SCIENCE CHINA Materials

ARTICLES

mater.scichina.com link.springer.com

Published online 30 August 2017 | doi: 10.1007/s40843-017-9081-5
Sci China Mater 2017, 60(9): 857-865

@ CrossMark
6

Microfluidic generation of Buddha beads-like
microcarriers for cell culture

Jie Wang, Minhan Zou, Lingyu Sun, Yao Cheng, Luoran Shang, Fanfan Fu and Yuanjin Zhao®

ABSTRACT
capable of achieving in vivo-like three-dimensional cell culture

The fabrication of functional microcarriers

is important for many tissue engineering applications. Here,
inspired by the structure of Buddha beads, which are generally
composed of moveable beads strung on a rope, we present
novel cell microcarriers with controllable macropores and
heterogeneous microstructures by using a capillary array mi-
crofluidic technology. Microfibers with a string of moveable
and releasable microcarriers could be achieved by an im-
mediate gelation reaction of sodium alginate spinning and
subsequent polymerization of cell-dispersed gelatin metha-
crylate emulsification. The sizes of the microcarriers and their
inner macropores could be well tailored by adjusting the flow
rates of the microfluidic phases; this was of great importance
in guaranteeing a sufficient supply of nutrients during cell
culture. In addition, by infusing multiple cell-dispersed pregel
solutions into the capillaries, the microcarriers with spatially
heterogeneous cell encapsulations for mimicking physiologi-
cal structures and functions could also be achieved.

Keywords: microfluidics, microcarrier, cell culture, microfiber,
emulsion

INTRODUCTION

Recent technological advances in engineering three di-
mensional (3D) cell cultures have demonstrated promi-
nent improvement in approximation of cell-cell
interactions and microenvironmental conditions in vivo,
which play a great role in the field of tissue engineering
[1-11]. Among them, microcarriers have emerged as
novel biomimetic platforms, which offer 3D biomaterial
scaffolds for cell encapsulation and aggregate formation
[10-15]. Several approaches have been proposed for fab-
ricating microcarriers, such as photolithography, micro-
molding, electrojetting and microfluidics [16-24]. In
comparison with other approaches, microfluidic micro-

carriers are a promising technique for cell encapsulation
because of their advantages of excellent monodispersity,
precise size control, high throughput, and better micro-
environmental control [21-28]. However, because of the
lack of effective nutrient exchange pathways, most of the
microcarriers are restricted to a small size to avoid the
formation of necrotic regions [29-31]. In addition, con-
ventional microcarriers could only provide a homo-
geneous microenvironment for uniform cell distribution,
whereas cell distribution in vivo is extremely complex.
Spatially anisotropic or heterogeneous tissues are wide-
spread, which is of great significance in maintaining the
physiological functions of organisms. Microcarriers with
heterogeneous structures are aimed at paving the way for
mimicking complex organisms in vitro [2,32,33]. Thus,
novel microcarriers with more sophisticated structures
and functions, and sufficient supply of oxygen and nu-
trients are still anticipated.

In this paper, inspired by the flexible structure of
Buddha beads, which are generally composed of moveable
beads strung on a rope (Scheme 1a), we present novel cell
microcarriers with controllable macropores and hetero-
geneous microstructures based on a capillary array mi-
crofluidic technology, as illustrated in Scheme 1b. With
an immediate gelation reaction of sodium alginate (Na-
Alg) spinning solution from the central capillary and
subsequent polymerization of cell-dispersed gelatin me-
thacrylate (GelMA) emulsions from the surrounding ca-
pillaries, a microfiber with a string of microcarriers could
be achieved. Similar to the Buddha beads, the micro-
carriers could be peeled off from the microfibers because
of their moveable property, which resulted from different
components and viscosities of the alginate and GelMA. By
adjusting the flow rates of the microfluidic phases, the
sizes of the microfibers and emulsions are highly tunable,
resulting in microcarriers with controllable macropore
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Scheme 1  Schematic diagram of (a) the Buddha beads and (b) the
capillary array microfluidic technology for the generation of coaxial
macropore microcarriers.

sizes, which is a very important feature for guaranteeing
sufficient supply of nutrients during cell culture. More-
over, by infusing multiple cell-dispersed pregel solutions
into the surrounding capillaries, the microcarriers with
spatially anisotropic or heterogeneous cell encapsulations
could also be achieved for mimicking physiological
structures and functions. These features make the mi-
crocarriers described here ideal for applications in tissue
engineering.

EXPERIMENTAL SECTION

Materials

Materials for the inner phase of the microfluidics were 3%
(w/v) sodium alginate (Na-alginate, very low viscosity,
Alfa Aesar). The middle phase was a mixture solution of
35% (w/v) methacrylated gelatin (GelMA, self-synthe-
sized), 2% (w/v) calcium chloride (CaCl,, Anhydrous, Alfa
Aesar) and 1% v/v photoinitiator (2-hydroxy-2-methyl-
propiophenone, Sigma, USA). Silicone oil (Shinetsu,
100cs, Japan) was used as the outer phase. 1% (v/v)
fluorescent polystyrene nanoparticles (Invitrogen: F8805
(excitation/emission: 365/415 nm), F8810 (580/605) and
F8811 (505/515)) were also added in the middle phases
for confocal laser scanning microscopy (CLSM) images
demonstrating multicompartment of the microcarriers.
Solutions were all filtered before pumped into glass mi-
crocapillary devices. Water with a resistivity of 18.2 MQ
cm™' was acquired from a Millipore Milli-Q system. All
other chemical reagents were of the best grade available
and used as received.

Microfluidics

The capillary microfluidic device consists of coaxial as-
semblies of glass capillaries with different shapes and
models (World Precision Instruments) on glass slides. A
seven-barrel capillary array (outer/inner diameter of every
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capillary: 0.68/0.58 mm) was tapered to the desired orifice
by a capillary puller (Sutter Instrument, P-97) and a mi-
croforge (Narishige, MF-830). The tapered capillary array
was inserted into a cylindrical capillary (outer/inner dia-
meter: 1/0.58 mm). Both of them were inside of a square
capillary (VitroCom, Inc.) with an inner diameter of
1.05 mm. The connectors of the assembled capillaries
were sealed with dispensing needles and transparent
epoxy resin (Devcon 5 Minute Epoxy) where necessary.
All fluids were pumped into the capillary microfluidic
devices by syringe pumps (Harvard PHD 2000 series).
The resulting microfibers were polymerized in the col-
lection channel by a UV light (365nm, $1000, OmniCure,
Mississauga, Ontario, Canada) with the photoinitiator (2-
hydroxy-2-methylpropiophenone, 1 vol%, Sigma, USA) at
the distance of 5 to 10 cm for 5 to 10 s and then were
collected in glass vials that were filled with deionized
water.

Cell encapsulations and culture

HepG2 cells and NIH-3T3 cells (obtained from the Cell
Bank of the Chinese Academy of Sciences, Shanghai,
China) were homogeneously dispersed in the GelMA
solution at a concentration of 3x10° cells/mL. All the cells
were incubated with sufficient culture medium in the
incubator (HERA cell 150, Thermo, USA) with 5% CO, at
37°C. The culture medium was a high sugar Dulbecco’s
modified Eagle’s medium (High Glucose DMEM, In-
vitrogen, Nanjing and Biotech Development Co. Ltd)
supplemented with 10% fetal bovine serum, 1% 10,000
U mL™" penicillin and 10,000 uyg mL™" streptomycin
(Gibco, Life Technolegy). During the culture, the cells
were stained by 10 umol L™ Calcein-AM (Molecular
Probes Co.) and propidium iodide (PI, Molecular Probes
Co.) for observation. 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT, 98%, J&K Scientific
Ltd., Shanghai) was used for quantitative analysis of cell
viability. The number of replicates was 6. For the in-
vestigation of the co-cultured cells, HepG2 and NIH-3T3
cells were stained by 3,3-dioctadecyloxa-carbocyanine-
perchlorate (DIO, a green fluorescent dye) and 1,1-dioc-
tadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD, a
red fluorescent dye) cell-labeling solutions (Invitrogen
Co.), respectively, before the encapsulation. MTT was
used for quantitative analysis of cell viability of the co-
cultured microcarriers. The number of replicates was 7.
The albumin secretion was measured using the Rat Al-
bumin ELISA Quantitation kit (Bethyl Laboratories Inc.,
Montgomery, USA). The urea synthesis was detected with
the Urea Nitrogen kit (Biochain Institute Inc., Boerne,

September 2017 | Vol. 60 No.9

© Science China Press and Springer-Verlag Berlin Heidelberg 2017



SCIENCE CHINA Materials

ARTICLES

USA). The number of replicates for each group was 4. All
processes of the testing follow the provided kit protocol
completely.

Characterization

The microcarrier generating processes in our capillary
microfluidic device were monitored using a microscope
(SMZ 745T, Nikon, Tianjin, China) fitted with a fast
camera (S-PRI F1, AOS Technologies AG). Optical mi-
croscope images of the microcarriers were obtained with a
stereo microscope (MVX10, Olympus, Tokyo, Japan) and
recorded by a charged coupled device (CCD, Media Cy-
bernetics Evolution MP 5.0 RTV). Fluorescence images of
the microcarriers were obtained by an inverted fluores-
cence microscope (IX71, Olympus, Tokyo, Japan) equip-
ped with CCD cameras (DP30BW, Olympus, Tokyo,
Japan). Morphology features of the microcarriers were
explored by scanning electron microscopy (SEM) images
using a field emission scanning electron microscope
(FESEM, Ultra Plus, Zeiss). CLSM images of micro-
carriers were taken by a confocal laser scanning micro-
scopy (FV10i, Olympus, Tokyo, Japan).

Statistical analyses

The significance of the differences between groups was
tested by one-way analysis of variance (ANOVA) fol-
lowed by the least significant difference (LSD) test using
the IBM SPSS Statistics 17.0 software (IBM Japan, Tokyo,
Japan). A probability value of p<0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

In a typical experiment, the microfluidic device was
constructed by aligning a tapered annular capillary array
and a collection capillary coaxially located inside a square
capillary. The annular capillary array consisted of seven
identical cylindrical glass capillaries with inner and outer
diameters of 0.58 and 0.68 mm, respectively. The capillary
array could be tapered uniformly to desired lengths and
diameters, with the orifice maintaining the same structure
as the original capillary array. A square glass with an
inner diameter of 1.05 mm was used in the assembly of
the tapered capillary array and inside the collection ca-
pillary to integrate fluids conveniently into the collection
capillary channel and observe the process of emulsifica-
tion.

The inner phase of Na-Alg was pumped through the
central capillary of the seven-barrel capillary array. The
middle phase was the mixture of GelMA and CaCl, so-
lution that flowed through the six surrounding capillaries.
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Silicone oil solution was pumped in the same direction
through the region between the inner capillaries and the
outer square capillary as the outer phase. Because of the
fast diffusion that controlled the ion cross-linking of Na-
Alg and CaCl,, a calcium alginate (Ca-Alg) hydrogel
microfiber was generated in situ, spun continuously, and
then coated by the photocurable GelMA solution (Fig.
la). Once flowed into the immiscible oil solution, the
coating GelMA solution was emulsified and broke into
droplets which were strung along the Ca-Alg microfiber.
The shear force of the oil solution pushed the GelMA
droplets forward, while the interface tension of the Gel-
MA solution tended to pull them back. When the shear
force of the outer oil phase and the interface tension of
the middle phase reached equilibrium, the water/oil in-
terface deformed and spindle-shaped droplets coated
microfibers could be achieved. By adjusting the flow rates
of different streams, the size of the droplets and the fibers
were highly controllable, as investigated in Fig. 1. The size
of the droplets showed a negative association with the
inner (F)) and outer flow rate (F;), and a positive asso-
ciation with the middle flow rate (F,) (red points in Fig.
1b-d); while the size of the microfibers showed a positive
association with F; and a negative association with F;
(blue points in Fig. 1b, d). These results indicate that the
sizes of the droplets and the microfibers could be quan-
titatively controlled through changing the flow rates of the
three streams, which would be very important in the size
control of the resulting microcarriers.

Solidified Ca-Alg microfibers with GelMA microcarrier
coating could be continuously generated by exposing the
collection capillary to ultraviolet (UV) irradiation for
polymerizing the GelMA pre-gel droplets on the micro-
fiber surfaces, as shown in Fig. 2. It was found that the
components of the polymerized GelMA microcarriers
were independent from their strung microfibers, as con-
firmed by CLSM images (Fig. 2a-c) and the micro-
structure presented in the SEM images (Fig. 2d). The
inner alginate fibers and the surrounding GelMA micro-
carriers were all polymerized very fast, and they could not
diffuse to each other, thus they were not strongly con-
nected. This should be ascribed to the difference in
components, chemical surface and viscosities of the Ca-
Alg and GelMA hydrogels. Thus, the solidified micro-
carriers had free movement along the microfibers and
could be peeled off from the strung microfibers like
Buddha beads, as shown in Fig. 2e, f and Movie S1. To
ensure the success of this process, a relatively high con-
centration of Na-Alg should be employed to make the
microfibers robust and easy to be extracted from the
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Figure 1 (a) Real-time microscopic images of the microfluidic generation process of the droplets coated microfibers with tunable sizes of droplets
and microfibers. (b-d) Relationships between the minor axis of the droplets (red color), the diameter of microfibers (blue color) and flow rates of
three streams (F,, F,, F3). F, was 0.2 mL h™' and F, was 10 mLh™" in (b). F, was 0.2 mL h™' and F, was 10 mL h™" in (). F, was 0.2 mL h™' and F, was

0.2 mLh™" in (d).

microcarriers. Besides, the microfibers could also be di-
gested by the alginate lyase in case the low-concentration
Na-Alg should be applied.

After removing the strung microfibers, the micro-
carriers with a single coaxially through macropore could
be collected, as shown in Fig. 3. The results indicated that
the removal of the microfibers did not destroy the
structure of the microcarriers. The size of the macropore
in microcarriers remained almost the same as the dia-
meter of the microfibers. Thus, microcarriers with highly
controllable size and structure could be constructed. To
guarantee sufficient supply of oxygen and nutrients dur-
ing cell culture, GeIMA microcarriers with a minor axis of
about 200 um, and with the macropores of about 20 pm
were fabricated in the following experiment.

A noticeable advantage of our method was that un-
precedented microcarriers with spatially anisotropic or
heterogeneous components could be exploited, as
schemed in Fig. 4. During this process, different pregel
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solutions mixed with different dyes or cells were si-
multaneously infused into the surrounding capillaries of
the microfluidics using the same flow rate. Because of
their low Reynolds number, these flow solutions mainly
formed laminar flows around the center microfiber and
no obvious diffusive mixing occurred across the different
color streams before solidification. When these laminar
flows were emulsified into droplets on the microfiber, a
fast UV polymerization was employed to immobilize the
inner structures of the droplet templates (Fig. S1 and
Movie S2). From the CLSM images, it could be observed
that the microcarrier coated microfibers had nearly ax-
isymmetrical geometries, which should be attributed to
the regular capillary array geometries, low disturbance in
the microfluidic channels, and the fast solidification of the
templates.

The multicompartmental microcarriers with macro-
pores could also be obtained after the same collection and
microfiber removal processes as the above simple gen-
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Figure 2 (a-c) CLSM images and (d) SEM images of the microcarriers
coated microfibers showing the hetero-structure of the microcarriers
and the microfibers. (e, f) Optical microscope images of the same mi-
crocarriers coated microfibers before and after stacking the micro-
carriers, indicating free movement of the microcarriers along
microfibers. The scale bars are 200 um in (a-c), 10 um in (d), 100 pm in
the insert image of (d), and 300 pum in (e, f).

Figure 3  (a—c) Optical microscope, CLSM and SEM images of the
microcarriers with a single coaxially through macropore; (d-f) cross
sections of the corresponding microcarriers in (a-c). The scale bars are
200 um in (a, b, d) and 100 pm in (c, e, f).

Figure 4 Schematic illustrations and the CLSM images (lateral views in second column, and cross sections in third, fourth and fifth columns) of
microfluidic generation of multicompartmental microcarriers: (a) Janus microcarriers; (b) three-compartmental microcarriers; (c) six-compartmental

microcarriers.

eration of microcarriers (Fig. S2 and Movie S3). Fig. 4a
presents typical cross-sectional CLSM images of the Janus
macropore microcarriers. The internal architecture of the
microcarriers displayed an extremely sharp boundary at
the interface between the two compartments, which
suggested minimal mass transfer between the compart-
ments. By extending the two different fluids to three or six
different pregel solutions into the surrounding injection
capillaries of the microfluidics, three- and six-compart-
mental microcarriers could correspondingly be generated,
as shown in Fig. 4b, c. Each compartment of the micro-
carriers could have its own chemical composition, which

September 2017 | Vol.60 No.9

is determined by the chemical composition of the initial
injecting solutions. Thus, the multicompartmental mi-
crocarriers have important potential applications in
creating anisotropic or heterogeneous cell encapsulations
and coculture.

To confirm the value of our microcarriers in biomedical
engineering, we employed them as controllable cell en-
capsulations in 3D cell culture. For this purpose, HepG2
cells were dispersed in GelMA solutions, which was
beneficial in reconstructing a microenvironment typical
for cell-cell connections due to the presence of a cell at-
tachment site on GelMA molecules. It is worth men-
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Figure 5 CLSM images of (a) two solid cell microcarriers and (b) two macropore cell microcarriers after culturing for seven days. Dead cells were
stained red while living cells were stained green. (c) MTT assays of the cells cultured in microcarriers with different structures. Results are presented as

mean value * standard error. ***p<0.001.

tioning that no surfactant is needed during the generation
of the microcarriers, which would impart the system with
less toxicity to cells. In order to demonstrate the super-
iority of the macropore structure, the macropore micro-
carriers were comparable with solid microcarriers with
the same volume size, material component and quantities
of cell concentrations of our microcarriers with macro-
pores, by simply blocking the inner capillary of the same
microfluidic device and change F, to zero with the same
flow rates of F, and F;. Solid microcarriers were found to
begin to form necrotic regions inside while few dead cells
appeared in the macropore microcarriers after culturing
for seven days (Fig. 5a, b). The cell viabilities on these two
kinds of microcarriers were also investigated by using
MTT assay, which is the most common method of
quantitative study of cell viability. It was noticeable that
the cells in solid microcarriers almost hardly proliferated
after 7 days, while the cells in microcarriers with mac-
ropores reached their plateau of growth much later. With
the proliferation of the cells, the cells encapsulated in solid
microcarriers were found to suffer from insufficient
oxygen and nutrients earlier than those on macropore
microcarriers. These results indicate the outstanding
structure preponderance of the macropore microcarriers
for cell encapsulation and culture.

Cell coculture experiments were also investigated in the
microcarriers. For this purpose, the HepG2 cells and
NIH-3T3 cells dispersed in GelMA solutions were
pumped into microfluidic devices to fabricate cell-laden
microcarriers with different structures and cell distribu-
tions, as shown in Fig. 6a-d. To observe the distribution
of cells in the microfibers, the two kinds of cells were
stained green and red, respectively, before the en-
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capsulation. From the CLSM images of the resultant cell-
laden microcarriers, a distinct interface could be observed
at the interface between the HepG2 and NIH-3T3 cells
(Fig. S3), which was beneficial for their liver-specific
functions. MTT assays were also conducted to show the
good cell viabilities in the microcarriers (Fig. S4). To
confirm the liver-specific functions of the microcarriers, a
Rat Albumin ELISA Quantitation kit and a Urea Nitrogen
kit were used to quantify albumin secretion and urea
synthesis, as these are two primary bioactive indices of
hepatic cells [34]. Compared to the monotypic culture of
hepatocytes alone, the coculture of hepatocytes and fi-
broblasts in the Janus-compartmental microcarriers or in
other type of compartmental microcarriers were all found
to display both increased albumin secretion and urea
synthesis, as shown in Fig. 6e, f. These results indicate that
the coculture of hepatocytes and fibroblasts embedded in
our microcarriers is a good model of the liver in vitro.
Based on our method, more types of cells or biological
factors could be encapsulated inside the compartments of
the microcarriers but remained separated from each
other. This would make the macropore microcarriers a
promising 3D platform for studying interactions between
different cell types and constructing complex multi-tis-
sues.

CONCLUSIONS

In summary, we have presented a capillary array micro-
fluidic technology for continuously spinning Buddha
bead-like microfibers with a string of moveable macro-
pore microcarriers. Similar to the Buddha beads, these
microcarriers could be peeled off from the strung mi-
crofibers because of their movability. The sizes of the
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Figure 6 (a-d) Optical images and fluorescent images of one- and two-compartemtal macropore microcarriers. The HepG2 cells were stained with a
green fluorescent dye, and NIH-3T3 cells were stained with a red fluorescent dye. (e) Albumin secretion and (f) urea synthesis of the cells in the
microcarriers were measured at different time points during a 9-day culture. All dates were measured at the same initial cell number and were
expressed as mean value + standard error. ***p<0.001. The numbers of the HepG2 cells encapsulated in monotypic hepatocyte microcarriers and
Janus-compartmental microcarriers are the same. The HepG2 cells and NIH-3T3 cells in (e, f) have the same quantities.

microcarriers and their inner macropore could be well
tailored by adjusting the flow rates of the microfluidic
injection fluids; this guaranteed the sufficient supply of
oxygen and nutrients during cell encapsulation and cul-
ture. In addition, by infusing multiple cell-dispersed
pregel solutions into the surrounding injection capillaries
of the microfluidics, macropore microcarriers with spa-
tially anisotropic or heterogeneous cell encapsulations
could also be achieved. The coculture of hepatocytes and
fibroblasts in these microcarriers was employed to con-
firm the advantages of this system, in which high-level
expressions of liver-specific functions were observed.
Thus, we believe that these cell-laden microcarriers can be
used as biological models in organisms and complex
multi-tissue studies with the aim of mimicking the be-
havior of larger organ networks of human bodies.
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