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Abstract 

There are many instances of hollow-structure morphogenesis in  
the development of tissues. Thus, the fabrication of hollow 
structures in a simple, high-throughput and homogeneous 
manner with proper natural biomaterial combination is valu
able for developmental studies and tissue engineering, while it 
is a significant challenge in biofabrication field. We present a 
novel method for the fabrication of a hollow cell module using a 
coaxial co-flow capillary microfluidic device. Sacrificial gelatin 
laden with cells in the inner layer and GelMa in the outer layer 
are used via a coaxial co-flow capillary microfluidic device to 
produce homogenous micro-beads. The overall and core sizes 
of core–shell microbeads were well controlled. When using hu
man vein vascular endothelial cells to demonstrate how cells line the inner surface of core–shell beads, as the core liquifies, a hollow 
cell ball with asymmetric features is fabricated. After release from the GelMa shell, individual cell balls are obtained and deformed 
cell balls can self-recover. This platform paves way for complex hollow tissue modeling in vitro, and further modulation of matrix 
stiffness, curvature and biochemical composition to mimic in vivo microenvironments.
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Introduction
A lot of our understanding of the cell mechanism comes from 2D 
culture, in which cells lay flattened on a rigid surface. However, 
in vivo, cells are embedded in the extracellular matrix (ECM) and in
teract with other cells and display different morphologies and 
behaviors. 3D culture technologies can tune the configuration and 
mechanical and biochemical cues to guide cell proliferation, migra
tion, differentiation and morphogenesis [1–3]. Unlike 2D, a 3D envi
ronment can exhibit in vivo-like properties. Consequentially, the 
application of 3D cell culture has increased in fundamental biology 
studies, drug testing and tissue engineering [4, 5].

Enclosed 3D hollow structures, such as hollow spheroids, are 
composed of a cellular monolayer covering the inner surface of 
the biomaterial structure and filled with a fluid, which showed 
asymmetric properties from inside, and outside properties like 
growth factor and oxygen vary. Cells cultured on 3D hollow 
structures are sensitive to cues not present in a 2D culture 

environment, such as asymmetric biomolecular gradient cues 
from the inner and outer structures, the curvature of the struc

ture [6, 7], mechanical force and compositional binding of struc
tural biomaterials. 3D hollow structures are often present in the 

developing or matured tissue, such as vascular, ocular lens, renal, 
heart, lung and inner ear [8–14]. In addition, stem cells form hollow 

chambers in blastocysts during embryonic development [15]. The 
function and morphogenesis of these tissues and organs are 
closely linked to their structure. Therefore, the technology for 3D 

hollow structure fabrication should better mimic the above in vivo 
conformation as it recapitulates the environmental cues.

Fabricating enclosed hollow cell structures in a high- 
throughput manner is still a big challenge, although hydrogel 

spheroid construction has been reported using the templated 
method or microfluidic method [16]. Previously, a hollow lens ep

ithelial cell structure has been constructed; however, it requires 
multiple steps and achieves a nonuniform spheroid from the 
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templated method [17]. Microfluidic methods for fabricating hy
drogel microbeads might be an ideal tool for hollow cell struc
tures. Among them, core–shell hydrogel microbeads are special 
hydrogel microstructures with the inner hydrogel (core) layer sur
rounded by another material (shell). The core–shell microbeads 
have been applied for cell delivery, tissue development and co- 
culture. For example, islet cells with a higher encapsulation rate 
were achieved by alginate core–shell microbeads [18]. 
Encapsulating HepG2 and 3T3 cells in the core of core–shell beads 
showed increased biological properties such as albumin and urea 
secretion [19]. Till now, there have been reports for fabricating 
solid cell spheroids only, as noncell adhesion biomaterials (algi
nate) are commonly used [19–22]. Natural derived biomaterials 
contain cell binding modify sequence and are favorable to cell 
self-assembly and maturation. And the natural materials are com
monly challenged to be shaped with integrity and production rate, 
as they often have low modulus, temperature sensitive and slow 
gelation. Till now limited biomaterial has been reported to fabri
cated as the core–shell microbeads, especially for its shell [23, 24]. 
The core–shell microbeads fabricated by suitable natural biomate
rial combination, with a controlled size and high-throughput man
ner, and they application for hollow cell structure formation is 
still a significant challenge and not achieve yet.

In this study, we developed a novel coaxial co-flow capillary 
microfluidic platform to produce hollow cell balls in a single step, 
with controlled size, high-throughput and in a homogeneous man
ner. Two types of natural derived biomaterials were applied in this 
system, a gelatin-based hydrogel and a photo-crosslinkable matrix 
hydrogel (GelMa) to fabricate as core–shell microbeads. Gelatin 
and GelMa, the derivative of collagen, possess most of the biologi
cal properties of collagens. GelMa has high potential in tissue engi
neering and biomedical applications due to its good biocompatible 
properties and versatile properties in processing. GelMa is 
temperature sensitive and also can form crosslink hydrogel by 
photopolymerization with photoinitiator (lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate, LAP). Gelatin and gelatin methacry
late (GelMa) were liquefied and delivered in laminar flow in a cap
illary microfluidic device, and then the laminar flow was broken 
up into core–shell beads by oil flow. Specificity, the cell contained 
in the gelatin flowed in the inner core of the coaxial capillary, 
GelMa flowed in the shell of the coaxial capillary and oil was intro
duced as a continuous flow. Microcore–shell droplets were gener
ated at 30–40�C and gelled into microbeads immediately by blue 
light curing, and crosslinking was enhanced by cooling near the 
outlet on ice to form core–shell spheroids. Finally, hollow struc
tures were achieved by liquefying the gelatin core at 37�C during 
cell culture. Human vein vascular endothelial cells (HUVECs) were 
used to demonstrate the method of fabricating hollow cell balls. 
Core (cell-laden gelatin) shell (GelMa) beads were fabricated as a 
guiding template for the in-situ assemblies of cells along the inner 
surface or self-assembly to form the hollow cell structures.

Materials and Methods
Gelatin and GelMa preparation
For fabricating core–shell beads without cells, 12% gelatin 
(Sigma, USA) and 15% GelMa (Engineering for life, China) were 
used. For cell encapsulation, the cell solution in (1.5� 107 cells/ 
ml in DMEM medium) was mixed with 12% gelatin in a 1:1 ratio 
to achieve a final concentration of 6%. Gelatin type A (12%) from 
porcine skin 300 Bloom was dissolved in PBS (Gibco, USA) and 
heated at 60�C for 1 h. GelMa (0.075 g) was dissolved in 500 ll of 
0.3% LAP solution (Engineering for life, China) and heated at 39�C 

with shaking to obtain 15% GelMa. LAP (0.3%) was prepared by 
dissolving 0.5 g LAP in 16.67 ml PBS solution and heating at 50�C 
for 1 h.

Fabrication of the coaxial co-flow capillary 
microfluidic platform
The capillary microfluidic platform was designed based on the 
co-flow principle, in which the core, shell and oil flow were as
sembled in parallel channels. The capillary microfluidic platform 
consists of a capillary microfluidic device, heating device (300 W/ 
50-60Hz, Beurer, USA), pump system (Kd Scientific, USA) and 
photo-curing system (405 nm, UVATA, China). It also consists of 
two 3D printed connectors, two round capillaries (outer diame
ter: 1 ± 0.03 mm; inner diameter: 0.6 ± 0.03 mm; G-1, Narishige) 
with pulled ends (inner diameter 0.2 ± 0.03 mm), two rectangular 
capillaries (outer diameter: 1.55 ± 0.03 mm; inner diameter: 1.02 ± 
0.01 mm) and two round capillaries (outer diameter: 1 ± 0.03 mm; 
inner diameter: 0.6 ± 0.03 mm; G-1, Narishige), as shown in 
Supplementary Figure S1. To assemble the co-flow microfluidic 
device, a round capillary with a pulled end was inserted into the 
end of another pulled capillary and assembled with a rectangular 
capillary in the connector. The other rectangular capillary was 
assembled as an outlet channel for bead collection. An infrared 
lamp was placed approximately 30 cm away from the near side 
of capillary device to maintain the temperature of the capillary 
device at 30–40�C. The three pumps were connected to the corre
sponding capillary inlet. The photo-curing system was placed at 
the outlet of the capillary microfluidic device closely; therefore, 
the fabricated core–shell beads could be cured immediately 
when the outlet capillary was removed. To lower the diffusion ef
fect of the laminar flow, we attempted to shorten the length of 
laminar flow by inserting one capillary with two pulled sections 
deeper into another capillary.

Fabrication of the core–shell GelMa/gelatin 
microcapsules
To fabricate the core–shell beads, gelatin, GelMa and oil with 
spans were injected into the capillary microfluidic device. 
Specifically, 12% gelatin and 15% GelMa solution with 0.3% LAP 
were sucked into a 1 ml syringe, respectively. Corn oil (Sigma, 
USA) supplemented with 1% span-80 (Sigma, USA) was sucked 
into a 50 ml syringe. Three nylon tubes were connected to the 
corresponding inlet channel of the capillary microfluidic device. 
Gelatin, GelMa and oil were connected to the inner (Inlet 1), mid
dle (Inlet 2) and outer (Inlet 3) channels. In this study, the GelMa 
concentration was fixed at 15% except in the concentration opti
mization experiments. The gelatin and GelMa flow were fixed at 
8 and 10 ll/min, respectively, unless optimization experiments 
were performed. The oil flow was maintained at 1 ml/min. 
Finally, the cured core–shell beads were collected in a Phosphate 
Buffer Saline (PBS) solution covered with hexadecane (Aladdin, 
China). Hexadecane would break the oil emulsion and promote 
beads to sunk down to the bottom of PBS solution.

HUVECs were encapsulated in core–shell beads
HUVECs were cultured at 37�C with 5% CO2 in Modified Eagle 
Medium (DMEM) (Gibco, USA) supplemented with 10% FBS 
(Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA). For 
cell encapsulation, cells were harvested using 0.25% trypsin 
(Gibco, USA) and resuspended in DMEM for the core solution. 
Twelve percent gelatin solution mixed with equal volume of 
1.5� 107 cells/ml cell solution was used as the core solution for 
encapsulation.

2 | Regenerative Biomaterials, 2024, Vol. 11, rbae021  

https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae021#supplementary-data


Core–shell beads transferred from oil to 
culture medium
Core–shell beads with oil, hexadecane and PBS were collected 
from the collecting container. The collected samples were trans
ferred to a 15 ml EP tube and centrifuged at 500� g for 5 min. 

Then, the supernatant was discarded and the beads were trans
ferred to a new 15 ml centrifugation tube using a 3 ml pipet. The 
beads were then washed with PBS thrice. The culture medium 
was then replaced with PBS. Finally, cells laden with core–shell 
beads were moved to culture dishes.

Figure 1. Schematic of coaxial co-flow capillary microfluidic platform used to fabricate 3D core–shell beads for hollow ball construction. (A) Gelatin 
with cells flowed in the inner capillary, GelMa flowed in the middle layer of the capillary. Lamellar flow broke up to form cell-laden core–shell beads by 
continuous oil flow in the outer layer of the capillary. (B) The inner gelatin cores were melted at 37�C during cell culturing. The cells then adhered to 
the inner surface of core–shell beads and proliferated to form a hollow cell sheet.

Figure 2. The effect of flow rate on the size of core–shell beads. (A) Shell flow¼5 ll/min; core flow¼1–8 ll/min. (B) Core flow¼5 ll/min; shell 
flow¼ 6–10 ll/min. (C) The core to shell ratio was fixed at 1:1, and the flow of core–shell was increased from 3 to 13 ll/min. Core–shell beads were 
immersed in PBS.
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Core–shell structure characterization
The size of the core–shell beads with varying flow rates was cap
tured using an optical microscope (Eclipse Ti2-U, Nikon, Japan) 
and measured using ImageJ software. Confocal laser scanning 
microscopy was used to visualize the core–shell structure, in 
which the GelMA solution and gelatin solutions were labeled 

with fluorescent polystyrene nanoparticles L4655 and L3280 

(Sigma, USA), respectively.

Immunofluorescent staining
To detect endothelial marker CD31 and tight junction protein ZO-1, 

cell-laden core–shell beads were dissolved using GelMa lyase 

Figure 3. The fabrication of core–shell beads with different concentrations of GelMa. (A) The bright-field images of the core–shell beads with the 
concentration of 10%, 15% and 20%. (B) The size of core–shell beads with different concentrations. Core–shell beads were immersed in PBS.

Figure 4. The morphology of the core–shell beads. (A) The fluorescent images showed the structure of core–shell beads under different flow rates. 
(B) The wide-field images at different flow rates. (C) Scanning electron microscopic image of the cut core–shell beads. The shell flow (ll/min), core flow 
(ll/min) and oil flow (ml/min) were shown under each image. Core (red), shell (green): the gelatin solution and GelMA solution were labeled with 
fluorescent polystyrene nanoparticles L4655 (red) and L3280 (green) (sigma), respectively.
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(Engineering for life, China), and the remaining hollow cell balls were 
fixed with paraformaldehyde (PFA) at 4�C overnight. The cell balls 
were then washed with PBS thrice, and treated with 0.5% Triton-100 
for 15min. The cells were then washed with PBS for three times, 
10min each time, before blocking with 10% bovine serum albumin for 
1h. The cell balls were then stained with primary antibodies (CD31, 
ab24590, Abcam, USA) overnight at 4�C and another 6h in room 37�C, 
washed twice with PBS and stained with secondary antibodies, TRITC- 
labeled goat anti-mouse or rabbit IgG (Abbkine, CA, USA) for 1h 

followed by DAPI (Solarbio, China) for 15–30min. Images were 
obtained using a fluorescence microscope.

To analyze the cytoskeleton, cell-laden core–shell beads were 

fixed using 4% PFA, washed thrice with PBS and treated with 
0.5% Triton-100 for 15 min. After washing with PBS thrice, F-actin 

was stained with rhodamine-phalloidin (Solarbio, China) for 1 h. 

The cell beads were washed thrice with PBS, incubated with DAPI 
(Solarbio, China) for nuclear staining and observed using a confo

cal laser scanning microscope (C2þ/C2siþ, Nikon, Japan).

Figure 5. HUVECs Growth within core–shell beads. (A) Schematic illustration of HUVECs growths within core–shell beads. After gelatin liquify, HUVECs 
proliferation and adhesion to inner surface of GelMa shell and forming cell ball. (B) On Day 1, most of the cells sunk to the bottom of core–shell beads. 
Cells proliferated to cover the beads in over 10 days. GFP-expressed HUVECs were used for observation in this experiment.

Figure 6. Deformed cell balls were self-standing and presented deformation recovery after release from the GelMa shell. (A) Schematic section of cell 
ball releasing from core–shell beads. (B) Three representative deformed beads were chosen for release. (C) Circularity (0-1) of the cell ball in core–shell 
beads and after releasing. The cell balls were released at Day 12.
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Core–shell beads observed by scanning 
electron microscope
Samples were prepared as described previously [43], with some 
modifications. Briefly, core–shell beads or hollow cell balls were 
washed with PBS (Gibco, USA) before fixing with 4% PFA 
(Solarbio, China), dehydrating with a series of ethanol solutions 
(50%, 70%, 80%, 90% and 100%) for 10 min each, and then freez
ing at −80�C overnight. The samples were then lyophilized using 
a freeze-drier (LyoQuest-85 PLUS, Telstar, Spain), sputter-coated 
with gold and observed by SEM (Phenom, China). For better ob
servation of the cells encapsulated in the GelMa shell, the shell 
was cut carefully using a sharp scalpel.

Results
Overview of the hollow core–shell beads 
fabrication platform
To fabricate the core–shell gelatin/GelMa beads, a combined 
heating and photo- (405 nm) curing strategy was chosen, as 
shown in Figure 1. GelMa and gelatin are temperature-responsive 
sol-gel transition biomaterials. GelMA can form crosslinked 

networks of hydrogels undergoing photopolymerization with 
phtotoinitiator (LAP). GelMa and gelatin were melted via infrared 
lamp heating and delivered into a capillary microfluidic platform 
and were immediately cross-linked by photo-curing at the outlet 
of the capillary. Gelatin with cells, GelMa with photoinitiator 
(LAP), and corn oil were introduced into the inner, middle and 
outer capillaries, respectively. Next, the gelatin core was melted 
at 37�C, and the entrapped cells were submerged or attached to 
the inner surface. Finally, after several days of culture, the cells 
populated to cover the inner surface. HUVECs labeled with green 
fluorescent protein (GFP) were chosen to demonstrate 
the platform.

Observation of the fabrication parameters of 
core–shell beads
The flow rate and GelMa concentration are the two key parame
ters affecting the size and integrity of the core–shell beads. To ob
serve their effect on the size of the core–shell beads, we tuned 
the flow rate of the core, shell and continuous flow. We first fixed 
the shell flow rate at 5 ll/min and changed the core flow from 1 
to 8 ll/min. As shown in Figure 2A, the shell thickness of the 

Figure 7. A Hollow cell ball was formed after GelMa dissolution. (A) Section of hollow cell ball. (B) (i) Core–shell beads before GelMa dissolution, (ii) the 
bright field image and (iii) green fluorescent image of GFP-HUVECs ball after GelMa dissolution. (C) (i) 3D construct of the confocal image of HUVECs 
ball and (ii) scanned area of the cell ball. (D) On the left are scanned images of a specific layer of the cell ball indicated on the right by schematic 
images. Cell balls were stained with DAPI (blue) and CD31(red).
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core–shell beads decreased from 119.18 ± 14.65 to 67.18 ± 
12.24 lm as the core flow increased. Conversely, the core diame
ter and overall diameter were increased (213.28 ± 26.27–482.86 ± 
29.48 and 451.63 ± 25.49–617.22 ± 15.78 lm, respectively). When 
we fixed the flow rate of the core flow, and then tuned the shell 
flow from 6 to 10 ll/min, the shell thickness of the core–shell 
beads increased slightly (Figure 2B). When we fixed the ratio of 
the core flow and shell flow, with the increasing of the flow, the 
overall diameter of beads and the core diameter were both in
creased (489.59 ± 25.34–634.16 ± 12.75 and 354.18 ± 27.45–488.63 ± 
13.68 lm, respectively) (Figure 2C).

To evaluate the effects of different concentrations of GelMa on 
the formability and size of the core–shell beads. Three concentra
tions of 10, 15 and 20% were applied to fabricate the core–shell 
microbeads. As shown in Figure 3, the overall size of the core–shell 
microbeads was increased from 565.91 ± 7.12 to 607.54 ± 6.12lm as 
the concentration was increased from 10 to 20%. The core size of 
microbeads had a similar trend, increasing from 420.33 ± 11.04 to 
445.85 ± 11.24lm. These results showed all the concentrations of 
GelMa (10,15, 20%) were successfully fabricated.

Characterization of the core–shell 
bead morphology
The structural integrity of the core–shell beads is important for 
further biomedical and drug-related applications. Therefore, we 
introduced fluorescence beads in the precursor gels to illuminate 
the core–shell beads for structural observation. Fluorescent poly
styrene nanoparticles L3280 and L4655 were co-delivered in the 
core and shell. The mean diameters of these two nanoparticles 
were 0.5 and 1 lm, respectively. Moreover, they were trapped and 
distributed evenly in the hydrogel, owing to their larger size than 
the pores of GelMa and gelatin. The structure of the core–shell 
beads was observed under a fluorescence microscope. As shown 
in Figure 4, the integrity of the core–shell structure was achieved 
under different flow conditions, and as the core/shell flow rate 
changed from 1/10–1, the core acquired a rounder morphology.

Cell growth on the inner surface of  
core–shell beads
To fabricate cell-laden core–shell beads, 6% gelatin laden with 
HUVECs (�7.5� 106 cells/ml) and 15% GelMa were delivered into 
the inner and middle channels, respectively. After fabrication, 
core–shell beads were collected and cultured at 37�C to allow gel
atin liquefaction and cell growth. HUVECs migrated along the in
ner surface of the core–shell beads. Figure 5 shows the temporal 
growth in HUVECs in the inner core–shell beads. Gelatin was 
liquified after several minutes of culture at 37�C, and the cells 
migrated easily in this liquid environment. Due to gravity, most 
of the cells sunk to the bottom during the first 24 h. After cultur
ing, cells began to attach to the GelMa surface and proliferated 
along the surface. We could observe few dozen cells in the core, 
and after 3 days, cells covered most of the bottom part of the 
beads. Between days 3 and 7, the number of cells increased 
quickly to occupy a large area of the inner surface of the beads. 
After 10 days of culture, most of the core–shell beads were popu
lated and fully covered with cells assembled over the inner sur
face. The other core–shell beads can be continuously cultured for 
full coverage.

Detached cell structure showed self-standing and 
deformation recovery properties
To achieve a pure cell ball, we dissolved the GelMa shell. 
Interestingly, the cell balls were self-supportive and substantially 

inflated into a rounder morphology after removal of the GelMa 
limit (Figure 6A and B). As the cell ball could pump up, it indi
cated the presence of a hollow chamber inside the cell barrier 
and that the cells might already have been connected and 
formed tight junctions. The circularity (0–1) has often been used 
to describe the morphology of a circle [25]. We also chose those 
deformed cell balls to demonstrate the deformation recovery 
process, and the circularity of the cell balls before and after re
lease was calculated. As shown in Figure 6C, the circularity of de
formed cell balls increased significantly from 0.715 ± 0.023 to 
0.808 ± 0.043, which was in accordance with the inflation into a 
rounder morphology.

Hollow cell structure achievement
To verify the hollow chamber formation in cell balls, we used 
confocal microscopy to scan the cell structure stained with phal
loidin and 40, 6-diamidino-2-phenylindole (DAPI). Half structure 
of the cell balls was scanned and a 3D image as well as a video 
were reconstructed, as shown in Figure 7C and D, and 
Supplementary Video S1. The cell balls showed a hollow struc
ture with different layers, confirming the successful fabrication 
of the hollow cell ball without the support of scaffolds or bioma
terials. This was also a further clue on why the cell balls could 
maintain their structure and expand to a rounder morphology af
ter GelMa dissolution (Figure 6).

To investigate whether the fabricated cell balls exhibited 
physiological properties, we analyzed the integrity of the 3D en
dothelial cell balls and the presence of characteristic marker pro
teins. Immunofluorescence staining was performed to verify the 
expression of vascular endothelial markers (CD31) in the cell 
ball. After confocal scanning of the cell ball, the images were 
reconstructed into a 3D model (Supplementary Figure S3). The 
presence of CD31 indicated the physiological maintenance ability 
of the HUVEC phenotype [26].

Discussion
In this study, we developed a novel capillary microfluidic plat
form to fabricate GelMa core–shell beads for cell ball formation 
by adhesion-guided self-assembly. To the best of our knowledge, 
this is the first time that GelMa core–shell beads have been fabri
cated for cell adhesion on the inner surface. Therefore, we pro
pose a novel strategy for mimicking the structure of 
hollow tissue.

The major methods for hollow spheroid fabrication rely on 
self-assembly. For example, Human pancreatic cancer cells of 
the capan-1 line cultured in suspension and under agitation form 
hollow spheroids [27]. Magnetic levitation of 3T3 cells that 
ingested Fe3O4-containing microspheres can also form a milli
meter of spheroids with a cavity [28]. These methods are difficult 
to fabricate high-throughput hollow spheroids with controlled 
size, cell layers. Recently, a 3D culture technique that combines 
cell encapsulation in sacrificial microbeads with the formation of 
spherical chambers in hydrogel matrices has been reported [17]. 
This method provides the method to fabricate enclosed hollow 
cell balls in a defined chamber. While this method needs several 
steps, and microbeads are varied in size. As hollow cell balls 
were immobilized in a hydrogel, they could not be applied in par
allel testing. We provided this high-throughput, homogeneous 
method for controlled hollow cell ball fabrication, and hollow 
balls are free for parallel testing. As cell number and geometry 
can be controlled in this method, we can achieve relatively simi
lar cell balls in a set time. Cell balls can be set as a starting point 
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for growth factors that affect the hollow tissue development test. 
As cell balls are free in the medium, they also face the challenge 
of tracking the cell behavior in a defined ball for a long time. 
Hollow cell balls produced by this method can also be building 
blocks to the assembly of more complex tissues.

Commonly, alginate was used as the fabricated material in 
the microfluidic system because of its quick gelation property 
and fluid state at room temperature. However, alginate lacks the 
cell adhesion property, and cells encapsulated in the core–shell 
beads only form solid spheroids. GelMa has good cell adhesion 
properties because it is derived from gelatin and has an Arg-Gly- 
Asp (RGD) sequence [29]. It is a temperature-responsive hydrogel, 
and a microfluidic device requires a liquid state to control the 
flow of the hydrogel. Therefore, temperature control and quick 
gelation are key for GelMa microbead fabrication. Moreover, 
GelMA can be replaced with other photocurable biomaterials to 
fabricate tissue-specific beads, such as hyaluronic acid methac
rylate, chitosan methacrylate and some biomaterials with differ
ent integrin-binding sequences [30]. This method is versatile in 
that we can easily replace core material (gelatin) with other bio
materials, such as collagen, fibrin, fish-gelatin and designed re
sponsive hydrogels [31, 32]. With elaborately choosing a 
combination of different natural biomaterials, biomimic micro
environments for different tissues might achieved for disease 
modeling, target screening and tissue engineering.

Fluorinated oils are also often used in droplet microfluidics as 
they have several advantages in droplet microfluidics. 
Fluorinated oils are inert, biocompatible and allow gas exchange, 
making them ideal for biological applications [33, 34]. In this 
study, we use corn oil as a continuous phase to produce GelMa 
microbeads. There are already reports using corn oil in droplet 
microfluidics with no cell cytotoxicity [35, 36]. After microbead 
fabrication, corn oil could be easily washed away with hexade
cane [19]. In the coaxial capillary device, the viscosity of the con
tinuous phase and geometry of capillary tube are important 
factors for droplet formation [37]. And we found corn oil suitable 
in our device from GelMa microbeads. Cost is also a consider
ation factor for oil selection, as we use large amounts of oils, 
about 1 l/h.

In this study, we demonstrated the model with HUVECs while 
many other cells with hollow structures in vivo, such as lung al
veolar cells, lens epithelial cells and otic-progenitor cells, should 
be further verified. This platform allows in vitro recapitulation of 
the tissues which form hollow structures in the early stages of 
development. This platform can be further developed for preci
sion bead placement by combining a three-axis motion system 
[38]. Massive parallel of alveolar cell balls can be infected with 
bacteria and influenza virus to investigate the interaction of 
pathogen and host. Different antipathogen substances can also 
applied to screen the effect of drugs. Thus, a high-throughput 
method for massive hollow tissue platforms can be fabricated for 
disease modeling and drug screening.

During tissue morphogenesis, cell assembly and hollow struc
ture formation are not clearly understood. Tunable cues affect
ing the hollow structure formation would be interesting for 
further work. For example, mechanical force plays an important 
role in cell differentiation and self-assembly. It provides a model 
tool for the study of biomechanics in the regulation of cell self- 
assembly as the mechanical can be tuned by change the concen
tration of shell materials. HUVECs were chosen for modeling as 
vascular endothelial cells commonly form hollow structures 
in vivo. It can also model angiogenesis when embedded in the 
ECM and stimulated by specific factors. The enclosed endothelial 

cell ball with tight junctions can serve as a starting point for fab
ricating the blood barrier in a complex model. For some specific 
tissues, such as the lens, a hollow structure formation marks the 
beginning of cell differentiation [39]. Next, lens epithelial cells 
differentiated into lens fiber cells and filled in the hollow cell ball 
to form the lens. The hollow lens epithelial cell balls with homo
geneous size might be applied for massive screening for exact 
factors that can induce lens form. Therefore, this platform could 
be further developed as an efficient differentiation factor screen
ing platform for specific tissue maturation studies.

This core–shell GelMa bead fabrication platform is versatile, 
although we only verified the hollow tissue fabrication ability. 
The core–shell structure of GelMa provides variable properties 
for further bioengineering applications. For single encapsulation, 
specific tissue cells or tumor cells can be loaded into the core for 
drug testing or disease modeling. For dual cell encapsulation, a 
complex hollow-tissue structure can be fabricated. And core– 
shell beads were suitable for cell encapsulation for in situ cell 
therapy, as they can protect cells from chemical and mechanical 
damage [40]. For example, islet cells can be encapsulated in the 
core and for in situ delivery. Suitable growth factors and drugs 
loaded in different zones of core–shell beads for controlled re
lease might promote tissue regeneration, such as bone regenera
tion or wound healing [41, 42].

Conclusion
In conclusion, we demonstrated a novel strategy for fabricating a 
pure hollow cell structure in a controlled and high-throughput 
manner which challenges the previous bio-fabrication methods. 
Core–shell beads were fabricated as a guiding template for cell 
adhesion along the inner surface, and self-assembly to form a 
tight hollow cell structure was observed. Going forward, the de
velopment of such 3D models for different cell types, using vari
able differentiation cues, and at different scales can widen the 
applicability of in vitro tissue and organ modeling.

Supplementary data
Supplementary data are available at Regenerative Biomaterials online.
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