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Development of an in vitro three-dimensional (3D) model that closely mimics actual environment of tissue has become
extraordinarily important for anti-cancer study. In recent years, various 3D cell culture systems have been developed,
with multicellular tumor spheroids being the most popular and effective model. In this work, we present a microfluidic
device used as a robust platform for generating core—shell hydrogel microspheres with precisely controlled sizes and varied
components of hydrogel matrix. To gain a better understanding of the governing mechanism of microsphere formation,
computational models based on multiphase flow were developed to numerically model the droplet generation and velocity
field evolution process with COMSOL Multiphysics software. Our modeling results show good agreement with experiments
in size dependence on flow rate as well as effect of vortex flow on microsphere formation. With real-time tuning of the
flow rates of aqueous phase and oil phase, tumor cells were encapsulated into the microspheres with controllable core—
shell structure and different volume ratios of core (comprised of alginate, Matrigel, and/or Collagen) and shell (comprised
of alginate). Viability of cells in four different hydrogel matrices were evaluated by standard acridine orange (AO) and
propidium iodide (PI) staining. The proposed microfluidic system can play an important role in engineering the in vitro
micro-environment of tumor spheroids to better mimic the actual in vivo 3D spatial structure of a tumor and perfect the 3D

tumor models for more effective clinical therapies.

Keywords: microfluidics, core—shell scaffold, phase field method, tumor spheroids
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1. Introduction

With the continuing increase in the rate of its incidence
and mortality, cancer has become a pressing health issue
around the world and has been receiving increased attention.
Breast cancer is the most common type of cancer for women
and is estimated to account for 15% of the confirmed can-
cer cases in 2015.11 To develop effective cancer therapies, a
suitable cell culture system has to be utilized. Studies have
shown that almost all cells in vivo are exposed to a 3D en-
vironment containing various types of cells and complex ex-
tracellular matrix (ECM).[>3 In traditional two-dimensional
(2D) cell culture systems, cells can only attach to the flat solid
surface of a petri dish, lacking cell—cell and cell-ECM interac-
tions. Thus, the formation of 3D structure cannot be studied,
not to mention the interaction between cancer cells and the 3D

environment. 43

1 Moreover, it has been reported that in vitro
cell cultures in 3D environment are advantageous over those
in 2D environment for oncology studies, such as signal trans-
duction, protein and gene expression./>%=! Although a lot of

efforts have been made during the past years, constructing an
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in vitro tumor model with complex ECM micro-environment
remains a long-term challenge.

To overcome the disadvantages in 2D cell culture, an
efficient model of 3D cell culture like multicellular tu-
mor spheroids (MCTs) has been studied. MCTs can bet-
ter mimic the actual 3D structural organization presented
by solid tumors.!>!% Several methods have been devel-
oped over the years to form MCTs, such as hanging

11,12 (131 yltra-low attachment plates,[!4]

drop, '] spinner flasks,
and microfluidics.['! Among these methods, microfluidic
encapsulation of cells within hydrogel material has at-
tracted more attention because it has unique advantages
over traditional technologies including: (i) continuous,
high-throughput and highly monodisperse production of 3D
hydrogel-based cellular micro-environments with precisely
controlled sizes, components and mechanical properties of hy-

x;116171 and (ii) high porosity of hydrogel matrix,

drogel matri
which guarantees good permeability of gas and liquid and pro-
vides a suitable growing condition for cell growth.[!8]

To date, hydrogel scaffold materials of cell culture can

be divided into two types: synthetic and natural. Alginate

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11474345, 11674043, and 11604030) and the Fundamental and Advanced

Research Program of Chongqing (Grant No. cstc2018jcyjAX0338).
"These authors contributed equally to this work.
fCorresponding author. E-mail: phyliurc@cqu.edu.cn
$Corresponding author. E-mail: guigen.bme @uky.edu
© 2018 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

128703-1


http://dx.doi.org/10.1088/1674-1056/27/12/128703
mailto:These authors contributed equally to this work.
mailto:phyliurc@cqu.edu.cn
mailto:guigen.bme@uky.edu
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 12 (2018) 128703

is a widely-used type of natural hydrogel with excellent bio-
compatibility and easy availability.!'®?] In previous stud-
ies, normally only one kind of hydrogel material was utilized
to generate cell-laden hydrogel microspheres.!?>3 However,
a basic in vitro 3D ECM model for reconstructing the ac-
tual environment of breast tumor should at least include both
the basement membrane (Matrigel) and the interstitial matrix
(Collagen).!**?3] Matrigel, mainly composed of proteins of
ECM, optimizes spatial architecture of MCTs and facilitates
cell function and behavior.!?®>7l Collagen I is the major com-
ponent of the naturally-derived matrix and plays an important

28.29] To create mi-

role in cell proliferation and migration.!
crospheres containing multiple hydrogel materials, microflu-
idic chips were utilized to fabricate emulsions with core—shell
structure in a single step, allowing precise adjustment of the
core size and shell thickness, as well as the heterogeneous

1301 The heteroge-

micro-environment of core—shell droplets.
neous structure provides a more efficient platform for oncol-
ogy studies, such as cancer cells metastasis and heterotypic
cell—cell interactions.

Core—shell hydrogel microspheres are designed to pro-
vide more effective in vitro tumor models, given that Matrigel
and Collagen I are the major components of the ECM in breast
tissue. In this paper, we present a droplet-based microfluidic
device for generating heterogeneous core—shell microspheres
which incorporate ECM components including both Matrigel
and collagen I. The microfluidic device can be used as a ro-
bust platform for generating core—shell hydrogel microspheres
with precisely controlled sizes and varied components of hy-
drogel. The dynamics of droplet generation and velocity field
evolution in the microfluidic device were investigated by both
experiments and numerical simulation. The simulation results
demonstrate good agreement with experimental observations.
We can adjust the composition of core and shell in real-time by
adjusting the flow rate of the inner and outer aqueous phase.
the variability of the compositions of core and shell makes
it a robust platform for real-time study. In the core, 3D hy-
drogel environment with the addition of ECM components in-
cluding both collagen I and reconstituted basement membrane
provides a good growth micro-environment for cells compared
with those containing only one kind of hydrogel material. Cell
growth in different hydrogel components was also evaluated
in detail.

2. Simulation section

The phase field method is adopted to solve the evolution
of interface between immiscible aqueous and oil phase. The
interfacial layer between aqueous and oil phase is governed
by a phase field variable ¢, which takes a value from —1 (pure
aqueous phase) to 1 (pure oil phase). The velocity and pres-

sure field is governed by the Navier—Stokes equation:

%‘;er(u.v)u:v. [=pL+n (Vu+ (Vo)) |+ £, (1)

where p is the density of fluid, w is the fluid velocity, p is the
hydrodynamic pressure, 7 is the viscosity of fluid and f is the
volume force density generated by surface tensions. p and n
can be expressed as function of the corresponding values of
aqueous and oil phase via variable ¢ as:

p=pa+(Po—pa)(1+¢) /2, 2)
N=na+ (Mo —Na) (1+¢) /2. ©)

The motion of aqueous-oil interface can be solved by the fol-
lowing two differential equations:

a¢ o YA
§+U~V¢fV~?Vl//, 4)
y=-V-Vo+(9>—1)9, )

where 7 is the mobility, A is the mixing energy density, € is a
measure of interface thickness and y is the free energy. The
mobility and interface thickness are linked by the mobility tun-
ing factor ¥ through following equation

y=xe’. (©6)

The Two-Phase flow, phase field module in COMSOL
Multiphysics 5.3a was employed to numerically model the
droplet generation and analyze the change of flow field in 2D
geometry. The geometry used in the computational work was
the same as that used in the experiments. Sodium alginate so-
lution was chosen as the aqueous phase, and fluorinated carbon
oil supplemented with 1-wt% biocompatible surfactant was
used as the oil phase. The aqueous phase has a viscosity of
8 mPa-s and a density of 1250 kg/m? while the oil phase has a
viscosity of 1.24 mPa-s and a density of 1614 kg/m>. Surface
tension values of 0.037 N/m and 0.0162 N/m were assigned to
the aqueous and oil phase, respectively.

For the boundary conditions, the velocity of aqueous
phase and phase field variable ¢ = —1 were assigned to the top
inlet A as shown in Fig. 2(b), indicating 100% aqueous phase.
Velocity of corresponding oil phase and phase field variable
¢ = 1 were applied to the two sets of side outlets, respectively.
The bottom boundary was set as the outlet with zero pressure.
No slip wall condition and wetted wall condition with a con-
tact angle of 45° were applied to the other boundaries.

3. Experimental section
3.1. Fabrication of the PDMS microfluidic chip

We used soft lithographic technique!®'-3?! to fabricate the
PDMS microfluidic chip for droplets formation. Briefly, the
pattern of PDMS chip was designed with the L-edit software
(Tanner EDA). The designs were then printed onto a 5-inch
(1 in=2.54 cm) chrome mask using a laser writer (Heidel-
berg DWL2000 Mask Writer). Silicon wafers were carefully
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cleaned and spin-coated with positive photoresist (ECL3027).
The photoresist pattern was created by standard UV lithog-
raphy techniques. After development, the silicon was treated
by O, plasma to remove the residual photoresist outside the
microchannel pattern. Then the exposed silicon regions were
etched down to 150 um. The fabricated silicon wafer was
transferred to a plastic 100-mm diameter petri dish to be used
as the master mold. Poly(dimethyl siloxane) (PDMS, Dow
Corning) was first mixed well with curing agent (Dow Corn-
ing) in 10:1 (w/w). The PDMS mixture was then poured onto
the master mold to degas in a vacuum desiccator for 15 min-
utes and cured as PDMS in 60 °C oven for 2 h. Next, a com-
mercially available 2-mm diameter punch (Harris Uni-Core)
was utilized to punch the through-holes at each channel inlet
and outlet. Subsequently, the PDMS replicas of the desired
pattern were bonded to glass slides after oxygen plasma treat-
ment. To avoid wetting of the channel of microfluidic chip
by water phase and ensure stabilized droplet production, all
of the fabricated channels in microfluidic chip were treated
with commercial water repellent Aquapel (PPG Industries,
USA).B3

3.2. Solution preparation

The sodium alginate powder (Sigma—Aldrich) was dis-
solved in cell culture medium to a final concentration of
2% (w/v). The calcium-EDTA solution (100 mM) was pre-
pared by using a solution of calcium chloride (Sigma—Aldrich)
mixed with disodium-EDTA (Sigma—Aldrich) at a ratio of 1:1
(v/v). Subsequently, the pH value of the calcium-EDTA solu-
tion was adjusted to 7.2 using 1-mol/L NaOH (Fluka).

The alginate mixture for droplet generation was obtained
by mixing 2% sodium alginate with 100-mM calcium-EDTA
at the volume proportion of 1:1, and then vortexed to en-
sure thorough mixing of the two solutions./*?! To prevent
clogging in microfluidic chips and sterilize the solution, al-
ginate mixture was filtered using 0.2-pum syringe filters (Mil-
lipore) to remove any clumps of alginate or bacteria.’*! The
alginate/calcium-EDTA solution was utilized as the aqueous
phase for droplet generation.

The oil phase used in our study was fluorinated carbon
oil (HFE7500, 3 M) supplemented with 1-wt% biocompat-
ible surfactant (RainDance Technologies) and with or with-
out 0.15% (v/v) acetic acid.[??! To stabilize the monodis-
persed droplets, the surfactant was used to prevent uncon-
trolled droplet coalescence prior to gelation. The acetic acid
can reduce the pH level of dispersed aqueous phase, and even-
tually lead to alginate gelation.

3.3. Hydrogel microspheres formation

The microfluidic chip with a flow-focusing geometry was
utilized in our study to generate highly monodisperse alginate

droplets.[>36] By using a long tube with 0.8-mm inner diam-
eter and 2.4-mm outer diameter, the inlets of microfluidic chip
were connected to plastic syringes (BD Falcon) with 19-gauge
flat tip needles, and the outlet was also routed into a plastic
centrifuge tube (Corning) for droplets collection as shown in
Fig. 1(a). During the formation of cell-laden hydrogel micro-
spheres, an ice bath and ice—cold concentric tubes were neces-
sary to keep the thermosensitive hydrogel at a low temperature
condition as shown in Fig. 1(b). Aqueous phase and oil phase
were charged in separate plastic syringes and introduced to
the microfluidic chip by syringe pumps (LSP01-1A, Baoding
Longer Precision Pump Co., Ltd., China).

3.4. Cell culture and encapsulation

Human breast carcinoma cell line MDA-MB-231 (China
Infrastructure of Cell Line Resource, Beijing, China) was
cultured in DMEM (Corning) supplemented with 10% Fe-
tal Bovine Serum (Corning) and 1% penicillin/streptomycin
(Corning). Before loaded into the microfluidic chip, MDA-
MB-231 cells were cultured in flasks to 80% confluence and
rinsed twice with phosphate buffered saline (Corning) and
then detached using 0.25% trypsin-EDTA (Corning) solu-
tion. Cell suspension was prepared with a concentration of
1 x 107 cells/mL using cell culture medium mixed with ECM-
based hydrogel solution on ice. Hydrogel droplets were gen-
erated as described in results and discussion section. After
droplets gelation, the gelled hydrogel microspheres were col-
lected using a 40-pum cell strainer (BD Falcon), and then rinsed
with 1% (w/v) CaCl, once to enhance mechanical properties
and PBS twice to discard the remaining oil phase solution, fol-
lowed by re-dispersing in 24-well plate (Corning) with ade-
quate cell culture medium. The cell-laden hydrogel micro-
spheres were cultured in an incubator with 5% CO, at 37 °C
and the culture medium was changed every two days during

the experiments.

3.5. Cell staining

Cell viability was assessed using a standard acridine or-
ange (AO) and propidium iodide (PI) staining protocol.*”]
Briefly, after removing the culture medium and rinsing sam-
ples in 1 ml of PBS for 5 min at 37 °C, the cell-laden hydrogel
was incubated in 5-ug/mL AO staining solution to stain living
cells and 5-pg/mL PI to stain dead cells for 15 min at room
temperature. After incubation, the hydrogel was then rinsed
in PBS and imaged under an inverted microscope (Ti, Nikon)
with a 10/20x air objective in 25-°C environment. The images
and data have been processed and quantitatively analyzed later

using the ImageJ and Origin software package, respectively.
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4. Results and discussion
4.1. Design of the chip

We aimed to fabricate a simple and stable microfluidic de-
vice which can generate highly monodisperse alginate droplets
and encapsulate tumor cells over a long period of time. As
shown in Figs. 1(a)-1(c), the microfluidic chip with four in-
lets and one outlet, consists of two main functional compo-
nents: one is the laminar flow zone with a serpentine mi-
crochannel and a cross-junction, the other is the droplet for-
mation zone with two cross-junctions (CI and CII). The ser-
pentine microchannel can be thought of as a fluid resistor, and
placed for shorter microchannel of aqueous 2 (A2) to dampen
fluctuations arising from the mechanical instability of syringe
pumps and the elasticity of the PDMS device.?*! The mi-

crofluidic chip for droplet generation have two inlets for oil 1
(O1) and 2 (02), two inlets for aqueous 1 (A1) and 2 (A2). The
width of the main channel of the microfluidic chip is 100 pum
and the height of the channel is 150 um. The illustration in
Fig. 1(b) shows different supplies for each inlet and the prod-
uct collected at the outlet. After flowing through the serpen-
tine microchannel, aqueous 2 (red, A2) co-flows with aqueous
1 (green, Al) laminarly due to low Reynolds number. Subse-
quently, the mixture of aqueous solutions and oil 2 (O2) meet
at the cross-junction (CI) with a width of 90 um and length of
100 um and spontaneously produce core—shell droplets com-
posed of an inner aqueous (A2) core and an outer aqueous (A1)
shell, due to different surface properties between aqueous and
oil phase. [30-38

oil+acetic acid

; \ beads collected
o‘idl 2% alginate + in culture media

100 mM Ca-edta C€lls in hydrogel
mixture

® CI/
outlet cii

Fig. 1. (color online) The 3D microfluidic chip for droplets generation. (a) An overall view of the microfluidic chip with oil phase (O1, O2) and aqueous
phase (A1, A2) supply tubes linked, placed beside a coin; (b) 3D schematics of the microfluidic chip; (c) Left: top view of the microfluidic chip designed
with the Ledit software (Tanner EDA). Right: microscopic image showing the formation of droplets of two aqueous phase (green and red). This microscopic
image was taken in bright field and processed with ImageJ. The scale bar is 200 pm. (d) Reaction scheme for the crosslinking process. When the pH is
reduced, calcium ions are gradually released from calcium-EDTA to trigger the gelation of water-soluble alginate.

4.2. Hydrogel droplets formation

The microfluidic chip that we used in our study can gen-
erate droplets with stable and uniform size. The process of
droplet generation is affected by a group of independent vari-
ables, including flow rates, viscosity of medium and the geom-
etry and dimension of the microchannel. We first investigated
the effect of flow rate of the oil phase on the size of droplets.
Figure 2(a) shows the experimental results. By fixing the flow
rate of aqueous Al and A2 at 80 pL/h and 40 puL/h respec-

tively, equivalent to net aqueous flow rate of 120 uL/h, and
then changing the flow rate of o0il 2 (Vo) from 60 pL/h to
1200 pL/h, different sizes of droplets can be obtained. Fig-
ure 2(b) shows the simulated dynamic process of droplet gen-
eration in the microfluidic flow-focusing device with same size
as in experiment. The flow rate of o0il 2 (Vp,) and aqueous
phase (Va) were 300 pL/h and 120 pL/h respectively. Fig-
ure 2(c) compares experimental measurement and simulation

results of the influence of oil phase flow rate. A close ex-
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amination shows that with increasing flow rate of oil 2 from
60 pL/h to 1200 pL/h, the droplet size decreases from 81.7 pm
to 42.5 um in experiment while the simulation results display
a change from 188.7 um to 81.2 um. The mismatch in size,
can be attributed to several reasons, such as the simplified 2D
models vs. complex 3D experiments, the instability of syringe
pump, the resistance of pipeline, and the nonhomogeneous
properties of aqueous mixture. One thing to note is that the
droplets are smaller when the flow rate is 60 uL/h compared
to 180 puL/h. This is because Vo is too small to generate

droplets in the first cross junction (CI), aqueous phase and oil 1
(O1) will meet at the downstream cross-junction (CII) and the
higher flow rate (Vo;+Vo2) results in generation of droplets
with smaller size. Our simulation results also capture this be-
havior. In addition, we investigated the effect of the flow rate
of oil 1 on the size of droplet. As shown in Supplementary
Material, Fig. S1, no statistical difference can be observed in
droplet size when changing the flow rate of oil 1 (Vo). There-
fore, we conclude that Vo, has significant influence on the size
of droplets while Vg does not.

aqueous phases 2 (A2) the flow rate of oil phase 2 (b) aqueous phases (A) __ droplet formation process
oil phase 2
aqueous phases 1 (02).
02
oil phase 2(02) 01
outle
(C)Eso------- 200
|} .
oil phase 1(01) 80 o —a— experiment L 180
—u— simulation L 160

F140
F120

~— 100
501 "
'kLT\:' 80

r 60

—9

i
&

>
o
r

Droplet size from simulation/um

w
o

Droplet size from experiment/p
[=2]
o

; : . r r T T 40
0 200 400 600 800 1000 1200 1400
Flow rate of oil 2/(ul/h)

Fig. 2. (color online) Droplets with tunable sizes are generated using the chip by experiment and simulation. (a) With increasing flow rates of oil phase 2,
droplet size decreases. The scale bar is 200 um. (b) Simulation results of dynamics of droplet generation. The flow rate of the oil phase 2 (Vo,) and aqueous

phase (V) were 300 puL/h and 120 pL/h, respectively. (c) Simulation and experimental results for the influence of the flow rate of oil phase 2 on the droplet
size. Both simulation results and experimental measurement show similar effect: With increased flow rates of oil 2, droplet size decreased.

4.3. Stability of core—shell structure

It is easy for the quickly ionically cross-linked alginate hydrogels to produce hydrogel microspheres with uncontrollable size
and shape, which can clog the microchannel within several seconds. To solve this problem, we used water-soluble calcium-EDTA
mixed with alginate as the aqueous phase in this study.*”! The reaction scheme is shown in Fig. 1(d). Acetic acid contained in
oil 1 can reduce the pH value of the aqueous phase and trigger the ionization of the premixed calcium-EDTA complex to provide
bivalent calcium ions.[?>34! The slow release of calcium ions lead to uniform gelation of alginate scaffold. The alginate shell
can maintain the droplet shape and retain the Matrigel and Collagen components in the droplet core. Matrigel and Collagen stay
liquid around 4 °C but will slowly form gel network as temperature goes up./?®! Thus, temperature control becomes essential
for successfully fabricating core—shell droplets from thermosensitive hydrogel such as Collagen and Matrigel. To provide low
temperature environment, we kept the syringe containing thermosensitive hydrogel in an ice bath during droplets generation, as
illustrated in Fig. 1(b), and used an ice-cold concentric tube to cool the connector tube of microfluidic chip.

To generate core—shell hydrogel microspheres, the Matrigel and Collagen mixture with or without tumor cells was used as the
aqueous 2 (A2), and the alginate/calcium-EDTA mixture was used as the aqueous 1 (A1). Fluorinated carbon oil supplemented
with 0.15% (v/v) acetic acid and without acid were used as oil 1 (O1) and oil 2 (O2), respectively. The flow rate of the aqueous
phase for all cases were 120 pL/h. Figure 3(a) shows as the flow rate of oil 2 decreases, the structure of core—shell microspheres
experience four stages from I to IV: complete mixing, partial mixing, weak stratification and core—shell formation, indicating
that flow rate of oil 2 has a significant effect on the formation of core—shell structure. Increasing oil phase velocity results in
higher pressure and shear stresses during the droplet formation, leading to larger velocity fluctuations in the aqueous phase.
The phase-field model was used to numerically investigate the velocity field evolution during the droplet formation process.
Figure 3(b) shows that the 2D velocity field of deforming droplet also experiences four stages from I to IV: large recirculation,
small recirculation, critical recirculation and no recirculation when the flow rate of oil 2 decreases, corresponding to the four
stages in Fig. 3(a).
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Fig. 3. (color online) Simulation and experimental results for the influence of the flow rate of oil 2 on 2D velocity field. (a) With decreasing flow rate of oil
phase 2, the structure of core—shell microspheres experience four stages from I to IV: complete mixing, partial mixing, weak stratification, and core—shell
formation. The scale bar is 50 um. (b) With decreasing flow rate of oil 2, the simulation results indicate that the 2D velocity field of deforming droplet also
experiences four stages from I to IV: large recirculation, small recirculation, critical recirculation, and no recirculation. (c) As the value of mobility tuning
parameter ) increases the critical flow rate of oil 2 becomes smaller. The blue surface represents the velocity field with a stable flow field (IV), and the
brown surface represents the velocity field with an unstable vortex flow (I and II).

The value of mobility tuning parameter ¥ has an effect
on the critical flow rate of oil 2 at which recirculation is ini-
tiated. Figure 3(c) presents graphically velocity field stabil-
ity as a function of the value of mobility tuning parameter x.
The planar part shows the division into two quadrants which
give rise to different scenarios for the velocity field. The blue
surface represents the velocity field with a stable flow field
(IV), and the brown surface represents the velocity field with
an unstable vortex flow (I and II). Increasing oil phase veloc-
ity results in an unstable vortex flow formation, leading to the
destruction of the core—shell interface (i.e., layered structure).
Figure 3(c) shows that as the value of mobility tuning param-
eter x increases the critical flow rate of oil 2 becomes smaller.
The reasonable value of } in numerical simulation depends on
real physical systems and can be determined by comparison
with experimental results. It is neither too small to satisfy the
numerical convergence nor too large for ensuring the diffusion
not to overly damp the flow.*’! In our study, the value of ¥
was determined as 1.5 m-s/kg for all flow conditions in the
subsequent simulation. Based on experiment and numerical
simulation, the flow rate of oil 2 was chosen to be 300 pL/h,
which is optimal for generating cell-laden core—shell hydrogel
microspheres.

4.4. Cell-laden hydrogel microspheres formation

The heterogeneous core—shell structure of cell-laden hy-
drogel microspheres provide a more complex and realistic 3D
micro-environment for mimicking the in vivo 3D spatial struc-

ture of tumor. The microfluidic chip can generate hydrogel
droplets with variable volume ratios of core to shell and ad-
just the ratio in real-time (Fig. 4). In order to demonstrate
the feasibility of generating hydrogel droplets with variable
volume ratios of core to shell, PBS solution with 100-uM flu-
orescein was introduced into the microfluidic chip as aque-
ous 2 (A2), and the alginate/calcium-EDTA mixture was in-
troduced into the channel as aqueous 1 (Al). At the same
time, oil 1 (O1, with acid) and 2 (02, without acid) were in-
troduced into the microfluidic chip at a constant flow rate of
600 pL/h and 300 pL/h, respectively. As shown in Fig. 4(a),
aqueous 2 (A2) co-flows with aqueous 1 (Al). The net flow
rate of aqueous phase (Va1+Va2) was maintained at 120 pL/h
and the flow rate ratio of different aqueous solutions was ad-
justed. Experimental results showed that, the lower ratio of
VEorescein 10 VAlginate (Va2: Va1), the narrower the fluores-
cein flow. The distribution of fluorescence intensity over the
channel cross-section in the co-flow area (Fig. 4(a), red ar-
row) at different ratio of Vs to Vi is shown in Fig. 4(b).
By reducing the flow ratio of Vs to Vo1 from 5:1 to 1:5, the
size of droplets decreased slightly from 64.5 pm to 49.4 um
as shown in Fig. 4(c). However, if the ratio of Vas to Vag
exceeds 1:1, as shown in Fig. S2, the shell is mechanically
weak and the spherical structure cannot be sustained. Conse-
quently, the ratio of V52 to Va1 should be less than 1:1 to form
cell-laden core—shell hydrogel microspheres in the subsequent
experiments.
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Fig. 4. (color online) Droplets with variable volume ratios of the core and shell are generated. (a) The lower ratio of VEorescein t0 Valginae (Va2:Va1),
the narrower fluorescein flow. (b) The distribution of the fluorescence intensity over the channel cross-section in the co-flow area (Fig. 4(a), red arrow) at
different ratio of VEjuorescein t0 V Alginate- (€) Statistical results show that droplet size slightly decreases with reduced ratio of Vryorescein 0 V Alginate-

To generate cell-laden core—shell hydrogel microspheres,  Figure S5 shows collected hydrogel microspheres with insuf-
all of the fabricated PDMS microfluidic chips were sterilized  ficient crosslinking. According to our experimental results, a
with 75% ethanol and UV light irradiation for 30 minutes be-  crosslinking time of 2 min was sufficient to achieve complete
fore cell encapsulation. By changing the flow rate of the inner ~ gelation of the alginate/calcium-EDTA droplets and high vi-
and outer aqueous phases, we can adjust the composition of  ability of cells, and similar results were obtained in previous
droplets. Figures 5(a)-5(b) and figure S3 show the 3D cell-  study by Stefanie Utech (2015).1*!1 After gelation, the cell—
laden core—shell microsphere has a clear interface between the ~ laden hydrogel microspheres were first rinsed by 1% CaCl, to
outer shell and the inner core. Figures 5(a) and 5(b) show improve the mechanical properties, then rinsed by PBS to re-
that 3D hydrogel microspheres with different packing density =~ move residual oil and acid, and finally re-dispersed in the cell
of cells encapsulated in the core were generated at different  culture medium for long-term culture. As shown in Fig. 5(c),
ratio of Vo to Va1 of 1:3 and 1:2, respectively. We used  the process of generation of cell-laden hydrogel microsphere
water-soluble calcium-EDTA mixed with alginate as the aque- by the microfluidic device is compatible with MDA-MB-231
ous phase and acetic acid contained in oil 1 to trigger the gela-  cells, indicating that the exposure of cell-laden hydrogel mi-
tion of alginate. If there is not enough time for crosslinking,  crospheres to the acidified oil does little harm to cells within
then incomplete gelation of the alginate droplets will happen.  the required crosslinking time.

M alginate+matrigel+collagen

100 W alginate+matrigel
alginate-+collagen

x 95 M alginate

~

2

= 90

Q

g

s 85

3

O 80 I
75

dayO day2 day4 day6 day8
Culture time/day

Fig. 5. (color online) Cell viability and proliferation. Different packing density of cells encapsulated in the core of 3D hydrogel microspheres
at different ratio of Vap to Vaj of (a) 1:3 and (b) 1:2, respectively. The net flow rate of aqueous phase (Va1+Va2) was maintained at
120 pL/h. The scale bar is 40 um. (c) Statistical results of viability of MDA-MB-231 cells encapsulated in alginate + Matrigel + Collagen,
alginate + Matrigel, alginate + Collagen, and alginate only hydrogel for 8 days. 3D hydrogel environment with the addition of extracellular
matrix components including both Collagen I and reconstituted basement membrane provides a better growth micro-environment for cells
compared with those containing only one kind of hydrogel material.
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The viability of encapsulated cells in four different hy-
drogel matrices were assessed at 0, 2, 4, 6, and 8 days.*” Ini-
tially, cells are sparsely dispersed in the hydrogel matrix. After
2 hours culture, assay results show more than 92% viability
as shown in Fig. 5(c). After 8 days of culture, as shown in
Fig. S4, tumor cells form compact clusters with high cell via-
bility. Figure 5(c) shows that the viability of cells encapsulated
in pure alginate hydrogel is around 81%. The viability of cells
in alginate hydrogel supplemented with 2-mg/mL Collagen
and with 3.5% Matrigel is improved to 87% and 89%, respec-
tively. Furthermore, cells in alginate hydrogel supplemented
with both 3.5% Matrigel and 2-mg/mL Collagen shows 91%
viability. Student’s two-tailed t-test was used to evaluate the
statistical significance of the results. The viability of cells was
significantly different between alginate + Matrigel + Collagen
hydrogel matrix and alginate-only hydrogel matrix (p < 0.05).
Therefore, the ECM-based core—shell hydrogel scaffold pro-
vides a more efficient in vitro 3D model for tumor cell study.

5. Conclusion

A microfluidic device has been developed to generate
heterogeneous core—shell microspheres that incorporate ECM
components including both Matrigel and collagen 1. The dy-
namics of droplet generation and velocity field evolution in
the microfluidic device were investigated by both experiments
and numerical simulation. The simulation results demonstrate
The mi-
crofluidic device provides a more efficient platform to manipu-

good agreement with experimental observations.

late cells and their environment, especially for oncology stud-
ies, such as anticancer drugs, cancer cells metastasis and tissue
model studies, as the heterogeneous core—shell microspheres
potentially provide well mimicked ECM micro-environment
to observe cell—cell and cell-ECM interactions. Furthermore,
the variability of the compositions of core and shell makes
it a robust platform for real-time study, such as proliferation
within natural ECM materials or invasion into hydrogel ma-
trix under an engineered 3D micro-environment.
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