate microfibers were cut, soft-
ened, and centrifugated to remove the liquid with a 40 μm cell
strainer. Subsequently, the processed microfibers were mixed
with a hydrogel precursor solution, i.e., 7.5% gelatin methacry-
loyl (GelMA) solution. GelMA was selected as the continuous
matrix phase because of its good biocompatibility and easy adapt-
ability for biofabrication. The mixture was treated with light to
photocrosslink the matrix and then treated with sodium citrate
solution to remove the microfibers. To track the flow of disso-
ciated alginate, we pre-loaded some fluorescent particles (5 μm
in diameter) into alginate microfibers. After the treatment with
sodium citrate solution, we observed that the fluorescent parti-
cles flowed out from the hydrogel structure, which evidenced

the successful dissolution and removal of alginate (Figure 3A).
Compression tests of photocrosslinked μFTP formulation be-
fore and after the sodium citrate dissolution process were car-
ried out to further characterize themechanical properties (Figure
S4, Supporting Information). The results showed that the inclu-
sion of microfibers into the matrix led to a decrease in com-
pressive modulus and an increased tendency for fracturing com-
pared to the bulk hydrogel. After dissociating the microfibers,
the compressive modulus of the μFTP hydrogel further de-
creased to ≈3.52 kPa, representing only 66% of its value prior to
dissociation.
To visualize the porous hydrogel structure and quantify the

pores, FITC-labeled GelMA was used as the matrix, and z-stack
confocal microscopic images were used to determine the actual
porosity. Porous structures using μFTP formulations with varied
microfiber-matrix ratios (from 1:9 to 1:1) have been successfully
fabricated, with all groups maintaining good structural stabil-
ity (Figure 3B). The microchannels templated by dissolved mi-
crofibers were seen to distribute evenly inside the matrix and
connect with each other, forming a network with tunable den-
sities. The increase of the initial microfiber fractions contributed
to the increase of the eventual porosities, ranging from (24.76 ±
5.38 %) to (55.73 ± 2.21 %), which were similar to the density of
blood vessels in the human body (10–50%)[32,33] (Figure 3C). The
slight differences between the measured porosities and the the-
oretical values determined by the fiber fraction might be caused
by the remaining water after centrifugation and the swelling be-
havior of microfibers after mixing with the matrix. Nevertheless,
the μFTP formulaton allows us to readily control the porosity
of the resulting porous hydrogels. The diameters of microchan-
nels forming by dissolved fibers were also measured to prove
the control of pore size (Figure 3D). When using microfibers of
50 μm in diameter, the generated pores exhibit a concentrated
size distribution from 40–80 μm throughout the groups with dif-
ferentmicrofiber fractions. The slight differences in diameter be-
tween groups might stem from microfiber batch-to-batch varia-
tion. We further experimented with microfibers of different di-
ameters to create porogels (100 and 150 μm with a microfiber-
matrix ratio of 1:4, Figure 3E,G). The porogels presented with
accordingly tubular pores are successfully fabricated with excel-
lent stability (Figure 3E). There was no significant difference in
porosity among groups using microfibers of varied sizes when
fixing the microfiber fraction (Figure 3F). The further measure-
ments showed a high degree of size consistency between the mi-
crochannels and the microfibers (Figure 3G). Together, these re-
sults demonstrated that our μFTP approach allows for easy con-
trol over the tubular porosity and size.
In recent years, microgels have been used as porogens to pre-

pare porous hydrogels due to their high biocompatibility.[22–24]

Compared to the microgel-template method, our μFTP strategy
provides a measure to guide the vascular network to a tubu-
lar shape, which is more similar to blood vessels than spher-
ical geometry. Furthermore, it allows for better lumen con-
nectivity due to the intrinsic topological differences between
spheres and fibers. To demonstrate the advantages of microfibers
over microgels in generating interconnected interfaces, we com-
pared the pore connectivity by using microfibers and microgels
with the same volume fraction in the composite ink formula-
tion (Figure 4A). Sacrificial alginate microgels were mixed with
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Figure 3. Characterization of μFTP porogels. A) Representative images of μFTP samples at different time points during 1% sodium citrate treatment,
suggesting the dissolution process of microfibers from thematrix. FITC-labelledmicroparticles are preloaded in themicrofiber to indicate the dissolution
and location of alginate. B) Representative fluorescent images and z-stack 3D reconstruction of porogel samples. C) The measured porosities and
D) pore diameters based on z-stack images under different microfiber to matrix ratios (1:9, 1:4, 1:2, and 1:1). E) Representative fluorescent images
and z-stack 3D reconstruction of μFTP samples. F) The measured porosities and G) pore diameters based on z-stack images under different microfiber
diameters (50, 100, and 150 μm). The dotted lines in C) and G) indicate the theoretical value of porosity and pore size. One-way ANOVA with a Tukey’s
multiple comparisons test, *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. Each data point in C) and F) represents the average porosity value
from multiple measurements of one independent hydrogel sample at different positions (the number of hydrogel sample replicates n = 3). Individual
diameter measurements are displayed into a violin plot in D) and G) for a better visualization of the distribution. Scale bar: 200 μm (A), 500 μm (upper
two rows of B,E) and 200 μm (bottom row of B,E in axis).

rhodamine-labeled GelMA in the same manner as alginate mi-
crofibers to prepare hydrogel samples. After dissolving the poro-
gen with sodium citrate solution, the samples were immersed in
FITC-labeled dextran for 30 min. They were then immediately
imaged using a confocal microscope, followed by 3D reconstruc-

tion of the structures using Imaris software (Figure 4B). The vol-
umes of the red and green fluorescent regionswere quantitatively
measured, and the ratio of the green fluorescent volume to the
combined volume of the green fluorescent and non-fluorescent
regions was used as an indicator of pore connectivity (Figure 4C).
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Figure 4. Pore connectivity characterization of microgel- and microfiber-templated porogels. A) Schematic of the perfusion process of microgel- and
microfiber-templated porogel with FITC-dextran. B) Representative z-stack 3D reconstruction of porous hydrogel structure (red) and infiltrated dextran
(green) in which microgels and microfibers serve as porogens at different porogen-matrix ratios. C) Quantified pore connectivity of porous hydrogel
sample with spherical and microchannel pores at different porogen-matrix ratios. Two-way ANOVA with a Tukey’s multiple comparisons test, *p < 0.05;
**p < 0.01; ***p < 0.001. Each data point represents the average connectivity value from multiple measurements of one independent hydrogel sample
at different positions (the number of hydrogel sample replicates n = 3). Scale bars: 1000 μm (upper row of B) and 200 μm (bottom row of B).

With the increase of the porogen-matrix ratio from 1:9 to 1:2, both
groups exhibited improved pore connectivity, which was from
14.1 to 31.8% in the microgel group and from 28.3 to 55.2%
in the microfiber group. At an equivalent porogen-matrix ratio,
the pores of the μFTP formulation exhibited more extensive dex-
tran infiltration, demonstrating superior pore connectivity in the
μFTP system compared with the use of microgel.

2.3. 3D Printing of μFTP Bioinks

To evaluate the printability of the μFTP bioink, we first test its
rheological properties. The temperature sweeps indicated that
the initial μFTP formulations retain a sol-gel transition prop-
erty and the transition temperature generally decreased with the
increase of microfiber fraction. In general, the sol-gel transi-
tion temperatures during cooling are lower than the solution-
ing temperatures during heating, which coordinates well with
the properties of plain gelatin or GelMA formulaitons without
microfibers (Figure 5A). Increasing the microfiber fraction will
induce a slightly lower sol-gel transition temperature. For exam-
ple, the gelation temperatures of the μFTP formulations at 1:9
and 1:1 ratios were 26.8 and 25.2 °C, respectively. The slight

attenuation of the thermo-sensitivity may be directly attributed
to the reduced proportion of temperature-sensitive matrix (i.e.,
GelMA). In addition, the introduction of non-thermo-sensitive
microfibers seemed to lead to the weakening of the gels at low
temperatures (e.g., 4 °C) and strengthening of the sols at high
temperatures (e.g., 37 °C). For example, the storage moduli at
4 °C post cooling decreased from ≈2300 to ≈1300 Pa when in-
creasing the microfiber-matrix ratios from 1:9 to 1:1.
Subsequently, strain sweeps were performed on different ink

components to further verify the rheological properties of the
bioinks (Figure 5B; Figure S5A, Supporting Information). The
results showed that all μFTP bioinks behaved like an elastic-
like solid at low strains but yields at high strains. The yield
point showed a slightly leftward shift as the proportion of mi-
crofibers increased, with the yield strain value decreasing from
3.71 to 2.94% when increasing the microfiber ratios from 1:9
to 1:1. A higher microfiber fraction might induce a higher
slip tendency, thus leading to a lower critical value of yield
strain. Further, the high-low stain cycle tests showed that all the
μFTP groups showed a rapid self-healing property (Figure 5C;
Figure S5B, Supporting Information). Finally, the photorheolog-
ical tests indicated that different ink formulations showed sim-
ilar photocrosslinking kinetics and time profiles, but the μFTP
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Figure 5. 3D printing of μFTP bioink. A) Temperature sweeps of μFTP bioinks at different microfiber-matrix ratios (1:9, 1:4, 1:2, and 1:1). B) Strain sweep
of μFTP bioinks at 1:4 component ratio. C) High-low strain cycle tests of μFTP bioinks at 1:4 component ratio. D) Photocrosslinking rheological tests
of μFTP bioinks at different component ratios. E) Representative microscopic images of printed multilayered lattice structures with different porosities.
F) Quantified filament diameter of printed lattice structure with μFTP bioinks at different component ratios. One-way ANOVA with a Tukey’s multiple
comparisons test, **p < 0.01. Each data point represents the average filament diameter from multiple measurements of one independent printed
structure at different positions (the number of printed structure replicates n = 3). G) Representative magnification images of printed scaffolds and the
measurements of microfiber orientation in printed filaments. H) Examples of large-scale samples (i.e., human brain- and kidney-like models) printed
using μFTP bioinks at 1:4 component ratio and FITC-labeled dextran were used to test the pore connectivity. All the μFTP bioinks here are formulated
using 7.5 wt% GelMA as the matrix. scale bars: 500 μm (E,F), 200 μm (G), 5 mm (left and right in H), and 1 mm (middle in H).

bioinks containing more microfibers presented a lower modu-
lus after complete crosslinking (Figure 5D). Overall, the μFTP
bioink exhibits excellent shear-thinning and self-healing prop-
erties, suggesting the potential to be applied in extrusion-based
3D bioprinting.

Then the μFTP bioinks with different microfiber (50 μm in di-
ameter) fractions were printed into lattice structures under opti-
mized temperature (22 °C), in which FITC-labeled GelMA (7.5%
(w/v)) served as the matrix phase. Under the same printing con-
ditions, there was no significant difference in the diameter of
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Figure 6. μFTP bioink allows for spread of HUVECs within 3D printed structures. A) Microscopic images of fabricated cell-loaded alginate microfibers
with different diameters. B) Quantified viability of HUVECs, hCMEC/D3, and MS1 encapsulated in microfibers with time (n = 3). C) Representa-
tive brightfield images of bioprinted multilayered lattice structures using μF-cellTP bioink. D) Representative brightfield images of co-cultured bio-
printed multilayered lattice structures using control, μF-cellTP and μF+cellTP bioinks with inclusion of Laminin and VEGF. Scale bars: 200 μm (A,D) and
500 μm (C).

the printed filament among groups with microfiber-matrix ratios
from 1:9 to 1:2 (Figure 5E,F). When increasing the microfiber
fraction to 50%, the filaments were slightly bigger than others
(Figure 5F), which was likely due to the decrease in modulus
(Figure S5, Supporting Information). Nevertheless, these results
revealed the good printability and stability of μFTP with varied
microfiber fractions. In addition, the microscopic images show
that microfibers oriented to some extent within the lattice struc-
ture, which might be due to the shearing and directional align-
ment during extrusion. We further quantified the orientation of
the microfibers (Figure 5G). The results showed that the orienta-
tions of embedded microfibers were well concentrated at 0° and
90° at the nodes of the lattice structure (Figure 5G(i)), while the
orientations of the microfibers were concentrated at 0° in the
printed horizontal filament (Figure 5G(ii)). μFTP bioinks con-
taining microfibers of different diameters (100 and 150 μm) with
different nozzles (18, 22, and 25G needles) were also printed
(Figure S6A,B, Supporting Information). It was observed that
the diameter of the microfiber had no significant effect on 3D
printability.With smaller needles (22 and 25G), fewermicrofibers
were observed in the printed structure, which might be because
fibers would be stuck to the outlet of a thin needle. We also
demonstrated the large-scale structural printability of μFTP ink
by printing centimeter-scale models such as brain and kidney
and treated themwith sodium citrate solution afterwards, both of
which showed excellent shape fidelity (Figure 5H; Figure S6C).
Themicroscopic images confirmed the generation ofmicrochan-
nels and a clear channel orientation along the print path. The
large models were also immersed in FITC-labeled dextran, and
under UV light, dextran infiltration into the internal microchan-
nels was clearly observed after 12 h.

2.4. In-Situ Endothelialization of Bioprinted Structure Using
μFTP Bioinks

To demonstrate the feasibility of in-situ delivery and endothelial-
ization of ECs using the μFTP bioink, we first tested the biocom-
patibility of the microfiber fabrication process (Figure 6A; Figure
S7, Supporting Information).HUVEC-laden alginatemicrofibers
(50, 100, and 150 μm in diameter) can be successfully fabricated
with an initial cell density of 2.5× 106 mL−1, and cell viability kept
high within 12 h after fiber fabrication (≈85% after 2 h and≈75%
after 12 h) (Figure 6B). A longer period of encapsulation in algi-
nate would result in further cell death, which was likely due to the
nonsuitable matrix environment of alginate for the 3D culture of
HUVECs. In our protocols, samples were treated with sodium
citrate for up to 12 h, which was sufficient to fully dissolve the al-
ginate and keep the cells alive after being released. Two other en-
dothelial cell lines, hCMEC/D3 (a normally used brain microvas-
cular endothelial cell line) and MS1 (a murine pancreatic islet
endothelial cell line) were also used to validate the applicability
of our approach. Both types of cells presented viabilities higher
than 75% within 12 h (Figure S7, Supporting Information), indi-
cating the potential to formulate μFTP bioinks.
Then we formulated various μFTP bioinks for bioprinting

practice using a photo-crosslinkable cell-laden precursor solution
(5% GelMA and 2.5% gelatin solution carrying 5 × 106 mL−1

HUVECs) as the basic matrix phase. The relatively low concen-
tration of GelMA (5%) was used to promote the growth of HU-
VECs and gelatin was added to enhance the printability, which
could dissociate during 37 °C culturing. Sacrificial microfibers
with or without HUVEC cells were mixed with the matrix phase
solution at the mass ratio of 1:4 to formulate two μFTP bioinks,
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short for μF+cellTP and μF-cellTP, respectively. The microfiber-free
group was taken as the bulk control. According to the previous
optimization, 0.3% sodium citrate solution was chosen and sup-
plemented to culturemedium for the first 12 h to dissolve themi-
crofibers. According to the results of the Cell Counting Kit-8 as-
say (Figure S8A, Supporting Information), μF-cellTP and μF+cellTP
groups showed a higher metabolic activity than the bulk control,
suggesting a better mass transfer condition with the introduction
of channel pores, and the cells in the μF+cellTP group consistently
showed the highest viability.
The brightfield and immunofluorescence staining of the

bioprinted scaffolds (Figures S8B,S9, Supporting Information)
showed that cells in the μF+cellTP group attached to the wall of
channel pores and stretched from day 1 on, indicating the re-
lease and survival of in-situ delivered cells. In the μF-cellTP group,
some cells still migrated to the channel pores and attached to the
wall, though there was no cell loaded in the microfibers. Some
cellular tube structures were seen inside the printed filaments
both in the μF-cellTP and μF+cellTP groups from day 3 on, and
the μF+cellTP group seemed to induce the formation of more con-
fluent endothelium layers (Figure S9, Supporting Information).
In contrast, the number of ECs inside the filaments in the bulk
control group decreased with time and most cells kept a round
shape during the 7-day culture. The cells near the surface tended
to grow and spread, forming a layer of cells on the outer surface
on day 7. Themigration and death of cells inside the hydrogel and
confluent layer formation on the surface were also seen in litera-
ture when encapsulatingHUVECs in bulk hydrogel filaments,[34]

which, to some extent, promoted the formation of an endothelial
layer on the outer surface. However, for our approach, this may
also affect the nutrient acquisition of the inner cells. This is likely
due to the tendency of ECs for physical interfaces and nutrients.
We obtained similar results when using hCMEC/D3 cells instead
of HUVEC cells. On days 3 and 7, we observed tubular structures
formed by cells adhering to the microchannel surfaces, which
demonstrates the versatility of our FTP strategy (Figure S10, Sup-
porting Information).
To further promote the growth of ECs and the formation of

vasculatures, we continue the optimization of the μFTP formu-
lations. Laminin is an important component of the basement
membrane whose function is a mediator of cell adhesion to the
matrix and binding to a variety of growth factors, such as vascu-
lar endothelial growth factor (VEGF).[35] Based on an optimized
protocol in our lab, we incorporated 100 μg mL−1 laminin and
50 ng mL−1 VEGF into the matrix phase of the μFTP bioink.
In addition, 2.5 × 106 mL−1 MRC-5 (human lung fibroblasts)
were also supplemented to serve as a paracrine agent to sup-
port the growth of ECs. We printed multilayered lattice struc-
tures using updated bioink formulations and set up three ex-
perimental groups as before. Both the immunofluorescence and
optical images (Figures 6C,D, Figure 7A) showed that HUVECs
spread well inside the filaments and connected to each other. In
the bulk control group, we observed some inter-cellular junctions
within the first three days of culture. However, these connections
nearly disappeared by day 7, and overall, the cells exhibited min-
imal spreading with no formation of tubular structures. In con-
trast, in both μFTP groups, the sacrificial microfibers provided
a biological interface that offered sufficient space for cell adhe-
sion and spreading. By day 3, abundant interwoven vessel-like

tubular structures were observedwithin the bioprinted filaments,
demonstrating the critical role of the μFTP strategy in promoting
endothelialization. However, by day 7, the tubular structures in
the μF-cellTP group slightly faded, while the μF+cellTP groupmain-
tained a considerable endothelialization.
We quantified the growth of ECs within bioprinted filaments

by calculating the length of CD31 positive region with ImageJ,
which indicates the connection level of endothelial cells (Figure
S11, Supporting Information; Figure 7B). Slices at different z-
axis depths from the confocal images were selected for statisti-
cal analysis. We applied a series of image processing steps to the
original images, ultimately obtaining lines that represent con-
nected endothelial cells, which enabled the calculation of their
lengths. The length values in the control group gradually de-
clined over time, reaching the lowest value among all groups by
day 7. This decrease is probably attributed to the lack of space
for cell spreading and the limited nutrient supply within the
printed filaments, which lead to migration of cells from the inte-
rior to the surface or cell death. Similar to the results shown in
the fluorescence images, the μFTP groups exhibited a great in-
creasing trend in endothelialization during the seven days. The
length of connected cells in μF+cellTP group showed a higher in-
crease trend by day 7 compared with μF-cellTP group, reaching
the highest value among all groups. This outcome may be be-
cause, compared to the μF-cellTP group, endothelial cells in the
microchannels of the μF+cellTP group are more concentrated,
which enhances tight junctions between endothelial cells and
leads to closer cell–cell interactions, helping to maintain en-
dothelialization. Additionally, compared to the μF-cellTP group,
the μF+cellTP group exhibited a higher initial cell density within
the microchannels. Given the substantial nutrient consumption
inside the printed filaments, there weremore cellsmigrating out-
ward from the internal pores, which enhances the connectivity
between the inner and outer interfaces and promotes nutrient
transport.
We further stained VE-cadherin, an endothelial-specific adhe-

sion molecule to show a tight junction between cells and the
formation of the endothelial barrier (Figure 7C-i). Even though
the cells were relatively dispersed on the first day, they intercon-
nected within the channels to form well-defined tubular struc-
tures, and a stronger VE-cadherin expression at the cell bound-
aries was observed on days 3 and 7, indicating the formation
of tight intercellular junctions. ICAM-1 (Intercellular Adhesion
Molecule-1), which is typically upregulated during inflammatory
responses and facilitates the adhesion of leukocytes to endothe-
lial cells, was observed to be expressed in bioprinted μF+cellTP
structures (Figure S12, Supporting Information). The secretion
of von Willebrand factor (vWF) was found in the bioprinted
structure of the μF+cellTP group, which plays a crucial role in
thrombogenicity and could further support the maintenance of
endothelial cell function (Figure S12, Supporting Information).
The higher-Smagnification immunofluorescent images and 3D
reconstruction image of μF+cellTP group clearly presented the
3D tubular structures within the filament (Figure 7C-ii; Figure
S13, Supporting Information). The cross-sectional view of the fil-
ament clearly shows that HUVECs attached to the microchan-
nel densely in all directions and showed a circular cross-section.
Such densely formed vessel-like structures inside the printed fil-
aments were not random but universally occurred throughout

Small 2025, 2501594 © 2025 Wiley-VCH GmbH2501594 (9 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202501594 by L
IL

IA
N

G
 O

U
Y

A
N

G
 - T

singhua U
niversity L

ibrary , W
iley O

nline L
ibrary on [19/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 7. μFTP bioink allows for spread of HUVECs within 3D printed structures. A) Z-stack immunofluorescence images of co-culture 3D bioprinted
structures with the inclusion of laminin and VEGF. CD31, F-actin, and DAPI are stained with green, red, and blue, respectively. B) Quantification of
average length of connected CD31 positive cells in 3D bioprinted structure with inclusion of laminin and VEGF. Two-way ANOVA with a Tukey’s mul-
tiple comparisons test, *p < 0.05; **p < 0.01; ***p < 0.001. Each data point represents the average length value from multiple measurements of one
independent bioprinted structure at different positions (the number of bioprint replicates n = 3). C-i) Z-stack immunofluorescence images of bioprinted
filament and (ii) 3D reconstruction of immunofluorescence-stained scaffolds and cross-sectional view of the bioprinted filament of co-culture μF+cellTP
group on day 7. VE-cadherin, F-actin, and DAPI are stained with green, red, and blue, respectively. Scale bars: 200 μm (A,C-i), and 100 μm (C-ii).

the whole structures, evidenced by the panorama imaging of the
whole scaffold (Figure S14, Supporting Information). Compared
to previous work based on the microfiber-template method, we
have successfully transferred the methodology to 3D bioprint-
ing and achieved a higher density of endothelialized tubular
structures within the hydrogel due to the optimization of the
ink components. Moreover, this density is adjustable. Addition-
ally, we performed paraffin slice and H&E staining on samples
from the μF+cellTP groups at different time points to achieve

clearer characterization of the internal structure of the printed
constructs (Figure S15, Supporting Information). The staining
results revealed many pores within the printed structures, with
cells growing inside. In certain areas, cells were observed ad-
hering to the pore surfaces in cross-sections, forming ring-like
patterns.
In conclusion, we engineer tubular interfaces down to the

building blocks of 3D bioprinting for enhanced microvascular-
ization, which has never been reported before. Although the
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general porogen dispersing approach is limited in controlling
the position and direction of each porogen, our μFTP strategy
represents a way to address the enduring trade-off between fab-
rication resolution and throughput for vascular engineering.
Specifically, we develop the μFTP bioink system and incorporate
an in-situ endothelialization approach, where the microfibers act
as both porogen and carriers for ECs in the 3D bioprinting sce-
nario. Our optimization (e.g., microfiber softening and in-situ
cell seeding) allows us to print customized constructs with a wide
range of proportions of tubular porosity and endothelialization
free of post-cell seeding.

2.5. In Vivo Vascularization

To further investigate whether the μFTP system could promote
the in vivo ingrowth of tissues and blood vessels, we bioprinted
scaffolds with/without microchannels and implanted them sub-
cutaneously into 4-week-oldmale SD rats for four weeks. To favor
the biocompatibility of scaffolds and vascular invasion capabil-
ity, we selected 7.5% GelMA supplemented with 100 μg mL−1 rat
laminin and 50 ng mL−1 rat VEGF as the basic matrix material.
Three groups of cubic scaffolds (10 × 10 × 1.2 mm) were 3D
printed, including the bulk control group (no microfiber added
in the matrix), low porosity μFTP group (1:4 microfiber to matrix
ratio), and high porosity μFTP group (1:2 microfiber to matrix
ratio). The microfibers were properly removed before implanta-
tion and the scaffolds were taken out and characterized at week
2 and week 4. The H&E staining results indicated a clear gel area
in the control group, suggesting a minimum growth of the na-
tive tissues (Figure 8A). In contrast, a large number of cells and
tissues were found in the scaffold microchannels in the μFTP
groups at both week two and week four, showing a significant
tissue in-growth (Figure 8B). At week 4, the cells and tissues oc-
cupied almost all the pores and fused to the scaffolds firmly. The
Masson staining results further confirmed the conclusions above
and showed a thick collagen layer in the tissue-scaffold interfaces
in the bulk control group, while the μFTP groups exhibit uniform
collagen both in the interfaces and inside the bioprinted con-
structs. The immunohistochemistry staining of CD31 demon-
strated obvious CD31 expression in the tissues that grew into the
scaffolds in the μFTP groups and CD31-expressing cells formed
lumens that indicate the location of blood vessels. This demon-
strates the ability of the scaffold to induce the vessel in-growth,
showing a promising in vivo vascularization (Figure 8C). To fur-
ther verify the maturation of blood vessels growing into the in-
terior of the hydrogel, we conducted the immunohistochemical
staining for VE-cadherin, VEGF, and Nestin (Figure S16, Sup-
porting Information). In the μFTP groups in week 2 and week 4,
clear VE-cadherin-expressing was observed in tissues that grew
into the voids of the hydrogel, which proved the presence of blood
vessels and integrity of barrier functions. For the VEGF staining
result, dark regions were found in abundance at the hydrogel-
host tissue interface in bulk control, while VEGF expression was
massively presented in the implants together with the infiltrated
tissues in the μFTP groups. Additionally, noticeable Nestin ex-
pression was observed within the hydrogel in the μFTP groups
in week 2, indicating the presence of neural progenitor cells and
suggesting the possibility of ongoing angiogenesis. However, by

week 4, Nestin expression was not as prominent as in week 2,
which might indicate the in-growth tissues and vessels tend to
be mature.
Immunofluorescence staining of CD31 was conducted to

further visualize the vessels (Figure 8D). Aligning with the
above results, CD31 positive area and mature luminal struc-
tures were seen only inside the μFTP scaffolds but not the
bulk control. Compared to the results at week 2, the results at
week 4 showed a larger number of CD31-positive regions with
stronger fluorescence expression. The hollow structures out-
lined by the fluorescence were also clearly defined. The quan-
tification results further confirm the significant differences in
both CD31 positive areas and lumen numbers (Figure 8E,F). Re-
garding the comparison of porosity, the CD31 positive area in
1:2 group was higher than that in 1:4 group at week 2, while
more CD31 positive area was seen in the 1:4 group at week 4.
Meanwhile, 1:2 group showed more lumen numbers through-
out the four weeks. These results suggest that the scaffolds
with high porosity might induce the growth of more capillar-
ies rather than larger vessels after four weeks, which demon-
strated a better integration between implanted scaffold and native
tissues.
To further compare the vascularization potential of μFTP hy-

drogels and conventional microgel-templated hydrogels in vivo,
we conducted a subcutaneous implantation study comparing
bioprinted microgel-templated group and μFTP group with a
fixed porogen-to-matrix ratio of 1:4, together with a bulk con-
trol group (Figure S17, Supporting Information). Macroscopic
images showed that the bulk group exhibited no significant
vascular ingrowth or attachment. Compared to the microgel-
templated group, the μFTP group had significantly more sur-
rounding vasculatures inside. Subsequently, the hydrogel sam-
ples were extracted, and the adhered host tissue was removed
as much as possible. Under the microscope, vascular ingrowth
was observed in both porous hydrogel groups. In the μFTP
group, the vessels at the sample edges exhibited a clear direc-
tional orientation with smaller diameters. This is likely due to
the microfiber orientation formed during the bioprinting pro-
cess, which guided host vessels into the microchannels. In con-
trast, no significant directional vascularization was observed
in the microgel-templated group. Previous studies have con-
firmed the phenomenon of host blood vessels entering the mi-
crochannels within implants and integrating with the host cir-
culatory system.[25] This suggests the possibility of direction-
ally customized growth and regeneration of host blood vessels
induced by the microchannels aligned with designed printing
path, which needs further investigation in the future. To con-
firm the connectivity and perfusability between the ingrown ves-
sels within the hydrogel and the host vasculature, FITC-Dextran
was administered through the tail vein (Figure S18, Supporting
Information). After allowing time for circulation, hydrogel im-
plants were taken out with the adhered host tissue removed as
thoroughly as possible. Under fluorescence microscopy, green
fluorescence was observed in the vessels within the μFTP hy-
drogel, demonstrating that FITC-dextran had reached the im-
plantation position through the circulatory system. In con-
clusion, our results have demonstrated that the μFTP inks
could significantly promote tissue and blood vessel in-growth
in vivo.
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Figure 8. μFTP enhances in-growth of native tissues and vessels in rat subcutaneous models. Representative microscopic images of A) H&E staining,
B) Masson staining, C) immunohistochemistry staining of CD31 (the dot lines indicate hydrogel interface with animal tissue and the arrows show tissue
in-growth), and D) immunofluorescence staining of CD31 of 3D printed structures at week 2 and week 4 post-implantation. E) Quantification of CD31+
area inside the implants. F) Quantification of the number of CD31+ lumen inside the implants. Two-way ANOVA with a Tukey’s multiple comparisons
test, *p < 0.05; **p < 0.01; ns, not significant. Each data point represents the average value from multiple measurements of one independent implant
at different positions (the number of implant replicates n = 3). Scale bar: 200 μm (A,D).

3. Conclusion

In summary, based on the sacrificial material-aided in-situ cell
delivery strategy, we developed a μFTP bioink system to fabricate
customized 3D structure incorporated with tunable microchan-
nels and thus vasculatures down to the building blocks. The μFTP

bioink exhibits good printability and enables the construction
of complex, large-scale structures with varied porosities (up to
55%) and void channel sizes (from ≈50 to ≈150 μm). The in
vitro cell experiments demonstrate that a faster and higher de-
gree of endothelialization could be achieved by in-situ cell deliv-
ery within the microchannels. The incorporation of biochemical
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cues further enhances the cellular microenvironment of μFTP
formulation and induces a tightly connected endothelium layer.
The in vivo experiments also evidence that the introduction of
microchannels in bioprinted implants leads to the promotion
of the in-growth of blood vessels and native tissues compared
to the bulk counterpart under the same matrix material condi-
tion. Overall, the μFTP bioink provides a general strategy of mi-
crochannel formation down to the building block level and al-
lows for in-situ endothelialization of microvasculatures, facili-
tating vascularization of engineered in vitro tissues. The μFTP
bioink approach shares the benefits from the micropore robust-
ness of porogel templating, construct freeform of 3D bioprinting
and rapid endothelialization of in-situ cell delivery. To the best
of our knowledge, we are the first to report cell-laden-microfiber-
templated bioinks to engineer subvoxel interfaces and enhance
microvascularization in 3D bioprinting scenarios. It is also worth
noting that our μFTP bioink approach faces challenges in direct
control over channel geometry and distribution, which is a com-
mon drawback for the general porogen methodology.

4. Experimental Section
Materials and Reagents: Porcine skin type A gelatin (bloom strength

300 g) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were
purchased from Sigma-Aldrich, USA. TRIzol, NHS-fluorescein was pur-
chased from Thermo-fisher, New Zealand. Sodium alginate and calcium
chloride were purchased from Macklin, China. Sodium citrate was pur-
chased from Aladdin, China. Fluorescent alginate was purchased from
EFL, China. Endothelial cell medium (ECM) was purchased from Scien-
cell, USA. Primary mouse anti-human cluster of differentiation 31 (CD31)
antibody, primary mouse anti-human cluster of differentiation 31 (CD31)
antibody, primary mouse anti-human Von Willebrand factor (vWF) anti-
body, primary mouse anti-human intercellular cell adhesion molecule-1
(ICAM-1) antibody, primary rabbit anti-human alpha-smooth muscle actin
(𝛼SMA) antibody, secondary fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse antibody, and secondary tetramethyl rhodamine (TRITC)-
conjugated donkey anti-rabbit antibody were purchased from Abcam, Aus-
tralia. 70 kDa FITC-Dextran, IFluor 647 phalloidin and DAPI stain solution
were purchased from Yeason, China. ReverTra Ace qPCR RT Kit and SYBR
Green Realtime PCR Master Mix were purchased from TOYOBO, Japan.
GelMA was synthesized by conjugating methacrylate groups to gelatin, as
described previously.[36] Briefly, gelatin was dissolved in pure water at 10%
(w/v) concentration at 50 °C.Methacrylic anhydride (MA) was added drop-
wise to the gelatin solution slowly at 0.6 mL per gram of gelatin with con-
stant stirring. The reaction was kept for 3 h at 50 °C. The reacted solution
was centrifuged at 3000 rpm for 5 min, and the supernatant was diluted
with ultrapure water. The solution was processed using an ultrafiltration
device to purify GelMA. The pH of the solution was subsequently adjusted
to 7.4 using 0.5 m sodium hydroxide solution. The solution was freeze-
dried and stored at −20 °C until use. FITC-conjugated GelMA was synthe-
sized as described previously.[37] Briefly, 0.5 m NaOH was used to adjust
the pH of PBS solution to 8.1 to get working phosphate buffer. GelMA
and NHS-fluorescein were dissolved in the working phosphate buffer sep-
arately to the concentration of 20 and 0.6% (w/v), respectively. After fully
dissolving, the NHS-fluorescein solution was added to the gelatin solu-
tion dropwise at a volume ratio of 1:1 for reaction for 3 h in dark while
stirring and heating (50 °C). Then the solution was diluted and dialyzed
for one week, changing pure water at least twice a day. The solution was
freeze-dried and stored at −20 °C until use.

Fabrication of Alginate Microfibers: Co-axial needles were used to fabri-
cate templated alginate microfibers. To make a co-axial nozzle, the 34G
needle was inserted into the 23G needle and an additional tube was
pierced into the side of the 23G needle as the input opening of the shell
flow. Then AB glue was used to bond the intervals of needles. Tyron mi-

crofluidic tubes with an inner diameter of 500 μm were connected to the
co-axial nozzle to restrict the flow of liquid. Sodium alginate was dissolved
in saline at a concentration of 0.5% as the inner flow, and 180 mm calcium
chloride solution (dissolved in saline) was used as the outer flow to quickly
crosslink alginate solution. Two syringe pumps were separately connected
to the two inlets of co-axial needle and used to control the flow rate. The
flow rate of calcium chloride solution was fixed as 2mLmin−1. For 50, 100,
and 150 μmdiameter microfibers, the alginate flow rate was set at 0.1, 0.2,
and 0.5 mL min−1, respectively. The microfibers were collected from the
end of the tube and stored in calcium chloride solution (180 mm) at 4 °C
until use.

Preparation of Microfiber-Templated Porogel Bioinks: The collected mi-
crofibers were cut into fragments less than 5 mm in length. Then, the
cut fibers were softened by immersing in saline (20 times the volume of
microfibers precursor solution), which could make it easier to separate
and disperse microfibers. To quantify the microfibers and fabricate poro-
gel bioinks with different porosity, the microfibers were extracted by using
40 μmcell filters and centrifugated at 125 g for 3min to remove extra water.
Then, the packedmicrofibers were transferred to an empty tube andweight
out. To prepare the porogel bioinks, the microfibers and matrix solution
(5 or 7.5% (w/v) GelMA solution with 0.125% (w/v) LAP) were mixed at a
certain component ratio (1:9, 1:4, 1:2, and 1:1). The component ratio 1:9
indicates that 1 mg microfibers were mixed with 10 μL matrix solution).
Then the mixture was put into a syringe for subsequent experiments.

Release of Templated Microfibers and Characterization: For a cellular
sample, sodium citrate was dissolved in saline at the concentration of 1%
(w/v). The crosslinked μFTP samples were immersed in the sodium cit-
rate solution for 30 min with gentle shaking to make sure the microfibers
were fully dissolved. For cell-loaded samples, sodium citrate was dissolved
in the ECM culture media to the concentration of 0.3% (w/v), which was
used to incubate the hydrogel samples for 12 h to fully dissolve the alginate
microfibers.

Rheological Measurement: Rheological measurements were per-
formed with Anton Paar MCR302 rheometer platform with PP25 parallel
plate and 300 μm gap. To determine the dissolution process of alginate
microfibers, the microfibers were added at the center of the platform
and immersed in 0.3 wt% sodium citrate solution during the oscillation
test, in which the oscillation frequency, strain, and temperature were
fixed at 1.5 Hz, 1%, and 22 °C, respectively. To determine the rheological
properties of pure sodium alginate fibers before and after softening, the
oscillation frequency and strain were fixed at 1.5 Hz and 1% for the first
ten minutes, followed by a high strain-low strain test to characterize their
self-healing properties. The high strain stage (500%) and low strain stage
(1%) were alternated for four cycles. To measure the thermosensitive
properties of μFTP bioinks with different component ratios, the oscillation
frequency and strain were fixed at 1.5 Hz and 1%, and temperature was
changed between 37 and 4 °C. Oscillatory strain sweep was performed
with logarithmically varying strain values from 0.01 to 10 000%, at a fixed
frequency (1.5 Hz) and temperature (22 °C). In the photo-rheological test,
the oscillation frequency and strain were fixed at 1.5 Hz and 1%, with an
in situ UV irradiation (405 nm, 30 mW cm−2, OmniCure S1500) applied
for 5 min. For the high-low strain test, high strain stage (500%) and
low strain stage (1%) were alternated for three cycles. Unless otherwise
stated, constant values of strain, frequency and temperature were 1%,
1.5 Hz, and 22 °C, respectively.

Compression Measurement: Compression tests were performed with
samples with a diameter of 12 mm and a thickness of 5 mm using Bose
ElectroForce 3200 (Bose Corp.) equipped with a 250 g force sensor. Ramp
compression at a speed ratio of 0.05 mm s−1 was applied to obtain the
stress-strain curve. The compressive modulus was calculated within the
strain range of 0.1–0.2.

Pore Connectivity of Porogel Test Assay: To test the connectivity of the
pores in the microgel- and microfiber-templated porogel, samples with a
diameter of 8 mm and a thickness of 500 μm, containing different porogen
ratios, were prepared. The matrix was labeled with red fluorescence, and
the porogen was completely dissolved. The samples were then soaked in
70 kDa dextran for 30 min and immediately imaged using confocal mi-
croscopy, followed by 3D reconstruction of the structures using Imaris
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software (Figure 3H). The volumes of the red and green fluorescent re-
gions were quantitatively measured, and the ratio of the green fluores-
cent volume to the combined volume of the green fluorescent and non-
fluorescent regions was used as an indicator of pore connectivity.

Extrusion-Based Bioprinting: The bioink was prepared freshly and
transfered to an extrusion-based 3D bioprinter (biomarker 2i, Sunp,
China). Unless otherwise stated, the needle size of bioprinting was 20G
(inner diameter of 580 μm). The print speed and extrusion speed were
set at 5 mm s−1 and 2 mm3 s−1, allowing for the continuous extrusion
of bioink. The large-scale samples (brain, kidney, ear, and nose) models
were downloaded online (https://www.allevi3d.com/) and modified with
Solidworks 2020. After printing, the printed structures were exposed to UV
light (405 nm, 30mW cm−2, EFL-LS-1601) for 120 sec. To test the perfus-
ability of bioprinted large models, 70 kDa FITC-dextran was used to soak
the large-scale model for 12 h.

Cell Culture and Cell Printing: Human umbilical vein endothelial cells
(HUVECs, American Type Culture Collection) were cultured with endothe-
lial cell medium (ECM, Sciencell). Medical Research Council cell strain-
5 (MRC-5, human lung fibroblasts, American Type Culture Collection)
were cultured with Minimum Essential Medium with Eagles salts (EMEM,
American Type Culture Collection) supplemented with 10 vol% FBS and
1 vol% P/S. Cell-loaded matrix material were prepared by mixing cell sus-
pension with specific cell density with 7.5 or 5% GelMA solution (alterna-
tively supplemented with 200 μg mL−1 laminin and 100 ng mL−1 VEGF) at
volume ratio of 1:1. Cell-laden alginate microfibers were fabricated freshly
using the abovementioned co-axial approach with a mixture of HUVEC
suspension at 5 × 106 mL−1 with 1 wt% sodium alginate solution at 1:1
volume ratio. Cell-ladenmicrofibers andmatrix material weremixed at cer-
tain ratio to prepare μFTP bioink.

Cell Viability Assays: To determine cell viability, live/dead staining test
was carried out using Calcein AM/PI (Dojindo, Japan) assay by immers-
ing cellular structure into Calcein AM/PI working solution for 15 min. Live
cells and dead cells are labelled with green and red fluorescence, respec-
tively. The cell proliferation was assessed using the Cell Counting Kit-8
(CCK-8, Yeason, China). Briefly, CCK-8 stock solutionwas dilutedwith ECM
medium at 10 vol% as working solution. 1 mL working solution was added
to each sample in 24-well plate and incubated in 5% CO2 at 37 °C for 2 h.
The absorbance of the working solution at 450 nm was determined using
spectrophotometer (SpectraMax M2, Molecular devices, USA).

Immunostaining: First, cell-laden bioprinted scaffolds were fixed with
4% paraformaldehyde for 2 h at 4 °C. Then, the samples were washed with
PBS solution twice and immersed in PBS with 0.1 vol% TritonX-100, 1 wt%
BSA, and 0.1 vol% Tween 20 for 1 h at room temperature. Samples were
washed with PBS twice and blocked with 5 vol% goat serum and 0.1 vol%
Tween 20 in PBS for 1 h at room temperature. After washing, samples were
incubated with primary antibody solution (CD31 and 𝛼–SMA with volume
ratio of 1:500) overnight at 4 °C. Samples were washed with PBS and sub-
sequently incubated for 3 h with FITC and TRITC conjugated secondary
antibodies (1:250). After that, samples were immersed with IFluor 647
Phalloidin solution for 4 h at room temperature to stain the cytoskeleton.
Then, samples were incubated with DAPI for 10 min and finally washed
and stored in PBS before imaging under fluorescent microscope or confo-
cal microscope.

Quantification of the Endothelialization Degree: The CD31-positive re-
sults from immunofluorescence staining were used to quantify the length
of connected endothelial cells using ImageJ software. The samples were
stained and took confocal z-stacked images captured with 2 μm step us-
ing a Nikon AXR NSPARC microscope. To exclude the interference of cells
on the filament surface, a region within the filament interior for each sam-
ple was chosen, measuring 300 by 600 μm in length and width, with a
thickness of 100 μm. Slices number 10, 25, and 40 in z-stacked images
were used for the statistical analysis. During the image pre-processing
stage, noises were sequentially filtered using techniques including “un-
sharp mask”, “enhanced local contrast”, and “medium” filtering. Then
images were converted to a binary format and smoothed by “Guassian
Blur”, followed by the “skeletonise” treatment to transfer patterns into
lines. Then, the “analyze-skeleton” function was applied to calculate the
length of the lines.

In Vivo Study: 4-week-oldmale SDmice were used in this study and di-
vided into three groups: bulk control group, medium porosity group (1:4),
and high porosity group (1:2 group). Five printed samples (10 × 10 ×
1.2 mm) of each group were implanted into subcutaneous pockets in the
dorsal region of mice anesthetized with 1% sodium pentobarbital during
procedures. Mice were housed together and monitored for four weeks.
No signs of pain or discomfort were observed after surgery or throughout
the study. Mice from each group were anesthetized with sodium pento-
barbital (1%) two and four weeks after subcutaneous implantation. Im-
planted scaffolds and surrounding tissues were retrieved, fixed using 4%
paraformaldehyde solution for 48 h, and encapsulated in paraffin for his-
tological sectioning. The sections were stained with the H&E, Masson,
immunochemistry, and immunofluorescence of CD31 antibody. For FITC-
dextran perfusion, the mice were anesthetized with sodium pentobarbital.
2000 kDa FITC-dextran was then injected into the rats via the tail vein,
and after 30 min of circulation, the implanted samples were taken out
for subsequent observations. The animal experiments were approved by
the Institutional Animal Care and Use Committee, Sinoresearch (Beijing)
Biotechnology Co., Ltd., with Approval no. ZYZ (202 312 010).

Quantitative Real‑Time Polymerase Chain Reaction (qRT‑PCR): TRIzol
(Thermo Fisher Scientific, USA) was used to extract the total RNA from
cells, after which RNA was quantified through a NanoDrop spectropho-
tometer (Thermo Scientific, Germany). Then, RNAwas reverse transcribed
to cDNA using a ReverTra Ace qPCR RT Kit (TOYOBO, Japan). SYBRGreen
Realtime PCRMasterMix (TOYOBO, Japan) was applied to complete qRT-
PCR with a CFX96 Real-time System (BIO-RAD, USA). Gene expression
quantification was analyzed through the 2−ΔΔCt method, with GAPDH
normalized mRNA expression. The forward and reverse primers used for
qRT-PCR are displayed in Table S1 (Supporting Information).

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism X9. Unless otherwise noted, all data were presented as
mean± SD. All statistical significance was analyzed by one-way or two-way
ANOVA with a Tukey’s multiple comparisons test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
L.O. acknowledges the support from the National Natural Science Foun-
dation of China (No. 52475305, No. 52105306, No. 32211530075). The
authors acknowledge R. Xu and B. Dou from the Ouyang Group for kindly
helping with cell culture, and D. Zhou and C. Hua from the Ouyang Group
for kindly helping with material preparation and experiment design.

Conflict of Interest
L.O. and Y.G. have applied for a Chinese patent related to the
study (no. 2023113049369). The authors declare no conflict of interest.

Author Contributions
Y.G. and L.O. designed the study and wrote the manuscript. Y.G. per-
formed the experiments. L.O. supervised the study and gained the fund-
ing. Y.G., Z.W., S.G., and Y.L. contributed to animal experiments. J.L. con-
tributed to the microfiber preparation and fiber dissolution characteriza-
tion. Y.G and X.Z. contributed to the figure design and drawing.

Data Availability Statement
The data that support the findings of this study are available in the
supplementary material of this article.

Small 2025, 2501594 © 2025 Wiley-VCH GmbH2501594 (14 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202501594 by L
IL

IA
N

G
 O

U
Y

A
N

G
 - T

singhua U
niversity L

ibrary , W
iley O

nline L
ibrary on [19/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com
https://www.allevi3d.com/


www.advancedsciencenews.com www.small-journal.com

Keywords
bioink, bioprinting, hydrogel, microchannels, vascularization

Received: February 11, 2025
Revised: March 2, 2025

Published online:

[1] E. C. Novosel, C. Kleinhans, P. J. Kluger, Adv. Drug Deliv. 2011, 63,
300.

[2] P. Martin, Science 1997, 276, 75.
[3] Z. L. Liu, H. H. Chen, L. L. Zheng, L. P. Sun, L. Shi, Signal Transduction

Targeted Ther. 2023, 8, 198.
[4] S. Rajasekar, D. S. Y. Lin, L. Abdul, A. Liu, A. Sotra, F. Zhang, B. Y.

Zhang, Adv. Mater. 2020, 32, 2002974.
[5] D. Rütsche, M. Nanni, S. Rüdisser, T. Biedermann, M. Zenobi-Wong,

Adv. Mater. 2023, 35, 2209476.
[6] D. E. Glaser, M. B. Curtis, P. A. Sariano, Z. A. Rollins, B. S. Shergill,

A. Anand, A. M. Deely, V. S. Shirure, L. Anderson, J. M. Lowen, N. R.
Ng, K. Weilbaecher, D. C. Link, S. C. George, Biomaterials 2022, 280,
121245.

[7] C. Quintard, E. Tubbs, G. Jonsson, J. Jiao, J. Wang, N. Werschler,
C. Laporte, A. Pitaval, T. S. Bah, G. Pomeranz, C. Bissardon, J.
Kaal, A. Leopoldi, D. A. Long, P. Blandin, J. L. Achard, C. Battail, A.
Hagelkruys, F. Navarro, Y. Fouillet, J. M. Penninger, X. Gidrol, Nat.
Commun. 2024, 15, 1452.

[8] D. H. T. Nguyen, S. C. Stapleton, M. T. Yang, S. S. Cha, C. K. Choi, P.
A. Galie, C. S. Chen, Proc. Natl. Acad. Sci. U. S. A. 2013, 110,.

[9] L. L. Ouyang, J. P. K. Armstrong, Q. Chen, Y. Y. Lin, M. M. Stevens,
Adv. Funct. Mater. 2020, 30, 1908349.

[10] M. A. Skylar-Scott, S. G. M. Uzel, L. L. Nam, J. H. Ahrens, R. L. Truby,
S. Damaraju, J. A. Lewis, Sci. Adv. 2019, 5, eaaw2459.

[11] N. Anandakrishnan, H. Ye, Z. P. Guo, Z. W. Chen, K. I. Mentkowski,
J. K. Lang, N. Rajabian, S. T. Andreadis, Z. Ma, J. A. Spernyak, J. F.
Lovell, D. P. Wang, J. Xia, C. Zhou, R. G. Zhao, Adv. Healthcare Mater.
2021, 10, 2002103.

[12] B. Grigoryan, S. J. Paulsen, D. C. Corbett, D. W. Sazer, C. L. Fortin,
A. J. Zaita, P. T. Greenfield, N. J. Calafat, J. P. Gounley, A. H. Ta, F.
Johansson, A. Randles, J. E. Rosenkrantz, J. D. Louis-Rosenberg, P.
A. Galie, K. R. Stevens, J. S. Miller, Science 2019, 364, 458.

[13] P. N. Bernal, P. Delrot, D. Loterie, Y. Li, J. Malda, C. Moser, R. Levato,
Adv. Mater. 2019, 31, 1904209.

[14] S. G. Rayner, C. C. Howard, C. J. Mandrycky, S. Stamenkovic, J.
Himmelfarb, A. Y. Shih, Y. Zheng, Adv. Healthcare Mater. 2021, 10,
2100031.

[15] R. Rizzo, D. Ruetsche, H. Liu, P. Chansoria, A. Wang, A. Hasenauer,
M. Zenobi-Wong, Adv. Mater. Technol. 2023, 8, 2201871.

[16] A. Enrico, D. Voulgaris, R. Ostmans, N. Sundaravadivel, L. Moutaux,
A. Cordier, F. Niklaus, A. Herland, G. Stemme, Adv. Mater. 2022, 34,
2109823.

[17] E. G. Gacasan, R. M. Sehnert, D. A. Ehrhardt, M. A. Grunlan,Macro-
mol. Mater. Eng. 2017, 302, 1600512.

[18] Y.-C. Chiu, J. C. Larson, A. Isom Jr., E. M. Brey, Tissue Eng., Part C
2010, 16, 905.

[19] G. L. Ying, N. Jiang, S. Mahar, Y. X. Yin, R. R. Chai, X. Cao, J. Z. Yang,
A. K. Miri, S. Hassan, Y. S. Zhang, Adv. Mater. 2018, 30, 1805460.

[20] N. A. Sears, T. S. Wilems, K. A. Gold, Z. Y. Lan, S. N. Cereceres, P. S.
Dhavalikar, R. Foudazi, E. M. Cosgriff-Hernandez, Adv. Mater. Tech-
nol. 2019, 4, 1800343.

[21] N. Broguiere, A. Husch, G. Palazzolo, F. Bradke, S. Madduri, M.
Zenobi-Wong, Biomaterials 2019, 200, 56.

[22] L. Ouyang, J. P. Wojciechowski, J. Tang, Y. Guo, M. M. Stevens, Adv.
Healthcare Mater. 2022, 11, 2200027.

[23] L. Shao, Q. Gao, C. Q. Xie, J. Z. Fu, M. X. Xiang, Z. J. Liu, L. L. Xiang,
Y. He, Bio-Des. Manuf. 2020, 3, 30.

[24] L. H. Han, J. H. Lai, S. Yu, F. Yang, Biomaterials 2013, 34, 4251.
[25] J. B. Lee, D. H. Kim, J. K. Yoon, D. B. Park, H. S. Kim, Y. M. Shin, W.

Baek, M. L. Kang, H. J. Kim, H. J. Sung,Nat. Commun. 2020, 11, 615.
[26] S. Li, W. H. Wang, W. T. Li, M. F. Xie, C. X. Deng, X. Sun, C. W. Wang,

Y. Liu, G. H. Shi, Y. J. Xu, X. J. Ma, J. W. Wang, Adv. Funct. Mater. 2021,
31, 2102685.

[27] A. Lammers, H.-H. Hsu, S. Sundaram, K. A. Gagnon, S. Kim, J. H.
Lee, Y.-C. Tung, J. Eyckmans, C. S. Chen,Matter 2024, 6, 2184.

[28] J. M. Szymanski, A. W. Feinberg, Biofabrication 2014, 6, 024104.
[29] Z. J. Meng, W. Wang, R. Xie, X. J. Ju, Z. Liu, L. Y. Chu, Lab Chip 2016,

16, 2673.
[30] K. Fong, T. J. Smith, Pharm. Dev. Technol. 2009, 14, 341.
[31] Z. J. Wu, X. Su, Y. Y. Xu, B. Kong, W. Sun, S. L. Mi, Sci. Rep. 2016, 6,

24474.
[32] C. M. Wacker, F. Wiesmann, M. Bock, P. Jakob, J. J. W. Sandstede, A.

Lehning, G. Ertl, L. R. Schad, A. Haase, W. R. Bauer, Magn. Reson.
Med. 2002, 47, 1013.

[33] S. N. Rasmussen, Pflugers Arch. 1973, 342, 61.
[34] Y. S. Zhang, A. Arneri, S. Bersini, S. R. Shin, K. Zhu, Z. Goli-

Malekabadi, J. Aleman, C. Colosi, F. Busignani, V. Dell’Erba, C.
Bishop, T. Shupe, D. Demarchi, M. Moretti, M. Rasponi, M. R.
Dokmeci, A. Atala, A. Khademhosseini, Biomaterials 2016, 110, 45.

[35] J. Gautam, X. M. Zhang, Y. Yao, Sci. Rep. 2016, 6, 36450.
[36] L. L. Ouyang, J. P. K. Armstrong, Y. Y. Lin, J. P. Wojciechowski, C. Lee-

Reeves, D. Hachim, K. Zhou, J. A. Burdick, M. M. Stevens, Sci. Adv.
2020, 6, eabc5529.

[37] H. Shirahama, B. H. Lee, L. P. Tan, N. J. Cho, Sci. Rep 2016, 6, 31036.

Small 2025, 2501594 © 2025 Wiley-VCH GmbH2501594 (15 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202501594 by L
IL

IA
N

G
 O

U
Y

A
N

G
 - T

singhua U
niversity L

ibrary , W
iley O

nline L
ibrary on [19/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com

