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ABSTRACT

This paper presents fabrication process of cell-encapsulating hollow collagen microgel beads, which enables stable and large-scale produc-
tion of hollow tissue models. The microgel beads feature a core-shell structure, with a liquid core containing a cell suspension and a colla-
gen shell serving as a scaffold. Cells encapsulated within the core adhere to the inner collagen wall, leading to the formation of a defined
hollow tissue. We demonstrated this by fabricating beads with encapsulated human umbilical vein endothelial cells, which successfully
adhered to the inner surface. These results suggest that this approach geometrically guides the cells into a hollow structure, facilitating the
engineered construction of hollow tissue architectures. The cell-encapsulating hollow collagen microgel beads are promising tools for

reproducing pathological models of hollow organs for drug evaluation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0328551

I. INTRODUCTION

Three-dimensional tissues derived from pluripotent stem cells
[e.g., embryonic stem cells (ESCs) and induced pluripotent stem
cells  (iPSCs)] through induced differentiation and self-
organization' ™ serve as promising tools for disease modeling and
drug discovery.”” For example, in vitro intestinal tissue for repro-
ducing inflammatory bowel disease’ and in vitro liver cancer tissue
for evaluating drugs for cancer therapy” have been reported so far.

In vitro hollow tissues, which mimic organs such as the heart
and stomach, are of particular interest because their structure is
fundamental to their function. The chamber of the heart, for
example, is essential for its role as a pump to circulate blood,
while the cavity of the stomach is critical for containing and trans-
porting nutrients.”” Therefore, recreating these hollow architec-
tures is vital for accurately modeling physiological functions and
pathologies.'”'" Although in vitro tissues are effective to under-
stand the functions and disease mechanisms of organs in our
body, their generation faces some challenges: conventional

methods depend on cellular self-organization, a process that offers
limited control over the final tissue size and architecture, particu-
larly for creating consistent hollow geometries.'”'” As an alterna-
tive to self-organization, tissue engineering approaches using
microgel beads offer a higher degree of structural control.'*"
Microfluidic devices enable the fabrication of cell-laden microgels
from extracellular matrix (ECM)-based materials, which act as a
scaffold to support three-dimensional tissue formation. This strat-
egy has been successfully applied to engineer solid tissues, for
instance, using collagen microgel beads for bone tissue construc-
tion,'® and Matrigel-based microgel beads for glandular tissue for-
mation.'” However, the creation of ECM-based microgels with a
stable, liquid-filled hollow core has remained a critical unmet chal-
lenge. Consequently, the engineered formation of hollow tissues
within microgel scaffolds has not been achieved.

To address this gap, we propose a method for fabricating
cell-encapsulating hollow collagen microgel beads using a sacrifi-
cial alginate gel template (Fig. 1). Our method produces core-shell
microgel beads where the outer shell is composed of collagen,
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providing a biocompatible scaffold,'® while the inner core contains a
cell suspension. This design directs the encapsulated cells to adhere
to the inner wall of the collagen shell, thereby forming a chamber
lined with cells. In this paper, we demonstrated the principle by
encapsulating human umbilical vein endothelial cells (HUVECsS).
We confirm that the cells remain viable and adhere to the inner col-
lagen scaffold to create the intended hollow architecture, offering a
robust platform for engineering in vitro hollow tissue.

Il. EXPERIMENTAL
A. Cell culture

Mouse fetal fibroblasts, NIH/3T3 cells (RCB2767, RIKEN)
and Human Umbilical Vein Endothelial Cells, HUVECs (C-12200,
PromoCell), were cultured. NIH/3T3 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (SIGMA) supple-
mented with 10% Fetal Bovine Serum (FBS) (Corning) and 1%
Penicillin-Streptomycin Solution (PS) (Sigma-Aldrich) at 37°C
under water-saturated 5% CO, atmosphere. HUVECs were main-
tained in Endothelial Basal Medium (PromoCell) supplemented
with FBS at 37 °C and water-saturated 5% CO, atmosphere. Before
becoming confluent, both cells were passaged using trypsin
(Trypsin-EDTA, ThermoFisher).

B. Preparation of fluorescent alginate

Alginate was chemically functionalized with Rhodamine
B. The reaction involved three different steps, namely, the prepara-
tion of propargyl alginate and rhodamine-azide and finally, the

covalent bond formation between the two through click chemistry.
As far as the first step is concerned, alginic acid sodium salt (1g,
leq.) is dissolved in 5ml of water, and then propargylamine
(0.125 g, 0.5 eq.) was added. Separately HOBt (0.313 g, 0.5 eq.) was
dissolved in 2.5 ml of distilled water and 7.5 ml of CH;CN. After
dissolution, this was added dropwise to the alginate one. 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) hydrochloride
(0.444 g, 0.5eq.) was added to the mixture, and the reaction has
been let proceed for 24 h at room temperature. Purification step
involved dialysis for 3 days (membrane cut-off 3.5kDa) followed
by lyophilization. Rhodamine-azide was synthetized as reported in
other works."” The final click reaction was performed between
propargyl alginate and rhodamine-azide, exploiting the CuAAC
reaction. Summarizing, propargyl alginate (125 mg, 1 eq.) was dis-
solved in 15 ml of distilled water, while rhodamine-azide (100 mg,
0.6 eq.) in 4 ml of distilled water in a different flask. Once dissolu-
tion is complete, the rhodamine containing solution was added
dropwise to the alginate containing one. At this point, catalytic
amount of copper iodide and sodium ascorbate was added to the
reacting mixture, and the reaction was kept at 60 °C for 24 h in a
dark environment. Purification step involved dialysis for 3 days
(membrane cut-off 3.5kDa) followed by lyophilization. The suc-
cessful functionalization of sodium alginate was confirmed by
FT-IR analysis (Fig. S1 in the supplementary material). For the
experiments, fluorescently labeled sodium alginate was mixed with
unlabeled 3% (w/v) sodium alginate aqueous solution at a volume
ratio of 1:10 and used for subsequent experiments. Note that 3%
was the maximum concentration suitable for filter sterilization due
to the high viscosity of the alginate solutions.
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C. Preparation of collagen-alginate mixed pre-gel
solution

Collagen pre-gel solution was prepared as the manufacturer’s
protocol. Briefly, to prepare the buffer for collagen reconstitution,
10 mM NaHCO; aq. was prepared. Then, 10 mM NaHCO; aq.
and 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (ThermoFisher) were mixed. The collagen pre-gel solu-
tion was reconstituted by mixing the reconstitution buffer, 10x
HanKk’s equilibrium salt solution (Sigma-Aldrich), and various col-
lagen solutions (KOKEN) in a 1:1:8 volume ratio. The reconsti-
tuted collagen precursor solutions were maintained at 4°C on
crushed ice.

To prepare the sodium alginate solution, sodium alginate
(Wako) was dissolved in de-ionized water (DI water) which was
produced by the Millipore purification system. When we use fluo-
rescently labeled alginate, sodium alginate was chemically modi-
fied with rhodamine.

Mixed pre-gel solutions were prepared by mixing reconsti-
tuted 4mg/ml collagen precursor solution [stained with
NHS-Alexa 488 (ThermoFisher)] and 3% (w/v) sodium alginate
solution (chemically modified) in 100:0, 80:20, 60:40, 50:50, 40:60,
20:80, and 0:100 volume ratios.

D. Fabrication of collagen microgel beads

The mixed pre-gel solution was filled into a syringe fitted with
a glass tube tapered to 230 um at the tip. The mixed pre-gel solution
dropped into 40 mM calcium chloride solution in a 100 mm dish to
form calcium alginate microgel beads containing collagen pre-gel
solution. Then after that, we quickly replaced the calcium chloride
solution with culture medium (DMEM supplemented with FBS and
PS). To gelatinize collagen completely, the microgel beads were
incubated at 37°C in an incubator for 3 h. Then, 40l of alginate
lyase (40 ug/ml) (Sigma-Aldrich) was added to the medium to
decompose the calcium alginate hydrogel network in the microgel
beads. The microgel beads were again placed in the incubator at
37°C for 1h. Then after that, the medium in the dish was removed
and new culture medium was added.

E. Observation setup

An inverted fluorescent microscope (Olympus, IX73P1-22FL/
PH) with a charge-coupled-device camera (DP73 and cellSens
Imaging Software) and a confocal microscope (Olympus, FV3000)
with a charge-coupled-device camera (Fluoview, FV31S-SW) were
used to observe the microbeads.

F. Fluorescence intensity analyses on fluorescently
labeled alginate and collagen hydrogels

The fluorescence intensity of fluorescently labeled alginate
and collagen gel was analyzed using Image] every 10 min after the
addition of alginate lyase. The area of the microgel beads was
determined by the phase contrast image. The determined areas of
the microgel beads were superimposed on the fluorescence image
using “ROI manager.” Then, we used “Mean gray value” to calcu-
late average fluorescence intensity of the bead shape portion in the
fluorescence image.

pubs.aip.org/aip/bmf

G. Fabrication of coaxial nozzle device

Hollow collagen microgel beads were prepared using a glass
coaxial nozzle device or a 3D-printed coaxial nozzle device.

The glass coaxial nozzle device consists of a glass capillary
(OD: 1.0 mm, ID: 0.6 mm, G-1, NARISHIGE), a square glass cap-
illary (OD: 1.4mm, ID: 1.0 mm, 8100-100, VitroCom), and a
plastic connector. The round glass capillaries and square glass cap-
illaries were sharpened with a puller (NARISHIGE). The tips of
the round glass and square glass capillaries were cut with a micro-
forge (NARISHIGE) to adjust the tip diameter to 50 and 300 um,
respectively. To reduce the effects of surface tension, the tips of
the glass capillaries were treated with Fluorosurf (KYOKUTO
SHOKAI) to repel water. The connectors were fabricated using a
3D printer (AGILISTA, Keyence). The glass capillaries and con-
nectors were assembled on a glass slide (Matsunami Glass
Industries) and fixed with adhesives.

The 3D-printed device was fabricated using a microArch
$230 (BMF). The microchannel for the inner (core) solution was
designed to have an inner diameter of 100 um, while that for the
outer (shell) solution had an inner diameter of 600um. To
prevent leaching from the device, the surface was coated with a
~0.3 um thick parylene layer. In addition, hydrophobic treatment
was applied using a Fluorosurf, as in the case of the glass device.

H. Fabrication of hollow collagen microgel beads

To prepare hollow collagen microgel beads, two solutions
were prepared. (1) Core flow: 10% PBS (-) (Wako) (visualized by
red fluorescence beads). (2) Shell flow: A solution of 3.0% (w/v)
sodium alginate (Wako) and 4 mg/ml collagen solution (stained
with NHS-Alexa 350) mixed at 2:3. The presence of calcium ions
in the core solution can initiate alginate gelation during droplet
formation. Therefore, a calcium-free solution, such as PBS or
saline, is required as the core solution. In this study, PBS was used
as the suspension fluid for the cells. The prepared solutions were
filled into syringes, connected to the double-coaxial nozzle device
using Teflon tubes (Shimadzu). The syringe was set in a
laboratory-made syringe pump. The core solution was injected at a
flow rate of 20-40 ul/min and the shell at 160-180 xl/min in a
refrigerator (4 °C). Two solutions were dropped to form microgel
beads using the coaxial nozzle device. The throughput of this fab-
rication process was approximately 30 beads per minute. The
microgel beads were collected in 25 ml tube containing 100 mM
calcium chloride solution with 2.8% surfactant (Tween20, Tokyo
Chemical Industry). The critical micelle concentration (CMC) of
Tween 20 has been reported to be 0.0342 mM at 40 °C, which is
close to the experimental temperature of 37 °C. It is expected that
the CMC would be slightly lower in the presence of CaCl, aq.”””’
The distance between the device tip and the surface of the calcium
ion solution was set to 15mm at that time. Then, we promptly
replaced calcium chloride solution with medium. To gelatinize
collagen completely, the microgel beads was incubated at 37 °C for
3h. Then, 20ul of alginate lyase (40ug/ml) was added for the
bead with 1 ml of medium to degrade the calcium alginate gel. To
revitalize alginate lyase, microbeads were again incubated at 37 °C
for 1 h. After that, microgel beads were washed with medium.

Biomicrofluidics 20, 034101 (2026); doi: 10.1063/5.0328551
Published under an exclusive license by AIP Publishing

20, 034101-3

G€ '9€ :9T 920Z aunC 80


https://pubs.aip.org/aip/bmf

Biomicrofluidics ARTICLE

I. Fabrication of NIH/3T3 cell-encapsulating hollow
collagen microgel beads

To prepare NIH/3T3 cell-encapsulating hollow collagen
microgel beads, two solutions were prepared. (1) Core flow: NIH/
3T3 cells were suspended in PBS at a concentration of
1.0 x 107 cells/ml to prepare cell suspension. (2) Shell flow: A solu-
tion of 3.0% (w/v) sodium alginate (Wako) with 0.88% (w/v) NaCl
aq. and 4 mg/ml collagen solution mixed at 2:3. Fabrication setup
was same as for collagen microgel beads. The core solution was
injected at a flow rate of 10 xl/min and the shell at 190 xl/min. The
microgel beads were collected in 25ml tube containing 40-
100 mM calcium chloride solution with 0.0%-3.0% surfactant. To
match the osmolarity of the solution with the intracellular osmo-
larity (~300 mOsm/1), NaCl was added to 40 mM CaCl, to a final
concentration of 0.56% (w/v). Then, we promptly replaced
calcium chloride solution. with 145 mM NaCl aq., followed by
replacement with the medium (DMEM with FBS and PS). Using
the same procedure as hollow collagen microgel beads,
cell-encapsulating hollow collagen microgel beads were obtained.

J. Investigation of surfactant concentration

To investigate the concentration of surfactant added to the
calcium chloride solution, hollow collagen microgel beads were
fabricated under five different conditions (Surfactant concentra-
tion = 0%, 0.05%, 0.1%, 1.0%, and 3.0%). The core and shell solu-
tions were prepared following the same procedure as that used for
the fabrication of hollow collagen microgel beads. The prepared
solutions were filled into syringes, connected to the 3D-printed
coaxial nozzle device. The syringe was set in a laboratory-made
syringe pump. The core solution was injected at a flow rate of
10 xl/min and the shell at 190 ul/min in a refrigerator (4 °C). Two
solutions were dropped to form microgel beads using the
3D-printed coaxial nozzle device. The microgel beads were col-
lected in 25 ml tube containing 100 mM calcium chloride solution
with surfactant. The distance between the device tip and the
surface of the calcium ion solution was set to 15 mm at that time.
Then, we promptly replaced calcium chloride solution with
145 mM NaCl aq., followed by replacement with DMEM. Using
the same procedure as hollow collagen microgel beads, hollow col-
lagen microgel beads were obtained.

K. Fabrication of HUVEC-encapsulating hollow
collagen microgel beads

To prepare HUVEC-encapsulating hollow collagen microgel
beads, two solutions were prepared. (1) Core flow: HUVECs (P6)
were suspended in PBS at a concentration of 1.0 x 107 cells/ml to
prepare cell suspension. (2) Shell flow: A solution of 3.0% (w/v)
sodium alginate (Wako) with 0.88% (w/v) NaCl aq. and 4 mg/ml
collagen solution mixed at 2:3. Collagen was stained with
NHS-Alexa 350 (ThermoFisher). Fabrication setup was same as
collagen microgel beads. The core solution was injected at a flow
rate of 10 xl/min and the shell at 190 xl/min. The microgel beads
were collected in 25 ml tube containing 100 mM calcium chloride
solution with 0.05% surfactant. Then, we promptly replaced
calcium chloride solution with 145mM NaCl aq., followed by

pubs.aip.org/aip/bmf

replacement with the medium (Endothelial Basal Medium with
FBS). Using the same procedure as hollow collagen microgel
beads, cell-encapsulating hollow collagen microgel beads were
obtained. After that, microbeads were cultured in medium at 37 °C
in a 5% CO, atmosphere for 7 days.

L. Viability assay

To investigate the viability of the encapsulated cells in the
encapsulation process, 2 uM calcein AM (Wako) and 4 uM EthD-1
(Wako) were added to the medium containing the microbeads
encapsulating cells. The medium was then incubated at 37 °C for
10 min to react to the live/dead assay reagents. After incubation,
the microgel beads were washed with PBS. Survival rates were cal-
culated by measuring the areas of live and dead cells in three
images per bead taken at different focal points using “Analyze par-
ticle” of Image]J.

M. Fluorescent immunostaining

To observe signals of DAPI and CD31, the hollow collagen
microgel beads were fixed with 4% paraformaldehyde phosphate
buffer solution (Wako). Furthermore, the hollow collagen microgel
beads were permeabilized with 0.2% Triton X-100 (Sigma) in PBS
(-). After blocking treatment with 5% bovine serum albumin
(BSA, Sigma-Aldrich) in PBS (-), the hollow collagen microgel
beads were incubated with primary antibodies against CD31 pro-
duced in mouse (1:400; Bio-Techne Japan) at 4 °C overnight. After
rinsing, the hollow collagen microgel beads were incubated with
anti-mouse IgG-Alexa Fluor 568 (1:200; Invitrogen) and the treat-
ment of DAPI [1ug/ml in PBS (-), Invitrogen] for nucleus stain-
ing. After fluorescent staining, the microgel beads were observed
by a confocal microscope. Images were captured at 40x magnifica-
tion using a 10x lens and 4x digital zoom.

lll. RESULTS AND DISCUSSION

A. Fabrication and evaluation of hollow collagen
microgel beads

1. Principle of fabricating cell-encapsulating collagen
hollow microgel beads

The collagen hollow microgel beads proposed in this study are
fabricated using an alginate template method based on the previous
work.”” Calcium alginate gel serve as a molecular template, allowing
rapid formation of beads via instantaneous gelation of sodium algi-
nate with calcium ions. Two solutions were prepared: (i) a mixed
pre-gel solution of sodium alginate (3 w/v%) and collagen (4 mg/ml)
for the shell and (ii) PBS containing cells for the core. Both solutions
were dispensed into a calcium chloride solution (40-100 mM)
through a coaxial nozzle device (Fig. S2 in the supplementary
material)."” Surfactant (Tween 20, 0.05%-3%) was added to calcium
chloride solution to minimize the impact at the liquid surface.”
Sodium alginate was instantly crosslinked by calcium ions, forming
the core-shell beads. Collagen within the alginate network was sub-
sequently solidified by incubation at 37 °C. After full collagen gela-
tion, the alginate gel was selectively degraded by alginate lyase (final
concentration: 77 ug/ml) resulting in shells primarily composed of
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collagen, a tissue-derived ECM. Encapsulated cells in the core
adhered to the inner collagen wall, facilitating the formation of a
hollow tissue structure within the beads (Fig. 2).

This method is straightforward and enables mass production
of uniform microgel beads in a single batch. To optimize the con-
ditions of the bead fabrication, the appropriate mixing ratios of
collagen and alginate gel were evaluated. Furthermore, the effi-
ciency of alginate gel degradation by alginate lyase and the effect
of surfactant concentration on bead morphology and cell viability
were systematically investigated.

2. Fabrication and evaluation of hollow collagen
microgel beads

To determine the optimal mixing ratio of collagen and algi-
nate, collagen microgel beads were fabricated using seven different
mixing ratios of alginate to collagen (100:0, 80:20, 60:40, 50:50,
40:60, 20:80, and 0:100). The resulting microgel beads were evalu-
ated for their morphological characteristics, specifically the round-
ness, using top and side view images [Fig. 3(a) and Table I].

The roundness value of the collagen microgel beads fabri-
cated at sodium alginate to collagen volume ratios of 60:40, 50:50,
and 40:60 were all 0.90 or higher, indicating that the beads were
essentially as spherical. In contrast, microgel beads prepared with
the 20:80 ratio exhibited a roundness of 0.76, suggesting an ellipti-
cal morphology. For the 100:0 ratio, the beads were completely
dissolved by alginate lyase treatment. Bead formation was

(a) Dropping from
co-axial nozzle device

pubs.aip.org/aip/bmf

unsuccessful at both 80:20 and 0:100 ratios. The elliptical shape
observed at the 20:80 ratio suggests that the amount of alginate
was insufficient to maintain a spherical structure during fabrica-
tion. At ratio of 80:20 and 0:100, the beads collapsed after degra-
dation of alginate gel. These findings demonstrate that sodium
alginate to collagen ratios of 60:40, 50:50, and 40:60 are optimal
for producing stable, spherical microgel beads using our method.
Among these, we adopt the 40:60 ratio for subsequent experi-
ments, as it provides the highest collagen content (Fig. S3 in the
supplementary material).

3. Degradation of alginate gel

To verify the selective degradation of alginate gel by alginate
lyase, fluorescent measurement was conducted using fluorescently
labeled alginate and collagen. The changes in fluorescence intensi-
ties of the alginate gel and collagen gel for 1 h after the addition of
alginate lyase were evaluated [Figs. 3(b) and S3 in the
supplementary material] (n =4, mean + s.d.). Specifically, the aver-
aged fluorescence intensities of both alginate and collagen were
quantified at 10 min interval post-treatment. As a control, the
beads without alginate lyase treatment were also evaluated
[Fig. 3(c)]. The result shows that, in the absence of alginate lyase,
the normalized fluorescence intensities of the collagen gel
(Icollagen) and the alginate gel (Iyginate) remained relatively
unchanged over 60min [Ijagen at 60 min=1.02+0.01155
(mean * s.d., Tyginate = 0.96 at 60 min)]. In contrast, upon treatment

(b) Alginate template method

| Core: PBS + cells Instant gelation Gelation of Degradation of
Shell ~ of alginate collagen alginate gel
. Alginate
+Collagen Collagen sol Collagen gel
+ alginate gel + alginate gel Collagen gel

Round glass tube

Square glass tube

gravity |\
50 pym <—
200 pm Alginate gel
CaClzaq. +
Surfactant
Collagen

PBS + cells

FIG. 2. Fabrication of our cell-encapsulating hollow collagen microgel beads. (a) As a first step, double-layered droplets are dropped from a coaxial nozzle device.
(b) As a second step, the alginate template method is used to form beads primarily composed of collagen.
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FIG. 3. Evaluation of the fabrication method of collagen microgel beads. (a) Images of fabricated collagen microgel beads with different mixing ratios of sodium alginate
and collagen. (b) Time-lapse fluorescent measurement of alginate (red) and collagen (blue) with alginate lyase treatment (n =4, mean + s.d.). (c) Time-lapse fluorescent
measurement of alginate (red) and collagen (blue) without alginate lyase treatment (n =4, mean £ s.d.).

with alginate lyase, the fluorescence intensity of the alginate gel
decreased significantly (Iyjginate = 0.70 at 60 min), while the colla-
gen gel was unaffected. These results confirm that alginate lyase
selectively degrades the alginate gel, leaving the collagen gel intact.

4. Regulation of core size in collagen microgel beads

To investigate the control of core size by the flow ratio of
core to shell, hollow collagen microgel beads were prepared at

three different flow ratios [shell (x«l/min): core (ul/min) = 160:40,
170:30, and 180:20], keeping the total flow-rate constant at
200 zl/min (Fig. $4 in the supplementary material). The shell solu-
tion consisted of a mixed pre-gel of sodium alginate and collagen,
while the core contained PBS. These solutions were dispensed into
calcium chloride solution (100 mM) with 2.8% surfactant through
the coaxial nozzle device. Finally, the alginate gel was selectively
decomposed by alginate lyase to obtain collagen hollow microgel
beads as described in Sec. D.

TABLE |. Evaluation of the shape of the collagen microgel beads with different mixing ratios of sodium alginate and collagen.

G€ '9€ :9T 920Z aunC 80

Mix ratio (%) (3% sodium alginate : 4 mg/ml collagen) 0:100 20:80 40:60 50:50 60:40 80:20 100:0

Averaged roundness (1 =5) n/a 0.7620 0.9256 0.9426 0.9259 n/a n/a

Standard deviation n/a 0.055 02 0.026 18 0.016 16 0.040 52 n/a n/a
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The core and shell diameters of the fabricated hollow collagen
microgel beads were measured from fluorescence images. The
results demonstrated that increasing the flow rate of the core relative
to the total flow rate resulted in larger core sizes and thinner shell
thickness [Figs. 4(a), 4(b) and 4(c)], indicating that the core size can

FR shell/core = 180/20

24
g 22}
o 20t
3 18}
S 16}
3 14l
& 12}
2 10
015
core core She“ [ ]
(d) 1.0
0.9
— 08
g 07
5 06
B 05
0.4
0.3
015
core core sheII []
Collagen

be controlled by adjusting the flow ratio. In addition, no significant
differences in bead circularity were observed across the flow-rate
conditions [Fig. 4(d)]. The diameter distribution of the fabricated
hollow collagen microgel beads [shell:core =180:20 (x1/min)] were
analyzed [Fig. 4(e)], yielding the average core and shell diameters of
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FIG. 4. Evaluation of the fabricated hollow collagen microgel beads. (a) Fabricated hollow collagen microgel beads with different flow rate (FR) of core and shell
stream. (b) Core diameter at three different flow ratios. (c) Shell thickness at three different flow ratios. (d) Bead roundness at three different flow ratios. (e) Distribution
of the diameter of core (red) and shell (green) (n = 23). () Slice image of fabricated hollow collagen microgel beads (green: collagen and red: PBS).
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1.4+0.13 and 2.5+ 0.07 mm (mean +s.d.), respectively. The corre-
sponding coefficients of variation (CVs) were 9.4% for the core and
2.8% for the shell. Confocal microscopy further confirmed the suc-
cessful fabrication of hollow-structured collagen microgel beads
[Fig. 4(f); shell:core = 160:40 (x1/min)].

5. Effect of surfactant on the shape and cell viability of
the hollow collagen microgel beads

In the process of encapsulating cells in the hollow collagen
microgel beads, concentration of calcium chloride solution and
surfactant are expected to affect cell viability. To evaluate these

@ cacl, aq. 40 mM

100 mM

ARTICLE pubs.aip.org/aip/bmf

effects, NIH/3T3 cell-encapsulating hollow collagen microgel
beads were prepared under four different conditions [40 or
100 mM calcium chloride solution and 0% or 3.0% surfactant;
Fig. 5(a)]. Immediately after the fabrication, cell viability was eval-
uated. The results indicated that cell viability was highest at a sur-
factant concentration of 0%, whereas most cells died at 3.0%
surfactant. The concentration of the calcium chloride solution did
not significantly affect the cell viability. Notably, the roundness of
the beads was quantified as 0.595 (40 mM CaCl, aq., 0% surfac-
tant), 0.735 (100mM CaCl, aq., 0% surfactant), 0.947 (40 mM
CaCl, aq., 3.0% surfactant), and 0.869 (100 mM CaCl, aq., 3.0%
surfactant). These results indicate that the beads formed without
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FIG. 5. Evaluation of the concentration of surfactant and CaCl, ag. (a) Fabricated NIH/3T3 cell-encapsulating hollow collagen microgel beads with different concentra-
tions of surfactant and calcium chloride solution. Scale bars for the images are 400 um. (b) Fabricated hollow collagen microgel beads under five different concentra-
tions of surfactant. Scale bars for the images are 400 um. (c) Bead diameter at five different concentrations (n=5, mean £s.d.). (d) Equivalent core diameter at five
different concentrations (n =5, mean + s.d.). (¢) Core roundness at five different concentrations (n=5, mean +s.d.).
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surfactant (0%) exhibited an irregular shape, while those formed
at 3.0% surfactant were more spherical. In addition, no substantial
differences in bead morphology were observed between the differ-
ent calcium chloride concentrations. This is likely because sodium
alginate undergoes rapid ionic cross-linking, forming a gel within
milliseconds under both conditions.

These findings highlight that the surfactant concentration
strongly affects cell viability and bead morphology. To investigate
the effect of surfactant concentration on bead morphology, hollow
collagen microgel beads were prepared under five different surfac-
tant concentrations (0%, 0.05%, 0.1%, 1.0%, and 3.0%) [Fig. 5(a)].
The resulting bead morphology showed that, at 0%, the beads
exhibited a slightly flattened, non-spherical shape, whereas under
all other conditions, the beads were nearly spherical. Based on the
fluorescence images, the overall bead diameter, core diameter, and
core roundness were quantified [Figs. 5(c), 5(d) and 5(e)]. The
overall bead diameter was found to be larger only at 0% compared
to the other conditions, which is likely due to the deformation and
spreading of the beads. In addition, as observed in the fluores-
cence images, the core structure at 0% was distorted. Therefore,
roundness was compared among the conditions excluding 0%, and
no significant differences were observed. These results indicate
that bead morphology was not substantially affected within the
range of 0.05%-3.0%. Considering the minimal impact on cell via-
bility, a concentration of 0.05% was selected for subsequent experi-
ments (Fig. S6 in the supplementary material).

B. Encapsulation of HUVECs in hollow collagen
microgel beads

1. Fabrication of HUVEC-encapsulating hollow
collagen microgel beads

To evaluate whether HUVECs can be effectively encapsulated
and cultured within hollow collagen microgel beads, we conducted
encapsulation and subsequent culture experiments. HUVECs were
suspended in PBS at a concentration of 1.0 x 107 cells/ml for the
core solution. A high cell concentration was used to account for
cell sedimentation within the syringe. The hollow collagen
microbeads were as described in Secs. 2 and 3 with flow rates set
to 10 ul/min and shell was set at 190 xl/min. Immediately after the
beads formation, the beads were incubated in culture medium on
a shaking incubator for 3 h to uneven cell distribution. Following
incubation, the alginate hydrogel network was degraded via algi-
nate lyase treatment. Observation with a phase contrast micro-
scope confirmed that the HUVECs were encapsulated inside the
beads [Fig. 6(a)]. The beads were then cultured for 7 days. During
this period, the cells were observed to adhere to the inner wall and
cover the surface of the hollow collagen beads.

2. Viability of HUVECs in the hollow collagen microgel
beads

To evaluate whether HUVECs remained viable within the
beads and was capable of forming tissue, a viability assay was
performed, and cell viability was assessed using a qualitative
image-based analysis. Immediately after the bead preparation,
2uM calcein AM and 2 uM EthD-1 were added to the medium

pubs.aip.org/aip/bmf

containing the microgel beads, and a fluorescence microscopy was
used for observation. The initial viability of the encapsulated
HUVECs was estimated to be 83%. After 6 days of culture, the esti-
mated cell viability increased to 90%, indicating that the cells can
remained viable inside the beads over an extended period, likely due
to adequate the exchange of nutrients and waste products [Figs. 6(b)
and S7(a) in the supplementary material]. These results demonstrate
that HUVECs can be maintained at high viability within the fabri-
cated hollow collagen microgel beads. Additionally, five beads were
randomly selected each day from those under culture, and their size
and roundness were measured [Figs. 6(c) and 6(d)]. The results
showed no significant change in roundness; however, the bead size
gradually decreased over time. This suggests that the cells within the
beads adhered to the surrounding matrix and exerted contractile
forces, pulling the matrix inward.

3. Confocal microscopic observation of hollow
collagen microgel beads

To confirm the tissue formation by HUVECs, confocal
microscopy was employed. Collagen gel was visualized by
NHS-Alexa 350, and the HUVECs were visualized by calcein AM
and EthD-1. Confocal image on day 2 shows that cells adhered
to the inner collagen wall, forming a hollow tissue structure
[Fig. 6(e)]. In addition, fluorescent immunostaining was per-
formed on the beads using antibodies against CD31, endothelial
cell marker. The presence of CD31 (red) confirmed the endothelial
phenotype of HUVECs [Figs. 6(f) and S7(b) in the supplementary
material].** This image also confirmed that the cells formed a
hollow structure. This observation confirmed that HUVECs form
a hollow tissue structure within the collagen microgel beads.

C. Discussion

In this study, we successfully formed hollow-shaped HUVEC
tissues using hollow collagen microgel beads. A key innovation of
our approach is that stable fabrication of hollow tissues is achieved
without relying on self-organization ability of cells, which is typi-
cally required for in vitro tissue formation. Although the forma-
tion of hollow tissues within microgel spheres has been reported
previously,”** these constructs generally possess solid inner layer
or they only exhibit a cell-to-cell adhesion. In contrast, a key char-
acteristic of hollow tissues in humans is that their inner cavities
are lined with endothelial cells adhering to the outer ECM, while
their interiors are hollow cavities with solutions.””~*” From this
perspective, our method provides a unique platform to engineer
such physiologically relevant hollow tissue structures.

Notable outcomes of our study include (i) the successful fab-
rication of a liquid-filled hollow structure lined with endothelial
cells, (ii) high viability of encapsulated HUVECs, with approxi-
mately 90% survival on the inner surface of the hollow microgel
beads after one week of culture, and (iii) confirmed CD31 expres-
sion, indicating the maintenance of endothelial phenotype and
tissue-specific structural functions. Together, these results demon-
strate that hollow collagen microgel beads are effective scaffolds
for the formation of hollow tissues in vitro. We anticipate that this
technique can be applied to the engineering of various hollow
organ-like tissues, such as heart models.
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FIG. 6. Fabricated HUVEC-encapsulating hollow collagen microgel beads. (a) Cultivation of the HUVEC-encapsulating hollow collagen microgel beads on day 0, 1, 3, and
5. (b) Survival rate of HUVECs encapsulating in the hollow collagen microgel beads (n =3, mean £ s.d.). (c) Equivalent diameter of the HUVEC-encapsulating hollow colla-
gen microgel beads on day 0, 2, 4, and 5 (n=5, mean £ s.d.). (d) Roundness of the HUVEC-encapsulating hollow collagen microgel beads on day 0, 2, 4, and 5 (n=5,
mean £s.d.). (¢) Confocal microscopic image of the HUVEC-encapsulating hollow collagen microgel beads on day 2 (green and red: HUVECs and blue: collagen gel).
(f) Confocal microscopic image of the immunostaining of the HUVEC-encapsulating hollow collagen microgel beads on day 2 (blue: DAPI and red: CD31).
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One of the major remaining challenges is the non-uniformity
of bead shape. In particular, the roundness of the HUVEC-
encapsulating hollow collagen microgel beads prepared in this
study was 0.66 (n =5, day 5), indicating a deviation from an ideal
spherical geometry. This deformation is likely attributable to the
presence of encapsulated cells, which causes the fluid to behave as
a particle-laden flow, thereby disturbing the flow profile. To
address this issue, increasing the viscosity of the core solution may
be an effective strategy to suppress such flow disturbances. In
addition, factors other than those examined in this study—such as
the dropping height, the geometry of the device, and the diameter
of the device tip—are also expected to significantly influence bead
morphology. Therefore, optimization of these parameters will be
necessary to improve the uniformity and sphericity of the beads.

In addition, the wall integrity and degradation of the collagen
gel are important factors for long-term culture. In our experiment,
no remarkable degradation or collapse of the collagen shell have
been observed in 7-day culture. Previous studies have also reported
successful culture periods exceeding 30 days, suggesting that these
materials possess sufficient stability under such conditions.”” On
the contrary, physical characteristics of scaffolds have known to be
a critical parameter in tissue formation and differentiation. Thus,
precise analyses on the changes of the mechanical property could
give us an effective information to design these hollow beads for
further tissue formation and maturation.

One of the key characteristics of endothelial cells is their
ability to form tube-like, vessel-like structures. Future studies eval-
uating such functional properties will provide more comprehen-
sive evidence that the proposed microgel beads can operate as
functional tissue constructs. Indeed, previous studies have demon-
strated that endothelial cells are capable of forming tube-like vas-
cular structures within in vitro tissues composed of similar
collagen-based matrices.”’

We believe that this technology can be extended to the forma-
tion of artificial heart organoids. By encapsulating cardiomyocytes
and fibroblasts in the shell and endothelial cells in the core of the
hollow collagen microgel beads, it may be possible to recapitulate
the tissue architecture of an early stage developing heart. Recent
advances in heart organoid research have enabled the modeling of
cardiac diseases.’>”* For example, gene knockout techniques com-
bined with heart organoids have been used to model congenital
heart disease.””’” However, it has been observed that knockout of
developmentally important genes can prevent organoid self-
organization and cardiac structure formation. Furthermore, the
success rate of heart organoid formation is influenced by both
environmental and biological factors.”® Our approach, which
employs an engineered hollow collagen scaffold, enables robust
and reproducible formation of hollow tissues, independent of
intrinsic cellular self-organization. Such engineered heart organo-
ids could serve as models for elucidating the pathophysiology of
congenital heart disease and for drug development.

IV. CONCLUSIONS

In this study, we presented a method for fabricating
cell-encapsulating hollow collagen microgel beads using an algi-
nate template approach. Confocal imaging confirmed the

pubs.aip.org/aip/bmf

successful formation of the hollow structure within the beads.
Furthermore, HUVECs were encapsulated into the core of the
beads and cultured for seven days. The results demonstrated that
HUVECs adhere to the inner surface of the collagen shell and
maintained their viability and function within the beads. These
findings suggest that hollow collagen microgel beads provide a
promising platform for in vitro models of hollow tissues, which
could be valuable for disease modeling and drug evaluation.

SUPPLEMENTARY MATERIAL

The supplementary material includes FT-IR characterization
of modified alginate (Fig. S1), images of the coaxial nozzle devices
used for bead fabrication (Fig. S2), evaluation of cell adhesion on
collagen beads (Fig. S3), time-lapse fluorescence images after algi-
nate lyase treatment (Fig. S4), images of fabricated hollow collagen
microgel beads (Fig. S5), cell survival at different surfactant con-
centrations (Fig. S6), and confocal observations of HUVECs
encapsulated within hollow collagen microgel beads (Fig. S7).
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