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ABSTRACT: Hydrogel encapsulation is a rational approach that facilitates
three-dimensional inoculation, arrangement, and culture of living mammalian
cells for biomedical applications. However, strategies to form capillary-like
conduits in hydrogels remain challenging due to low spatial resolution and
difficulty in controlling the location of multiple cell types. Herein, we propose
a highly unique process of constructing hydrogel sponges with tailored pore
densities using finely fragmented microfibers as sacrificial porogens. A facile
production process for automatically fragmented hydrogel microfibers (AF
fibers) was developed through micronozzle-assisted hydrodynamic spinning
and shear force application during gelation. Hydrogel sponges were prepared
using photo-cross-linkable gelatin as the matrix and AF fibers dispersed in the precursor solution. We cultured liver cells in the
sponges and evaluated the morphology and pore connectivity of the sponges and cellular functions. Furthermore, to create tissue
models highly mimicking the cellular assembly in vivo, coculture of two types of cells was demonstrated in a position-controlled
manner using cell-encapsulating AF fibers. The proposed approach of rationally designing hydrogel sponges is highly versatile in 3D
cell culture for cell-based drug evaluation and regenerative medicine because of the simplicity of preparation and its impact on
cellular functions.

1. INTRODUCTION
Three-dimensional (3D) mimicry of living tissues with
appropriate cellular microenvironments offers alternatives to
cell-based drug evaluation and regenerative therapies. In
particular, tailoring the matrix properties while considering
physiological cell−cell interactions allows for the accurate
reproduction of organ-associated cellular functions.1 Innova-
tions in additive manufacturing and 3D bioprinting tech-
nologies have opened new ways to create tissue equivalents by
finely assembling multiple cells.2 Many approaches for the
rational design of hydrogel-based 3D cell culture systems have
been presented using alginate,3 PEGDA,4 and photo-cross-
linkable gelatin-based precursor solutions5,6 as cell-supportive
matrices. Additionally, more advanced functionalities of tissue
models have been realized by coculturing heterotypic cells,7−9

chemically functionalizing biopolymers,10,11 and tuning the
mechanical properties of hydrogels.12−14

When cells are embedded in hydrogels at a high density,
similar to in vivo tissues, the supply of nutrients and oxygen to
the cells located deep within the hydrogel does not meet the
standards required by the cells. The microenvironment for cells
positioning near the center of multicellular spheroids becomes
hypoxic when the spheroid size becomes larger than
approximately 200 μm.15−18 This situation is similar for
hydrogel-based cell culture systems; O2 levels within the

hydrogel matrix rapidly decrease, and cell necrosis occurs in
areas distant from the surface.19,20

Therefore, attempts have been made to create vascular
network-like conduits in tissue constructs. Researchers have
proposed unique approaches for preparing hydrogels with
embedded interconnected micropores. A representative
example is the 3D bioprinting method using two types of
bioinks: one forming a cell-embedded hydrogel matrix, and the
other forming pores as a sacrificial support material.21,22 Based
on this process, vasculature network-like structures were
fabricated using an alginate hydrogel or fugitive Pluronic F-
127 ink as a sacrificial material.23,24 Techniques for the
accumulation and assembly of cell-adhesive microbeads have
also been developed to form 3D tissues with internal
pores;25−27 the spaces between the beads function as densely
arranged conduits, thus solving the problem of relatively low
resolution in 3D bioprinting techniques. Additionally, unique
phase-separation behaviors of aqueous polymer solutions have
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recently been applied to the formation of hydrogel
sponges.28−30

Among various technologies to form capillary structures, the
use of microfibers or microbeads as sacrificial porogens is a
promising method.22,31 Such micrometer-sized materials as
sacrificial porogens allow for the precise control of pore
morphology and density, as well as the creation of capillary-
sized conduits with high precision. Moreover, introduction of
cells into the inner surface of the lumen is possible using
sacrificial materials with embedded living cells.32,33 Microbeads
are the most commonly used porogens because they are easy
to fabricate; however, the morphology of the lumen formed by
spherical beads is completely different from that of vascular
networks in living tissues. Furthermore, porosity cannot be
widely tailored because the volume ratio of the beads must be
sufficiently high to ensure pore connectivity. Microfibers as an
alternative material may be advantageous in terms of the
formation of linear conduits; however, complicated protocols
and devices are required to produce such fibers.34,35 In
addition, to disperse the fibers uniformly in precursor solutions
for preparing hydrogels, a fragmentation process mostly
involving manual cutting operation is required.
To overcome these limitations, a new strategy is required to

efficiently produce fragmented fiber-type porogens without any
complicated and labor-intensive protocols. Ideally, such a
material should be (i) dispersible in an aqueous solution of a
hydrogel precursor solution without entanglement, (ii)
amenable to encapsulating intact cells, (iii) easily removable
or dissolvable, and (iv) controllable in the morphology,
especially the fragmentation length. To the best of our
knowledge, methods for efficiently preparing hydrogel micro-
fibers that are fragmented into desired lengths without
mechanical cutting processes and are capable of encapsulating
intact cells in the matrix have not been established. Hydrogel
sponges prepared using fiber-type porogens are advantageous
because interconnected pores are easily formed, and their size
and density are tunable. The morphological similarity of such
hydrogel sponges to tissue microenvironments in vivo would
upregulate cellular functions in in vitro culture platforms.
In the present study, we developed a new method for

efficiently producing sacrificial, autofragmented, and fiber-type
porogens that can be utilized for creating hydrogel sponges. As
shown in Figure 1, a micronozzle-based hydrodynamic
spinning process for Ca-alginate hydrogel fibers with a
combination of shear force applications is proposed. The
resulting autofragmented microfibers (AF fibers) were then

used as high-density porogens to create a hydrogel sponge with
a tailored internal pore density. We used GelMA as a matrix for
the hydrogel sponge, cultured liver cells (HepG2 cells) in the
hydrogel matrix, and characterized their viability, proliferation,
and function. In addition, we demonstrated the position
control of the two cell types by coculturing them inside the
hydrogel matrix and on the lumen of the pores.

2. MATERIALS AND METHODS
2.1. Preparation of GelMA. GelMA was prepared

according to previously established protocols28,36 with minor
modifications. In brief, gelatin (type A, from porcine skin,
Sigma-Aldrich, MO, USA) was dissolved in phosphate buffered
saline (PBS) at 50 °C at a concentration of 10% (w/v).
Methacrylic anhydride (final conc. of 7% (v/v), Sigma-
Aldrich) was added to this solution, and the mixture was
stirred for 2 h at 50 °C to proceed the methacrylation reaction.
The mixture was dialyzed in DI water using a dialysis
membrane (size 36; Fujifilm Wako Pure Chemical, Osaka,
Japan) for 7 days. The purified GelMA solution was freeze-
dried using a freeze-dryer (FDS-1000, EYELA, Tokyo, Japan)
to obtain the dried GelMA powder, which was stored at −20
°C until use.
2.2. Cell Culture and Preparation. HepG2 (human

hepatoma cell line) and Swiss 3T3 (mouse fibroblast cell line)
cells were provided by Riken BRC (Ibaraki, Japan). These cells
were cultured in DMEM (Fujifilm Wako) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, MA, USA),
100 U/mL penicillin, and 0.1 mg/mL streptomycin (Sigma-
Aldrich) at 37 °C with 5% CO2 in a CO2 incubator. Cells at
70−80% confluency were harvested from cell culture dishes by
trypsin−EDTA (Sigma-Aldrich) treatment. The harvested cells
were suspended in saline and then large cell aggregates were
removed using a cell strainer (mesh size of 70 μm, Corning,
NY, USA). When coculturing HepG2 and Swiss 3T3 cells in
the hydrogel sponge, these cells were stained green and red
using PKH67 Green and PKH26 Red Fluorescent Cell Linker
Kits (Sigma-Aldrich), respectively.
2.3. Preparation of Autofragmented Microfibers. The

powder of sodium alginate (Na-Alg, high mannuronic acid
content, IL-6M, KIMICA, Tokyo, Japan) was preheated at 100
°C for 10 min in a convection oven to reduce the possibility of
microbial contamination. To prepare autofragmented micro-
fibers (AF fibers) without encapsulating cells, an aqueous
solution of 2.5% Na-Alg in saline was used as the precursor
solution. A gelator solution (volume of 100 mL), which was an

Figure 1. Schematic showing the concept of this study. Autofragmented sacrificial microfibers (AF fibers) were prepared by shear-assisted
hydrodynamic spinning, and then they were used as sacrificial porogens to create cell-encapsulating hydrogel sponges with internal conduits.
Coculture of two types of cells at different positions (in the hydrogel matrix and on the lumen) is achieved.
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aqueous solution of 20 mM CaCl2, 0.72% NaCl, and 2% PEG
(average Mw of 300,000−500,000, Fujifilm Wako), was stirred
in a 300 mL beaker using a tornado stirrer (PM-201, AS ONE,
Osaka, Japan). The precursor solution was continuously
pumped into the stirred gelator solution using a syringe
pump (KDS200, KD Scientific, MA, USA) through a Teflon
tubing and a thin blunt-tip syringe needle (Ophthalmic Needle
30 G, Nipro, Osaka, Japan). The needle tip was bent 90° such
that the extruded flow of the precursor solution was parallel to
the surrounding flow (Figure 1). The generated AF fibers were
washed with an aqueous solution of 20 mM CaCl2 and 0.72%
NaCl twice via gentle centrifugation. From microscopic
images, the widths of the fibers were measured at three
locations, and the average of these values was used as the
diameter; at least 50 fibers were measured for each condition.
For preparing AF fibers encapsulating microparticles, 3.2 μm

red fluorescent particles (R0300, Thermo Fisher Scientific)
were suspended in the precursor solution at a concentration of
approximately 5 × 107 particles/mL. To prepare Swiss 3T3
cell-encapsulating AF fibers, bovine serum albumin (BSA; final
conc. of 0.5% (w/v); Rockland Immunochemicals, PA, USA)
and HEPES (final conc. of 10 mM, Thermo Fisher Scientific)
was added to the precursor solution. Swiss 3T3 cells were then
added to this solution at a final conc. of 2.5 × 107 cells/mL and
gently though thoroughly dispersed. Finally, AF fibers were
prepared in the same way as described above.
2.4. Preparation of Hydrogel Sponges. First, the

hydrogel sponges without embedding cells were prepared.
Fibers encapsulating red fluorescent microparticles were used
to evaluate the solubility of the AF fibers; otherwise, fibers
without particles were employed. The suspension of the AF
fibers was centrifuged, the supernatant was removed by
pipetting and the remaining water was completely removed
using a clean wipe. The fiber pellet was introduced into a
chamber prepared by bonding a 1 mm thick silicone sheet with
an 8 mm diameter hole and a flat glass slide. A photoinitiator
(Irgacure 2959, BASF Japan, Tokyo, Japan) was added at a
final concentration of 0.5% to a 30% GelMA solution
containing 0.9% NaCl. This solution, warmed at 37 °C, was
poured onto the pellet of the AF fibers in the chamber, with
adjusting the volume of the fiber pellet and the GelMA
solution by weighing. After gently and thoroughly mixing the
suspension with tweezers, GelMA in this precursor solution
was cross-linked by UV irradiation for 30 s each from the top
and bottom surfaces using a UV irradiation system with a
mercury lamp (UIV270, Ushio, Tokyo, Japan). Simulta-
neously, the UV light shorter than 350 nm was cut by a
long-pass filter (ZUL0350, Asahi Spectra, Tokyo, Japan). The
obtained hydrogel was collected from the chamber and placed
in an aqueous solution of 75 mM EDTA-3Na at room
temperature and gently shaken (72 rpm) for 45 min using a
reciprocating shaker to dissolve the sacrificial AF fibers.
A similar procedure was used to prepare hydrogel sponges

encapsulating living cells. The GelMA solution was premixed
with a pellet of HepG2 cells at a final concentration of 2.5 ×
107 cells/mL, and then, AF fibers were added to this solution
and hydrogel sponges were prepared. For coculturing HepG2
cells and Swiss 3T3 cells, AF fibers encapsulating Swiss 3T3
cells were used. The obtained hydrogel sponges were placed in
60 mm dishes containing 7 mL of cell culture medium and
incubated in a 5% CO2 incubator. The culture medium was
changed every 2 days.

2.5. Characterization of the Hydrogel Sponges. To
observe the cross-sectional morphology of the hydrogel
sponge, the hydrogel was embedded in O.C.T. compound
(Sakura Finetek, Tokyo, Japan), frozen, and then thin sections
(10 μm thick) were prepared using a cryostat (CM-1510S,
Leika Microsystems, Eisfeld, Germany). The GelMA hydrogel
matrix was stained with picrosirius red (Picrosirius Red Stain
Kit, Polysciences, PA, USA) and observed under a phase-
contrast/fluorescence microscope (IX71, Olympus, Tokyo,
Japan).
The continuity of the pores in the hydrogel sponge was

evaluated by two approaches. In the first method, AF fibers
encapsulating the red 3.2 μm fluorescent microparticles were
used, and the ratio of particles eluted from the GelMA
hydrogel into the surrounding EDTA solution during fiber
dissolution was evaluated. In the second method, an aliquot of
a suspension of the red 3.2 μm and green 9.9 μm (G1000,
Thermo Fisher Scientific) microparticles was dropped onto a
hydrogel sponge, which was prepared using AF fibers without
encapsulating particles and placed on a wipe. Thin frozen
sections were prepared using the protocol described above and
the positions of the particles in the cross sections were
observed using the microscope.
2.6. Characterization of Cells in the Hydrogel

Sponges. 2.6.1. Cell Viability Assay. Live/Dead assay was
performed for the HepG2 cells cultured in the hydrogel sponge
at Days 0 and 3. The hydrogel sponge was cut into half in a
vertical direction using a razor blade, and cells on the cross-
section were stained using a Live/Dead Viability Kit (Thermo
Fisher Scientific), according to the manufacturer’s protocol.

2.6.2. Immunohistochemical Analysis of Ki-67. To
characterize the proliferative ability of the encapsulated cells,
the expression of Ki-67, a nuclear protein used as a
proliferation marker, was investigated immunohistochemically.
First, hydrogel sponges embedding cells were fixed overnight
in 10% formalin neutral buffer solution (Fujifilm Wako), then
dehydrated by ethanol, and embedded in paraffin. Thin
sections with a thickness of 7 μm were prepared using a
microtome (RX-860, Yamato Kohki, Saitama, Japan). For
antigen retrieval, the dewaxed paraffin sections were autoclaved
in citrate buffer (PH 6.0) at 121 °C for 7 min. The sections
were blocked with 10% donkey serum, incubated with rabbit
anti-Ki-67 antibody (ab15580; Abcam, Cambridge, UK), and
then with donkey antirabbit IgG Alexa 594 (Thermo Fisher
Scientific). Finally, the sections were mounted in ProLong gold
antifade reagent with DAPI (Thermo Fisher Scientific) and
observed using the microscope. The ratios of the Ki-67-
positive cells were evaluated from approximately 300 cells for
each sample in randomly selected images (n = 4) for both
surface (<200 μm from the surface) and central regions (>200
μm from the surface) of the hydrogel.

2.6.3. Gene Expression Assay. The expressions of liver cell-
specific genes of the HepG2 cells cultured in the hydrogel
sponges were investigated using quantitative reverse tran-
scription PCR (RT-qPCR). In the single culture condition,
total RNA was extracted and purified from the cell-
encapsulating hydrogel sponges at Days 4 and 7 using TRIzol
reagent (Thermo Fisher Scientific) and a polytron homoge-
nizer (PT 10/35, Kinematica AG, Malters, Switzerland). Then,
a Pure Link RNA mini kit (Thermo Fisher Scientific).
Genomic DNA was removed using DNase I (Thermo Fisher
Scientific). Complementary DNA was synthesized from 0.2 μg
of the template RNA using SuperScript IV VILO reverse
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transcriptase (Thermo Fisher Scientific). RT-qPCR analysis
was performed with TaqMan Master Mix using the
StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific). The expression levels of target and reference
genes were evaluated using TaqMan probes and primers for
albumin (ALB, Hs00609410_m1), ornithine transcarbamylase
(OTC, Hs00166892_m1), apolipoprotein A1 (ApoA1,
Hs00985000_g1), and hypoxanthine phosphoribosyltransfer-
ase 1 (HPRT1, Hs02800695_m1). Relative gene expression
levels were analyzed using comparative CT method and
normalized to the expression levels of HPRT1 as the
housekeeping control. Finally, the gene expression of the
control 2D culture on a culture plate at Day 3 was normalized
to 1. Gene expression analysis for the coculture condition was
conducted similarly, using GAPDH (Hs99999905_m1) as the
housekeeping control. The specificity of the TaqMan probes
and primers for human cells (HepG2) was experimentally
confirmed.
2.7. Statistical Analysis. The obtained data were statisti-

cally analyzed by t-test or one-way analysis of variance
(ANOVA) with Games-Howell or Bonferroni post hoc tests
using IBM SPSS Statistics software (IBM Japan, Tokyo,
Japan). Differences were considered significant at *p < 0.05
and **p < 0.01.

3. RESULTS AND DISCUSSION
3.1. Preparation of Autofragmented Alginate Micro-

fibers. There are several major requirements for fibers made of
alginate hydrogel to be used as an efficient sacrificial material.
First, the fiber diameter should be sufficiently small to form
capillary-sized conduits. Second, the fibers must be fragmented
into appropriate lengths and must be easily dissolved and
removed. Several methods using microfluidic devices have
been reported to produce alginate hydrogel microfibers.
However, fragmented fibers can only be obtained by
implementing complex physical cutting mechanisms,37,38 or
bubble-triggered fragmentation.39,40 Therefore, in this study,
we developed a new and efficient process to fabricate fibers

that satisfy the aforementioned requirements. As shown in
Figure 1, micronozzle-based hydrodynamic spinning combined
with shear-induced fragmentation is proposed. Here high
molecular weight PEG (Mw of 300,000−500,000) was added
to the gelator solution to increase the shear force generated by
stirring; the viscosity of the gelator solution was measured to
be 20.5 mPa s at 25 °C.
Figure 2a shows microscopic images of the AF fibers

obtained under different conditions together with the results of
controlling the fiber morphology. When the flow rate of the
Na-Alg solution was 40 μL/min and the stirring speed was
1000 rpm, the mean diameter of the obtained fibers was
approximately 16 μm. Notably, the fibers were effectively
fragmented with a mean length of 400−500 μm. The fiber ends
were thin and sharp, probably because they were stretched by
the shear forces generated by stirring during gelation. Under
conditions without stirring, long fibers were formed and they
were not fragmented (data not shown). Despite the use of a
relatively large 30 G syringe needle as the micronozzle (OD:
300 μm; ID: 140 μm), fibers with much smaller diameters
were obtained. This can be attributed to the dehydration of the
precursor solution during gelation and the flow-focusing effect
by the surrounding flow. To the best of our knowledge, no
previous reports are available on the automatic fragmentation
of micrometer-thick alginate fibers using a simple experimental
setup. As the fibers were not too long, they were dispersed in
the gelator solution without entanglement.
3.2. Morphology Control of the AF Fibers. Controlling

the morphology of the AF fibers is of great importance for
reducing entanglement and generating a network of conduits
with the desired size and density in the hydrogel. Therefore,
we attempted to control the length and diameter of the fibers
by varying two factors that could crucially affect these
parameters: the flow rate of the precursor solution and the
stirring speed.
First, the flow rate of the precursor solution was varied. As

shown in Figure 2b, the fiber diameter increased as the flow
rate increased. Theoretically, if the flow velocity around the

Figure 2. (a) Micrographs showing the AF fibers prepared under different conditions of the flow rate of the precursor solution. The stirring speed
was 1000 rpm. (b, c) Effects of (b) the flow rate of the precursor solution and (c) the stirring speed on the diameter and length of the AF fibers.
Each data shows the mean ± SD of at least 50 fibers.
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nozzle is constant, the thread diameter of the precursor
solution extruded from the nozzle is proportional to the square
root of the feed flow rate; this tendency was observed in this
experiment. The thinnest fibers were 12 μm in the mean
diameter and the thickest were 37 μm. AF fibers of such
diameter are considered significantly useful for generating
high-density conduits that function as capillary networks in
hydrogel sponges. The length of the AF fibers increased as the
flow rate increased, although the variation in fiber length was
relatively large. The increased flow rate of the precursor
solution resulted in a smaller difference between the velocities
of the extruded and surrounding flows, possibly resulting in a
reduced shear force and generation of longer fragments. When

PEG with a lower molecular weight (Mw = 6,000) was used as
a thickener, the fiber diameter increased by approximately 2-
fold (data not shown). This indicates that the viscosity of the
gelator solution has a critical impact on the fiber diameter.
The effect of the stirring speed on the fiber morphology was

also investigated. As shown in Figure 2c, the effect of the
stirring speed on the fiber length was much more significant
and the length was changed in a range of 500 to 1500 μm; the
higher stirring speed resulted in greater shear force, generating
shorter fragments. The AF fibers prepared at 500 rpm were
relatively long and easily tangled when dispersed in an aqueous
suspension. In the following all experiments AF fibers
produced at the stirring speed of 1000 rpm and the flow rate

Figure 3. Dissolution of the AF fibers encapsulating red fluorescent particles (φ = 3.2 μm). These microscopic images were captured at (a) 0, (b)
30, and (c) 60 s after dipping the AF fibers in the EDTA solution.

Figure 4. Characterization of the hydrogel sponges. (a) Photographs of the hydrogel before and after dissolving the AF fibers in the EDTA
solution. The volume ratio of the GelMA solution and the AF fiber was changed as indicated. (b) The ratios of the particles released from the
hydrogel during the dissolution of the AF fibers in the EDTA solution. (c) The cross-sectional morphologies of the uniform hydrogel (100:0 ratio)
and hydrogel sponges (70:30 or 30:70 ratio). The GelMA matrices were stained by Picrosirius red. (d) Penetration of fluorescent microparticles
dropped onto the hydrogel sponges. Green (9.9 μm) and red (3.2 μm) particles were applied, and the cross sections were directly observed.
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of 40 μL/min (a mean length of 500 μm and a mean diameter
of 16 μm) were used, because longer fibers are more prone to
entangling, while thicker fibers risk the leakage of cells from the
internal conduits.
3.3. Dissolution of the AF Fibers. The dissolvability of

the sacrificial AF fibers is another crucial factor that determines
the formation speed and efficiency of hydrogel sponges.
Alginate polymers are composed of two types of sugar units,
mannuronic acid and guluronic acid, and the stability, strength,
and solubility of hydrogels are affected by the ratio of these
monomer units to the counter cations.41,42 In this study,
EDTA-3Na was used as the chelating agent for Ca2+, and its
concentration was set to 75 mM so that this solution became
nearly isotonic. The dissolution behavior of the AF fibers
encapsulating 3.2 μm red fluorescent particles was observed. As
shown in Figure 3, the fibers immediately began to swell and
dissolve when placed in the EDTA solution. After 30 s of
incubation, the fibers swelled significantly, and after 60 s, the
particles diffused into the surrounding medium. This result
clarified that the sacrificial AF fibers can be rapidly removed
owing to their high dissolvability and used to form capillary-
like conduits in the hydrogel.
3.4. Preparation and Characterization of Hydrogel

Sponges. Hydrogel sponges were fabricated using the
prepared AF fibers as sacrificial materials. As a hydrogel
material for cell encapsulation and cultivation, we chose a
photo-cross-linkable gelatin derivative, GelMA, which is often
used as a bioink for 3D bioprinter43,44 and has biocompatible
and cell-adhesive properties. Initially, we fabricated hydrogel
sponges using cell-free GelMA and the AF fibers. The volume
ratio of the AF fibers, which is a crucial parameter for
determining the density, morphology, and connectivity of the
pores, was varied. The prepared AF fibers were able to be
dispersed in a GelMA solution at a high concentration (e.g.,
the volume ratio of 70%) without entanglement. When the
mixed precursor solution with the AF fibers in the chamber
was irradiated with UV light, a cylindrical hydrogel plate was
formed. Figure 4a shows the photographs of the hydrogels
prepared with different volumetric fiber ratios before and after

dissolving the fibers. The uniform hydrogels that did not
incorporate the AF fibers were relatively transparent. In
contrast, as the fiber content increased, the hydrogels became
opaque. After treating the hydrogel in the EDTA solution, the
hydrogel incorporating the AF fibers at 70% became less
opaque, indicating that the fibers were removed by this
treatment. To investigate the dissolution behaviors of the AF
fibers in detail, we evaluated the ratios of the fluorescent
particles released from the AF fibers in the hydrogel to the
surrounding medium. As shown in Figure 4b, regardless of the
volumetric fiber ratio, the elution of particles reached a plateau
after 40 min of dissolution under all conditions. A larger fiber
ratio resulted in a higher degree of released particles, indicating
that the pores in the hydrogels were more continuous.
Notably, when the volume ratio of the AF fibers was 80%,
GelMA in the precursor solution was also well cross-linked, but
the resulting hydrogel sponge was highly fragile. In addition, 2
mm thick hydrogel sponges were also successfully obtained via
UV cross-linking and fiber dissolution.
The density and morphology of the pores inside the

hydrogel sponge were then directly observed by preparing thin
frozen sections. The hydrogel matrix of GelMA was stained red
with Picrosirius red dye. As shown in Figure 4c, no pores were
observed in the control hydrogel prepared without fibers. In
the hydrogel sponge prepared with 30% of the AF fibers, many
pores were formed; however, they seemed mostly independent
of each other. The shapes of the pores varied from nearly
round to long and thin because the fibers were randomly
oriented in the hydrogel. On the other hand, when the volume
ratio of the AF fibers was 70%, the pore density became
significantly high, and pores were clearly interconnected.
Under this condition, the densely arranged pores morpholog-
ically mimic capillary networks in some organs, as represented
by the sinusoidal capillaries in the liver.45

Finally, to further verify whether the internal pores of the
hydrogel sponge were sufficiently continuous to transport
medium components to deep regions, a particle penetration
test was performed. The prepared sponges were placed on a
wipe and DI water containing fluorescent particles (3.2 and 9.9

Figure 5. Live/dead assays of the encapsulated HepG2 cells at Days 0 and 3, for (a) uniform hydrogel, (b) hydrogel with embedded AF fibers
without the dissolution process, and (c) hydrogel sponge prepared at the volume ratio of the AF fiber of 70%, respectively. Viable cells were stained
green and dead cells were stained red.
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μm) was dropped on top of them, followed by the preparation
of frozen sections and microscopic observation. As shown in
Figure 4d, in the hydrogel sponge prepared at a volumetric
fiber ratio of 30%, the dropped particle suspension remained
on the surface, and the particles also did not flow into the
sponge. In the hydrogel sponge prepared with 70% fiber, the
particle suspension dropped onto the surface and rapidly
absorbed through the hydrogel onto a wipe. Cross-sectional
observation revealed that the 3.2 μm particles flowed into the
inner pores, although the number of the larger 9.9 μm flowed
through the matrix was smaller. This result confirmed that the
appropriately tailored pores inside the hydrogel sponge were
sufficiently continuous to deliver the medium components
directly to the hydrogel interior.
3.5. Cultivation of Mammalian Cells in the Matrix of

Hydrogel Sponges. As an application of the hydrogel
sponges with unique internal microstructures, we created liver
tissue models. In the liver, capillary networks are regularly and
densely organized. Hepatocytes, the parenchymal cells of the
liver, are in close proximity to the capillaries through a thin
layer of sinusoidal endothelial cells and are embedded in a
matrix containing collagen.7 We expected that such a cellular
arrangement in the hydrogel sponge would mimic the tissue
microarchitectures in vivo in a sophisticated but highly
simplified manner. We used HepG2 cells, a human hepatoma
cell line and commonly used as liver cell models with drug
metabolism activities.46,47

First, we determined whether the presence of cells affected
the hydrogel sponge formation. The cell-embedding hydrogel
sponges were prepared using a similar process as in the cell-
free GelMA hydrogel at a volumetric fiber ratio of 70%. As a

result, GelMA was successfully cross-linked and a hydrogel
sponge was formed after the dissolution of the AF fibers, even
though the density of the cells in the precursor suspension was
high (2.5 × 107 cells/mL). This result indicates that sufficient
UV light was applied to the precursor suspension, and the
presence of the cells did not affect the removal of the sacrificial
AF fibers.
To characterize the encapsulated cells, first, cell viability in

the GelMA matrix was examined. For this experiment, in
addition to the hydrogel sponge, we prepared a uniform
hydrogel made of GelMA only as a control and a hydrogel
sponge prepared at the fiber ratio of 70% without dissolving
the AF fibers. Under these conditions, the concentrations of
the cells in the GelMA solution before adding fibers were set to
equal, 2.5 × 107 cells/mL. The cell viability in these hydrogels
at Days 0 and 3 was evaluated, as shown in Figure 5. At Day 0,
more than 90% of the cells were viable in all of these
conditions. These results demonstrate that the preparation
process of the hydrogel sponge, including the EDTA
treatment, did not affect the cell viability. At Day 3, in marked
contrast, a significant difference was observed between these
conditions. In both the uniform hydrogel and the hydrogel
without dissolving the AF fibers, the ratios of viable cells were
extremely low, less than 10% (Figure 5a,b). In the hydrogel
sponges, the cell viability remained over 90%, and cells
exhibited elongated morphologies (Figure 5c). In general, in
3D culture systems using hydrogels, necrosis occurs because of
a lack of oxygen supply when the distance from the culture
medium increases.19,20 The results obtained here suggest that
in the hydrogel sponges, cell viability was dramatically
improved, mostly owing to the positive effect of the

Figure 6. Immunohistochemistry of Ki-67 for HepG2 cells in the (a) uniform hydrogel and (b) hydrogel sponge at Day 3. Dashed white lines
indicate the hydrogel surface. (c) Ratios of the Ki-67-positive cells. Each data represents the mean ± SD from 4 samples. **p < 0.01.

Figure 7. Gene expression analysis of HepG2 cells cultured on a culture plate at Day 3 (70−80% confluency) and encapsulated in the hydrogel
sponge (Day 4 and Day 7) by RT-qPCR. ALB: albumin; OTC: ornithine transcarbamylase; ApoA1: apolipoprotein A1. Each data represents the
mean ± SD from 6 samples. **p < 0.01.
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interconnected internal pores on the enhanced transport of
oxygen and nutrients.
The proliferative ability of the encapsulated HepG2 cells was

also examined. The expression of the proliferation marker
protein Ki-67 was investigated by immunostaining. Compar-
isons were made with uniform hydrogels prepared without
using the AF fibers. In addition, to clarify the positional effects
in the hydrogel, we separately observed and evaluated the
surface area (within 200 μm from the surface) and the center
area (deeper than 200 μm from the surface). The results are
shown in Figure 6. In the uniform hydrogel Ki-67 positive cells
were present in the surface area; however, those in the center
area were limited, only approximately 20% (Figure 6a). In
contrast, in the hydrogel sponge, the ratio of Ki-67 positive
cells was significantly high both in the surface (52%) and the
center (44%) areas (Figure 6b,c). In the hydrogel sponge,
HepG2 cells formed small clusters composed of several cells in
the hydrogel matrix, even at the center area. This result
clarified that the presence of interconnected pores in the
hydrogel sponge improved not only cell viability but also cell
proliferation.
Finally, the expressions of liver cell-specific genes of HepG2

cells were evaluated using RT-qPCR. It is widely recognized
that 3D hepatocyte culture systems are highly beneficial
because liver-specific functions are improved.48 It was
speculated that the 3D nature of the hydrogel sponges, along
with the support of the vasculature-like conduits, possibly
contributed to the enhancement of the functions of the
encapsulated cells. We compared the hydrogel sponge with the
plate culture as a control. The results are shown in Figure 7.
The expression of albumin (ALB), one of the representative
functions of hepatocytes, was slightly lower in hydrogel
sponges at Day 4 than in plate cultures, however, increased
by Day 7 and was comparable to that of the plate culture. For
ornithine transcarbamylase (OTC), a gene involved in urea
synthesis, and apolipoprotein A1 (ApoA1), a gene involved in
lipoprotein synthesis, the expression levels at Day 7 were
enhanced compared with those of the plate culture. This result
may be attributed to the fact that the cell−cell and/or cell−
matrix interaction between proliferated cells became appro-
priate, and the cells began to express their functions with cell
culture proceeded.49 Although the expression level of albumin
at Day 7 was similar to that of the plate culture, it may be
further enhanced if the cells are cultured for a longer period of
time.46 These cell characterization experiments demonstrated
the benefits of hydrogel sponges and suggested their potential
applications in the creation of bioartificial liver devices and
liver cell-based drug assays.

3.6. Spatial Positioning of Two Cell Types in the
Hydrogel Sponge. Another major advantage of the proposed
approach using the sacrificial AF fibers is that the coculture of
multiple cell types with controlled spatial positioning can be
realized. By placing parenchymal cells inside the GelMA matrix
and other cells (e.g., vascular endothelial cells and fibroblasts)
in the sacrificial material, different types of cells can be
inoculated and cultured simultaneously inside and on the
surface of the hydrogel. Here, HepG2 cells inside the GelMA
matrix and fibroblasts (3T3 cells) on the lumen of the conduits
were cocultured, as 3T3 cells are often used as feeder cells for
liver cell cultivation.50,51

Before performing the coculture, the impact of encapsulation
in the AF fibers on cell viability was investigated. Fibers were
prepared from a precursor solution with 2.5 × 107 cells/mL of
Swiss 3T3 cells under the condition of 40 μL/min, 1000 rpm.
As shown in Figure 8a,b, more than 90% of the cells were
viable, suggesting that the gelation and fragmentation process
did not substantially affect the cells. It was assumed that once
the cells were encapsulated in the alginate hydrogel matrix of
the AF fibers, they were less susceptible to the influences of
shear force, even under the application of a high shear force
during the production of the AF fibers.
Hydrogel sponges were then prepared for coculture.

Although the micropores were continuous and they were
large to enable the penetration of 9.9 μm particles as described
above, the 3T3 cells released from the pore of the hydrogel
sponge was less than 10% during the fiber dissolution process.
This might be attributed to the relatively large size of the cells
(the mean diameter of 13 μm) and their adhesive nature to the
surface of the gelatin-based matrix. We then cultured two cell
types with controlling their positions. A micrograph showing
the cross-section of the hydrogel sponge at Day 3 is shown in
Figure 8c, where HepG2 and 3T3 cells were stained green and
red, respectively. A cross-sectional micrograph at Day 1 is also
shown in Supporting Figure S1. The 3T3 cells exhibited a
relatively rounded morphology at Day 1, while some of them
had already adhered to the lumen of the internal conduits. At
Day 3, 3T3 cells exhibited an elongated morphology on the
surface of the hydrogel matrix. Conversely, HepG2 cells were
encapsulated in the GelMA matrix and formed relatively
rounded small clusters. This difference was attributed to the
location of the cells inside or outside the hydrogel, which is
similar to the cell positioning found in living tissues.
Current 3D bioprinting techniques are limited in modeling

speed and resolution, making it almost impossible to fabricate
hydrogel sponges with continuous micropores and simulta-
neously introduce two cell types into distinct regions. In
contrast, our approach achieves high-resolution control of cell

Figure 8. (a) Bright field micrograph of the AF fibers encapsulating Swiss 3T3 cells. (b) Live/dead assay of the Swiss 3T3 cells in the AF fibers. (c)
Cross section of the hydrogel sponge encapsulating HepG2 cells (green) in the GelMA hydrogel matrix and Swiss 3T3 cells (red) on the lumen of
the inner pores at Day 3. White arrows in the right panel indicate extended 3T3 cells on the lumen.
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positioning using two types of hydrogels: one removed as a
sacrificial porogen and the other functioning as a cell-
encapsulating matrix. Owing to the advantages of simplicity
in manipulation and high controllability, the proposed method
can be applied to the formation of various tissue/organ models
in which multiple cell types are densely arranged together with
incorporated vasculature-like microconduits.
We have also analyzed the gene expressions of HepG2 cells

cocultured with Swiss 3T3 cells in the hydrogel sponge at Day
3 using RT-qPCR. The results are shown in Supporting Figure
S2, where the data for the single culture of HepG2 cells in the
hydrogel sponge is normalized to 1. The expression of albumin
(ALB) in the coculture condition was slightly higher than that
of the single culture, but the difference was not statistically
significant. The difference in ornithine transcarbamylase
(OTC) expression was also not statistically significant. The
lack of observed positive effects of the coculture may be due to
insufficient delivery of paracrine signals secreted from 3T3 cells
to the embedded HepG2 cells, possibly hindered by the
presence of internal conduits. Further optimization of the
culture conditions, including the pore density and morphology,
is necessary to maximize the effect of coculture on HepG2 cell
functions.

4. CONCLUSIONS
We propose a novel approach to realize a hydrogel-based cell
culture system that can mimic the complex structure of
biological tissues with densely formed microconduits. The first
key point is the development of a simple and efficient process
of creating AF fibers with desired length/diameter and
encapsulating intact cells, which function as a new type of
sacrificial porogen. Hydrogel sponges with internal micro-
conduits with a high degree of connectivity can be formed by
controlling the morphology and volume ratio of the AF fibers.
As we were able to tune the hydrogel morphology and pore
density, optimization of the cell culture conditions would be
realized to maximize the cell functions and activities.
In this study, GelMA was used as the cell-embedding matrix.

However, the proposed approach would be also applicable to
other hydrogels. For example, fibrin-based hydrogel sponges
will be promising, as fibrin is often used to construct capillary
networks of vascular endothelial cells.52,53 The AF fibers
themselves are also highly compatible with 3D bioprinting
technology because they are sufficiently dispersible in aqueous
precursor solutions for preparing the hydrogels. Owing to the
ease of preparation of the AF fibers and their versatility, they
are expected to be applicable to various 3D cell culture
systems, such as for drug metabolism assays and for elucidating
the mechanisms of heterotypic cellular interactions.
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