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Abstract: Cell encapsulation has been widely employed in cell therapy, characterization, and analysis,
as well as many other biomedical applications. While droplet-based microfluidic technology is
advantageous in cell microencapsulation because of its modularity, controllability, mild conditions,
and easy operation when compared to other state-of-art methods, it faces the dilemma between high
throughput and monodispersity of generated cell-laden microdroplets. In addition, the lack of a
biocompatible method of de-emulsification transferring cell-laden hydrogel from cytotoxic oil phase
into cell culture medium also hurtles the practical application of microfluidic technology. Here, a novel
step-T-junction microchannel was employed to encapsulate cells into monodisperse microspheres at
the high-throughput jetting regime. An alginate—gelatin co-polymer system was employed to enable
the microfluidic-based fabrication of cell-laden microgels with mild cross-linking conditions and
great biocompatibility, notably for the process of de-emulsification. The mechanical properties of
alginate-gelatin hydrogel, e.g., stiffness, stress—relaxation, and viscoelasticity, are fully adjustable
in offering a 3D biomechanical microenvironment that is optimal for the specific encapsulated cell
type. Finally, the encapsulation of HepG2 cells into monodisperse alginate-gelatin microgels with the
novel microfluidic system and the subsequent cultivation proved the maintenance of the long-term
viability, proliferation, and functionalities of encapsulated cells, indicating the promising potential of
the as-designed system in tissue engineering and regenerative medicine.
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1. Introduction

Cell encapsulation and cultivation within three-dimensional biomaterial scaffolds
showcase great advantages over conventional 2D culture by providing a 3D physiochemical
microenvironment similar to the in vivo physiological microenvironment [1-4]. In addition,
cell-laden scaffold offers physical barrier protecting cells against external shear force and
potential immune response, making it suitable for clinical in vivo usages [5-8]. Recently,
cell-laden hydrogels have been widely employed in numerous applications, both academia
and industry, including tissue engineering [9], biological analysis [10-13], drug deliv-
ery [14], cell therapy [15], pharmaceutical research [16], and regenerative medicine [17-20].
Nonetheless, cell macroencapsulation in bulk hydrogel suffers from poor nutrient, waste,
and oxygen exchanges due to long transport distance. This would inherently lead to
the undesired necrosis of cells located at the center of hydrogel, restricted intercellular
communication, and inefficient manipulation over cell fate [21,22]. In contrast, because of
its high surface-to-volume ratio, cell microencapsulation demonstrates its superiority in
highly efficient heat and mass transfer; high responsiveness to external stimulations; and
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most importantly the compartmentalization of individual cells into isolated reactors easy
to monitor, culture, and manipulate [13,23-30].

Common methods for cell microencapsulation that have emerged over past years
include flow lithography, micro-molding, bulk emulsification, spray drying, and pho-
tolithography [31-37]. However, these methods are mostly limited by their low through-
put, batch-to-batch differences, complexity in operation, possible cytotoxicity, and high
cost [38—40]. On the other hand, microfluidic emulsification has drawn the attention from
diverse avenues of research because of its precise control over the droplet morphologies
and compositions, not to mention its high encapsulation efficiency, as well as the potential
scalability via parallelization [41-44].

Several technical challenges still hamper the practical application of microfluidic tech-
nology, especially in the field of biomedical engineering. Among them all, the long-time
exposure of cell-laden hydrogels to the cytotoxic oil continuous phase and surfactant
urges the process of de-emulsification, which is usually time-/labor-consuming and may
harm both the throughput of microencapsulation as well as the cell viability [40,45,46].
Numerous methods of de-emulsification have emerged over past years to transfer O/W
cell-laden microdroplets from cytotoxic oil phase into aqueous cell culture medium. In
principle, these methods rely on the pre-gelation, if not the complete gelation, of cell-laden
microgels inside the oil liquid in the goal of ensuring the maximum throughput and main-
taining the morphologies of generated microdroplets when transferring them across the
oil-aqueous interface stabilized in the presence of surfactant. However, most of these
methods demonstrate some degree of cytotoxicity and/or complexity in operation. For
instance, some works directly merged alginate microdroplets with CaCl, microdroplets
inside microchannel via sophisticated microfluidic design, raising the concerns about the
risk of microchannel clogging and the controllability over the merging process [7,47,48].
Other works reported the use of alternative calcium source such as CaCO3 and Ca-EDTA,
releasing their calcium ions to cross-link alginate microdroplets upon contact with acid
oil (pH < 5), which inevitably harms the cell viability [49,50]. Alternatively, photocurable
biopolymers such as GeIMA and PEGNB would also cross-link in the oil phase with the aid
of a photoinitiator when exposing to UV light [51-53]. The exposure to UV light may raise
the local temperature, harming cell viability and causing genetic mutation to encapsulated
cells, not to mention the inherent cytotoxicity of most photoinitiators. Moreover, in order
to avoid microchannel clogging, most of the previous works on microfluidic-based cell
encapsulation employed rapidly cross-linking biopolymers such as alginate and PEG. De-
spite their biocompatibility, most of these biopolymers exhibit a rather linear elasticity [54].
Nonetheless, numerous recent studies reported the pivotal role of time-dependent vis-
coelasticity and stress—relaxation of biomaterials on cell fate and functionalities, suggesting
the necessity of developing a viscoelastic biomaterial suitable for microfluidic technol-
ogy [55-59]. In fact, the viscoelasticity is viewed as the material displaying increased
deformation with time under the application of a defined force or stress. Cameron et al.
reported the enhanced hMSC proliferation, spreading, and differentiation towards multiple
cell lineage on highly viscoelastic hydrogels when compared to their corresponding purely
stiff analogue [56]. Similarly, Bauer et al. found the enhanced spreading of myoblasts
on stress-relaxing hydrogel substrate when compared to those cultured on purely elastic
hydrogels of the same initial elastic modulus [55].

In this work, a modified step-T-junction microchannel with embedded capillary was
employed to generate monodisperse cell-laden alginate—gelatin microspheres at high
throughput where biocompatible soy bean oil with PGPR as surfactant was used as contin-
uous liquid, as illustrated in Figure 1. The novel microchannel geometry would introduce
a dual disturbance onto the dispersed liquid, allowing the generation of monodisperse
microdroplets at high-throughput jetting regime as described in our previous work [60].
Using the natural properties of gelatin to freeze under coldness, the alginate—gelatin mi-
crospheres can be de-emulsified and transferred from oil phase into cell culture medium
via centrifugation in a highly biocompatible and efficient manner while maintaining the
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morphologies of generated microspheres. The viscoelasticity, stress relaxation, stiffness,
and water absorption of alginate—gelatin hydrogels at different alginate-to-gelation ra-
tios, crosslinking times, and cross-linker concentrations were determined. The results
demonstrated that the co-polymer network of ionically cross-linked alginate and covalently
cross-linked gelatin exhibits a tunable mechanical performance over a wide range, which
can provide the optimal biophysical 3D microenvironment with time-dependent viscoelas-
ticity for encapsulated cells. Finally, HepG2 cells encapsulated within the alginate—gelatin
microspheres via the novel microfluidic system maintained the long-term viability and cell
functionality of urea secretion over a period of 6 days. In sum, the present work designed a
novel microfluidic system allowing the high-throughput and greatly biocompatible genera-
tion of monodisperse alginate—gelatin microspheres with tunable viscoelastic mechanical
performance over a wide range, whose applications can be further broadened in diversified
avenues of biomedical engineering.
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Figure 1. The schematic illustration of the microfluidic cell encapsulation system employing the
novel step-T-junction microchannel with embedded microcapillary: the cell-laden alginate—gelatin
microdroplets were collected on ice, allowing the freezing of the gelatin content under coldness;
then, the alginate-gelatin microspheres were centrifuged from oil continuous liquid into cell culture
medium containing CaCl, and cross-linking the alginate content of the microspheres; eventually
tranglutaminase (TGM) was added to enable the secondary gelation of the gelatin content.

2. Experimental
2.1. Materials and Reagents

The alginate and the surfactant polyglycerol polyricinoleate (PGPR) were purchased
from MACKLIN Biochemical Technology Co., Ltd. (Shanghai, China). The gelatin was
purchased from Sigma-Aldrich (Shanghai, China). The soy bean oil was purchased from
Jinlongyu Co., Ltd. All other chemicals were obtained from Aladin Co., Ltd. (Shanghai,
China) unless specified.
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2.2. Design and Fabrication of the Microfluidic Device

The microfluidic chip was fabricated using polymethylmethacrylate (PMMA) with
a computerized numerical control (CNC) micromilling machine. The detailed design
principle and fabrication of the novel step-T-junction microchannel with embedded micro-
capillary were described in our previous work [60]. Briefly, as shown in Figure 2, a stepped
main microchannel for the introduction of the continuous oil liquid intersected with a
perpendicular side microchannel, where a silica microcapillary was embedded for the
flowing of dispersed alginate—gelatin precursor solution. The silica microcapillary has an
outer diameter of 365 um and an inner diameter of 200 um. The width and depth of the
main microchannel were set to be 400 um and 365 pm, respectively, and those of the side
microchannel were 365 um to accommodate the size of microcapillary. The silica microcap-
illary was glued further downstream the junction by 90 um, resulting in a final narrowing
width of 60 um. Specifically, under the microscope, the glue was dripped onto the silica
microcapillary that was already located in the designated location of the PMMA microchip
with the aid of a 32G microneedle. The glue would rapidly fill up the gap between the
silica microcapillary and fix the silica microcapillary in the designated location.

Dispersed phase

Silica microcapillary

h=200un

=)

W=400um

Continuous phase

w=60um

Figure 2. The 2D schematic illustration of the step-T-junction microchannel with embedded micro-

capillary.

2.3. Scanning Electron Microscope (SEM) Imaging

Alginate—gelatin hydrogels prepared with different parameters including gelatin-to-
alginate ratio, TGM concentration, and TGM reaction time are summarized in Table 1.
Alginate-gelatin pre-polymer solutions of different mass ratios were prepared at 45 °C
with the aid of a constantly stirring magnetic bar. The alginate-gelatin precursor solutions
were injected into a 6-well plate that served as mold for downstream analysis. To simulate
the real-case microfiber fabrication with microfluidic device, the 6-well plate containing
alginate—gelatin precursor solution was transferred in a 4 °C refrigerator for 10 min to
freeze the gelatin content. Then, 1.5 mL of 1% CaCl, solution was injected into each well to
cross-link the alginate content. The CaCl, solution was washed away twice with deionized
water, followed by the addition of TGM cross-linking solutions of specific concentration.
After the completion of the designated reaction time, the TGM cross-linking solution was
washed away twice with deionized water. Deionized water was sipped away after the
washing step, and the generated samples were then frozen at —80 °C overnight. Finally,
the samples underwent freeze-drying and became ready for SEM imaging. Freeze-dried
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samples were deposited on a silicon wafer and were gold-coated for 90 s prior the SEM
imaging. The SEM imaging was conducted using FEI QUANTA 200.

Table 1. Different parameters affecting the mechanical properties of alginate—gelatin hydrogel and
tested in the present study.

Alglnate. Gelatln. TGM . TGM Reaction
No. Concentration Concentration Concentration Time (min)
(wt %) (wt %) (mg/mL)
1 0.5 75 5 30
2 0.5 75 5 60
3 0.5 75 5 120
4 0.5 75 10 30
5 0.5 75 10 60
6 0.5 75 10 120
7 0.5 75 20 30
8 0.5 75 20 60
9 0.5 75 20 120
10 1 75 5 30
11 1 75 5 60
12 1 75 5 120
13 1 75 10 30
14 1 75 10 60
15 1 75 10 120
16 1 75 20 30
17 1 75 20 60
18 1 75 20 120
19 2 75 5 30
20 2 75 5 60
21 2 75 5 120
22 2 7.5 10 30
23 2 75 10 60
24 2 75 10 120
25 2 75 20 30
26 2 75 20 60
27 2 75 20 120

2.4. Assessment for Material Viscoelasticity and Stress—Relaxation

The samples were prepared in a similar fashion as for SEM imaging, except that the
hydrogels were not frozen at —80 °C nor then freeze-dried. The material viscoelasticity
and stress-relaxation were assessed using an Anton Paar MCR301 dynamic rheometer
(Graz, Austria). The viscoelasticity of the hydrogel was measured at the strain of 10% and
over the angular speed ranging from 1 to 1000 rad per second. The stress-relaxation of the
hydrogel was measured at the strain of 10% and over a period of 300 s, and the data were
fit according to the Maxwell model with # elements as described in Equation (1).

ot
o=) ,0ne ™ @D

where o is the shear stress in Pa, it is time in s, and T is the relaxation time in s.

2.5. Assessment for Material Stiffness

To characterize the stiffness of the alginate—gelatin hydrogel, we used an mmi Cell
manipulator optical trapping system (mmi Cellmanipulator, MM1 AG, Zurich, Switzer-
land) [61] to determine the viscoelasticity of alginate—gelatin hydrogel. In the experiment,
polystyrene beads (d = 5 um, Hugebio, Shanghai, China) were added to the surface of the
hydrogel and trapped by the laser moving along a certain direction at a constant oscillation
velocity. The stiffness of the hydrogel was calculated by the slope of the force-distance
curve [62].
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2.6. Assessment for Material Water Absorption Ability

The samples were prepared in a similar fashion as for SEM imaging. The dry weight of
each sample was measured and compared with its corresponding mass after three days of
immersion in water at 37 °C inside the incubator to fully simulate the cultivation conditions.

The water absorption ability is defined as %water uptake = % x 100%.

2.7. Generation of Alginate—Gelatin Microspheres

All experiments were performed at room temperature and atmospheric pressure.
The continuous oil liquid and the dispersed alginate—gelatin precursor solution were
introduced via polytetrafluoroethylene (PTFE) tubing by two syringe pumps (LSP01-1B,
Baoding Longer Precision Pump Co., Ltd. Baoding, China) into the main microchannel and
the side microchannel, respectively. The generated microdroplets were collected through
a PTFE tubing inserted into a 50 mL tube filled up with 1% CaCl, solution and put on
ice to induce the freezing of the gelatin content. The collected microdroplets were then
centrifuged at 1000 x g rpm for 5 min, where the alginate-gelatin microspheres transferred
from oil phase into 1% CaCl, solution, and the alginate content cross-linked under the effect
of calcium ions. The 1% CaCl, solution was washed away and replaced with TGM cross-
linking solution to cross-link covalently the gelatin content of generated microspheres. The
resulted microspheres were observed under microscope and measured for their diameters.
At least 30 microdroplets were measured per flowrate condition using Image], and the
coefficient of variations (CV) were calculated accordingly.

2.8. HepG2 Cell Culture

HepG2 (human liver cancer cell line) was purchased from ATCC. HepG2 was cultured
on 2D flasks in growth medium: Dulbecco’s modified Eagle’s medium (DMEM, Multicell)
supplemented with 10% FBS and 1% PS. Medium was refreshed every 2 days, and cells
were passaged before 80% confluence.

2.9. Cell Microencapsulation in Alginate-Gelatin Microspheres

The alginate—gelatin precursor solution was firstly sterilized by pouring the solution
over a 25-cm Petri dish and exposing the Petri dish under UV light inside the biosafety
cabinet (BSC) for 4 h. The microfluidic chip was sterilized via ethylene oxide. HepG2
cells were collected from culture flask, suspended in DMEM culture medium suspension,
and mixed with alginate—gelatin precursor solution. The cell-laden microspheres were
prepared as described in the above section. However, both the 1% CaCl, solution and TGM
cross-linking solution were made with DMEM culture medium as solvent to ensure the cell
viability during the microsphere preparation. Notably, both the CaCl, solution and TGM
solution were washed twice with fresh DMEM culture medium to remove any residual
cross-linker for both alginate and gelatin contents.

2.10. Cell Viability and Urea Secretion

To assess the long-term cell viability and proliferation within the biomaterial, cell-
laden hydrogel was incubated with Calcein AM and propidium iodide dye (Wako, at
1:1000 dilution in DMEM) at 37 °C for 90 min. Samples were imaged with Nikon Eclipse
fluorescent microscope (Tokyo, Japan).

To assess the urea secretion of HepG2 cells encapsulated inside microgels, the urea
detection kit from Bestbio Inc. (Nanjing, China) was used. Briefly, the kit employs the
diacetyl monoxime method to determine the urea content in the culture medium of cell-
laden microgels.

3. Results and Discussion

As shown in Figure 1, by utilizing the natural property of gelatin to rapidly freeze
under coldness, cell-laden alginate-gelatin microspheres can undergo a pre-gelation process
in the oil phase on ice and maintain their morphologies when being centrifuged into
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the aqueous culture medium, thereby maximizing the throughput of the microsphere
collection. Without any molecule functionalization nor addition of other chemicals, the
microsphere morphologies and the maximum cell viability inside hydrogel can be ensured.
After alginate—gelatin microspheres are centrifuged into the CaCl,-containing cell culture
medium, calcium ions would cross-link the alginate content that later serves as the template
to maintain the shape of microspheres when the gelatin content melts in the incubator. To
further stabilize the gelatin content of cell-laden microspheres, TGM is added to covalently
cross-link the gelatin part of hydrogel.

As abovementioned, in this work, the viscoelasticity of the alginate—gelatin network
can be finely tuned over a wide range under the combined effect of ionically cross-linked
alginate and covalently cross-linked gelatin by modulating parameters including the gelatin-
to-alginate ratio, TGM concentration, and TGM reaction time. The alginate and gelatin
content also interact with each other via the electrostatic forces between the amine group
of gelatin and hydroxyl groups of alginate, as well as the H-bonding among the hydroxyl
groups of both components. Here, the viscoelasticity, stiffness, stress—relaxation, and water
absorption ability of alginate—gelatin hydrogels made of different gelatin-to-alginate ratios
(from 3.75 to 15), TGM concentrations (from 5 to 20 mg/mL), and TGM reaction times
(from 30 to 120 min) are summarized in Figure 3.
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Figure 3. Adjustable mechanical properties of alginate—gelatin hydrogel: (A) viscoelasticity (at
1 Hz) of alginate-gelatin hydrogel prepared at different conditions where the condition numbers
correspond to those indicated in Table 1: (1) storage modulus G’ (Young’s modulus); (2) loss modulus
G”; (3) damping factors of alginate-gelatin hydrogel. (B) Stiffness of alginate—gelatin hydrogel at
different conditions where the conditions number for hydrogel made of 1% alginate correspond
to those indicated in Table 1, and the hydrogels consisted of 0.5% alginate and 1% alginate were
made with 10 mg/mL of TGM and 60 min of TGM reaction time. (C) Stress-relaxation time (71 ) of
alginate-gelatin hydrogel at different conditions where the conditions number for hydrogel made of
0.5% alginate correspond to those indicated in Table 1, and the hydrogels consisting of 1% alginate
were made with 10 mg/mL of TGM and 30, 60, and 120 min of TGM reaction time. (D) Water
absorption of alginate-gelatin hydrogel at different conditions.
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As shown in Figure 3A, when raising the TGM concentration and/or extending the
TGM reaction time for hydrogels of all gelatin-to-alginate ratios, the storage modulus
G’ (Young’s modulus) would increase as more gelatin content was cross-linked within
the co-polymer network under the action of TGM, thereby enhancing the mechanical
strength of the alginate—gelatin hydrogel. However, when raising the TGM to 20 mg/mL
for hydrogel with the gelatin-to-alginate ratio of 15, the prolongation of the TGM reaction
time from 60 min to 120 min would result in a decrease in the value of G'. This might be
due to the swelling of hydrogel originated from the prolongation of the immersion time,
leading to the loss in hydrogel strength [63]. When the TGM concentration is low, the TGM
could penetrate inward the hydrogel along with its immersion in the cross-linking solution,
leading to the gelation of more gelatin content and enhancing the hydrogel strength. When
the TGM concentration is too high, the hydrogel network would become overly condensed
and prevent the further penetration of TGM inward of the hydrogel. Therefore, less gelatin
is cross-linked throughout the hydrogel, leading to a weaker storage modulus G’. However,
as illustrated in Figure 3A, the result of viscoelasticity showcased that the gelation was
relatively difficult for hydrogel with a gelatin-to-alginate ratio of 7.5, especially when the
TGM concentration was low and/or the TGM reaction time was kept short. In fact, for
hydrogel with a gelatin-to-alginate ratio of 3.75, the high alginate content quickly cross-
linked under the action of calcium ions, formed the essential backbone for the co-polymer,
and restrained the diffusion of melted gelatin into the surrounding environment. For
hydrogel with a gelatin-to-alginate ratio of 15, the low alginate content could not create
much spatial hinderance for the cross-linking of gelatin, allowing the efficient gelation of the
gelatin content under the action of TGM. On the other hand, at the gelatin-to-alginate ratio
of 7.5, while the alginate content could not quickly form the backbone network supporting
the hydrogel and restrain the diffusion of melted gelatin, it could still create a significant
spatial hinderance hampering the cross-linking of gelatin content, thereby preventing the
efficient gelation of the as-designed co-polymer. Overall, when decreasing the gelatin-to-
alginate ratio from 15 to 3.75, the storage modulus G” would raise when keeping other
parameters identical. When looking at the damping factor theta of the alginate-gelatin
hydrogel where a higher value signifies a more “liquid-like” hydrogel and a lower value
represents a more “solid-like” hydrogel, the results conform with our previous explanation.
The damping factor of the alginate-gelatin hydrogel decreased along with the raise of
the TGM reaction time and/or the TGM concentration for all gelatin-to-alginate ratios,
meaning that the hydrogel turned from more “liquid-like” into more “solid-like” with
the progression of gelatin cross-linking. Such a decrease was more significant at the
high gelatin-to-alginate ratio since the low alginate content could not spatially hinder the
gelation of gelatin under the action of TGM. The damping factor also decreased along with
the gelatin-to-alginate ratio since the alginate content with high rigidity would shift the
hydrogel into a more “solid-like” state. However, for hydrogel with the gelatin-to-alginate
ratio of 15, when the TGM concentration was set to be 20 mg/mL, the extension of the TGM
reaction time would raise the damping factor, shifting the hydrogel into a more “liquid-like”
state. As previously described, because the low alginate content would not spatially hinder
the cross-linking of gelatin under the action of TGM, a too high TGM concentration would
quickly form a condense hydrogel network, preventing its further penetration inward of
the hydrogel. Instead, with the immersion in the cross-linking solution, the hydrogel would
swell and turn into “liquid-like” state. Notably, the abnormalities at the TGM concentration
of 5 mg/mL and the TGM reaction time of 30 min for hydrogel of all gelatin-to-alginate
ratios were due to the bad gelation at such a low cross-linker concentration as well as
cross-linking time.

Similarly, as shown in Figure 3C, the stress-relaxation of the alginate—gelatin hydrogel,
where a higher relaxation time signifies a more “solid-like” hydrogel, conformed with the
results of the viscoelasticity. Overall, the raise in both the TGM concentration and/or TGM
reaction time would enhance the cross-linking of gelatin and density of hydrogel, resulting
in a more “solid-like” co-polymer. Likewise, the less efficient gelation at the gelatin-to-
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alginate ratio of 7.5 led to a more “liquid-like” stress—relaxation behavior, showcased by the
overall smaller relaxation time. On the other hand, the stiffness of alginate-gelatin hydrogel
measured through optical tweezers further confirmed our previous analysis over the
hydrogel mechanical performance, as the raise in both the TGM concentration and /or TGM
reaction time enhanced the stiffness of alginate-gelatin hydrogel, as illustrated in Figure 3B.
In addition, the water uptake ability of the alginate—gelatin hydrogel shown in Figure 3D
is a key parameter to determine the water affinity and the biocompatibility of hydrogel
as it would determine the ease of aqueous-based nutrient, oxygen, and waste transport
across cell-laden hydrogel. While the water uptake ability showcased a decrease when
increasing the TGM cross-linking time and TGM concentration because of the generation
of more condense hydrogel, the water uptake ability is strongly dependent on the alginate
content of the scaffolds since alginate has a higher water affinity when compared to gelatin.
The variation in the water uptake ability is also related to that in hydrogel stiffness, as a
more cross-linked hydrogel would have a stronger stiffness as well as water absorption
ability, which conforms with previous work [64].

To better visualize the microscopic structure of the generated alginate-gelatin hydrogel
at different conditions, the SEM images were taken and illustrated in Figure 4. As expected,
the macroporous structure of the hydrogel was strongly depended on the alginate—gelatin
ratio: the lower the alginate content, the more porous the scaffold microstructure under
SEM. For instance, when compared hydrogels made of the gelatin-to-alginate ratio of 3.75,
7.5, and 15, when keeping all other parameters identical, the hydrogel consisting of 0.5%
alginate and 7.5% gelatin showed great porosity since the abundant amount of gelatin
when compared to that of alginate effectively hindered the gelation of alginate content and
thereby avoiding the emergence of large surface of condense hydrogel. Similarly, when
the gelatin cross-linking time was kept relatively short, i.e., lower than 60 min, the scaffold
microstructure was also very porous since a minimal amount of gelatin was cross-linked
within such a short reaction time. Under the action of freeze-drying, non-cross-linked
gelatin was evaporated away, leaving the porous microstructure in place. This would also
suggest a relatively weak mechanical strength, as demonstrated by Figure 3. When further
increasing the alginate content or the gelatin cross-linking time, as shown in Figure 4, the
pore size would increase, and the microstructure would gradually shift from porous to
sheet-like because more alginate would be cross-linked and would form a stronger network
encapsulating gelatin content.

In general, the results shown in Figures 3 and 4 showcased that the as-designed
alginate—gelatin co-polymer hydrogel exhibited a tunable viscoelastic mechanical perfor-
mance as well as microstructure of varying porosity and pore size over a wide range
depending on different cross-linking parameters including gelatin-to-alginate ratio, TGM
concentration, and TGM reaction time. Hence, the biophysical microenvironment of the
alginate-gelatin hydrogel can be easily modulated and optimized for the specific encap-
sulated cell type, which would maximize both their proliferation, differentiation, and
functionalities. The co-polymer hydrogel system consisting of 1% alginate and 7.5% gela-
tion along with a TGM concentration of 10 mg/mL and a TGM cross-linking time of
60 min was chosen to further illustrate the microfluidic-based cell microencapsulation of
the designed system.
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(A)

5 mg/mL

10 mg/mL

20 mg/mL

30 min

60 min 120 min (B)
0.5% alginate+7.5% gelatin

Figure 4. Microscopic structures of alginate-gelatin hydrogel illustrated by SEM images: (A) micro-
scopic structure of hydrogel made of 1% alginate and 7.5% gelatin, when the TGase concentration
varied from 5 to 20 mg/mL, and the TGase reaction time from 30 to 120 min; (B) microscopic structure
of hydrogel made of 1% alginate and 7.5% gelatin with TGase concentration of 10 mg/mL and TGase
reaction time of 120 min. (C) microscopic structure of hydrogel made of 2% alginate and 7.5% gelatin
with TGase concentration of 10 mg/mL and TGase reaction time of 120 min.

From a hydrodynamic perspective, the microfluidic emulsification often faces the
dilemma between microdroplet monodispersity and high throughput, which are both
greatly appreciated to ensure the homogeneous growth conditions across microgels and
the commercialization of the technology, respectively. In fact, squeezing or dripping regime
can generate monodisperse microdroplets at the cost of low throughput and high device
cost if a small microdroplet is desired as its size heavily relies on that of the microchannel;
alternatively, despite its high throughput and ability to overcome the size limitation of the
microchannel, a jetting regime would usually produce a microdroplet of great polydisper-
sity. Such a problem would be further emphasized when using a biopolymer precursor
solution of high viscosity as dispersed liquid, which inevitably raises its capillary number
(Ca) [65-67]. Hence, the dilemma of generating monodisperse and small microdroplets at
high throughput for the real-life applications remains to be solved. Different approaches
have been reported over past years to solve such an issue. For instance, by applying
a non-uniform magnetic field onto the ferrofluid inside a T-shaped microchannel, one
can accurately tune the applied force filed gradient and control the rapid microdroplet
breakup [68]. Here, with the use of the novel step-T-junction microchannel with embed-
ded microcapillary that concentrates the shearing force at the special narrowing zone,
monodisperse alginate—gelatin whose size overcomes the dimensional limitation of the
microchannel itself could be generated at a high throughput jetting regime while main-
taining a CV below 5%, i.e., limit of monodispersity, as shown in Figure 5A [60,69-71].
In fact, as suggested by the results of the numerical simulation from our previous work,
the very special microstructure of the modified step-T-junction microchannel, which is
characterized in the serial narrowing, expansion, and re-narrowing regions from the left
wall of the microcapillary to the inside of the microcapillary to the narrowing region, re-
spectively, would bring a double disturbance onto the fluids and consequently facilitate
the microdroplet pinch-off [60]. The maintenance of the stable jetting regime generating
monodisperse small microdroplets at high throughput relies on the competition between
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the stability of the dispersed thread dominated by the inertia and viscosity of dispersed
liquid, and the disturbance caused by the continuous viscous force as well as interfacial
tension. When increasing the viscosity of dispersed biopolymer precursor solution or
raising the surfactant concentration in the continuous liquid, the O/W interface would
be stabilized, enabling the emergence of stable jetting regime. However, above a certain
critical value, the stabilization of the O/W interface would lead to an overly long dispersed
thread, allowing the occurrence of multiple pressure-difference spots under the effects of
disturbance brought about by the continuous viscous force and interfacial tension and
resulting in an unstable jetting regime.
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Figure 5. Microfluidic-based fabrication of alginate—gelatin microspheres: (A) generation of monodis-
perse alginate-gelatin microspheres at high-throughput stable narrowing jetting regime; (B) mi-
croscopic images of typical alginate—gelatin microspheres generated by the designed microfluidic
system, wherein the scale bar is 150 um; (C) average microdroplet diameters at different flowrate
conditions with dispersed liquid of 1% alginate +7.5% gelatin and continuous phase of soybean oil
+8% PGPR; (D) CV of microdroplets generated at different flowrate conditions; (E) microdroplet
generation frequency at different flowrate conditions.

The microscopic image of Figure 5B proved the workability of the “dual-template”
method to generate an alginate—gelation microsphere: the frozen gelatin content first acts
as the template for the gelation of alginate content under the action of CaCly, and the
cross-linked alginate would then serve as the template for the cross-linking of gelatin
with the addition of TGM. The resulting alginate—gelatin microspheres maintained a good
monodispersity and sphericity. As illustrated by Figure 5C, the average diameters of
generated alginate—gelatin microdroplets were determined over the dispersed flowrate
ranging from 20 pL/min to 100 uL/min and the continuous flowrate from 200 puL/min to
1000 pL/min. Overall, the average microdroplet diameter decreased with the decrease in
disperse flowrate and the raise in continuous flowrate, which conformed with previous
findings. The diameters of generated microdroplets ranged from 278 um to 67 um, which
was one order of magnitude smaller than the microchannel diameter of 400 pm, thereby
overcoming the dimensional limitation of the microchannel itself. Moreover, the results of
Figure 5D,E suggested that the generation of monodisperse alginate-gelatin microdroplets
whose CV was below 5% limit at high throughput was possible over a large range of
flowrate conditions, further proving the applicability of the designed microfluidic device
in the real-life biomedical application at a large scale.
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Bright field Live / Dead staining (B),
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To demonstrate the biocompatibility of the designed microfluidic system, HepG2
cells were encapsulated inside the alginate—gelatin microspheres over a period of 6 days.
As described in the experimental section, HepG2 cells were suspended in the dispersed
alginate-gelatin solution with a final concentration of approximately 2.4 x 10° cells per mL.
By setting the dispersed flowrate to 60 pL/min and the continuous flowrate to 800 pL/min,
the microdroplet generation rate was calculated to be around 1228 microdroplets per sec-
ond. Together, the HepG2 cell encapsulation rate was estimated to be 2400 cells per second,
with a final concentration of around two cells per alginate—gelatin microsphere. As shown
in Figure 6A, the live/dead staining images of cell-laden microspheres suggested that the
cell viability was maintained over a long-term cultivation of 6 days, and cell proliferation
may occur considering the enhancing in the fluorescence signal. This demonstrates that
utilizing the natural property of gelatin to freeze under coldness to transfer alginate—gelatin
microspheres from cytotoxic oil liquid into aqueous cell culture medium enables the gener-
ation of cell-laden alginate—gelatin microspheres in a biocompatible and highly efficient
manner. Furthermore, the urea secretion of encapsulated cells, which is an inherent ability
of the HepG2 human liver cancer cell line, was tested by measuring the urea content in the
culture medium via the diacetyl monoxime method. The results of Figure 6B showcase
the existence of urea in the culture medium, and it increased along with the cultivation of
cell-laden microspheres, suggesting the maintenance of cell normal functionalities inside
the cell-laden microgels and indirectly proofing the proliferation of encapsulated cells.

0.3 4

0.24

Urea concentration (mmol/L)

0.0 T T T
D1 D3 D6

Time

Figure 6. Long-term cellular viability and functioning inside alginate-gelatin microspheres:
(A) live/dead staining of HepG2 cells encapsulated inside alginate—gelatin microspheres at days 1,
3, and 6 post-encapsulation. (B) Urea secretion of HepG2 cells encapsulated inside alginate—gelatin
microspheres at days 1, 3, and 6 post-encapsulation.

4. Conclusions

Overall, generating microdroplets of desired morphologies at low cost and high
throughput is essential for both laboratory and industrial usages. In this work, a novel
step-T-junction microchannel with embedded microcapillary was employed to generate
monodisperse cell-laden alginate—gelatin microspheres at high throughput. The novel
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microchannel geometry overcomes the dilemma of microfluidic emulsification between
the monodispersity of generated microgels and the throughput of the system. Because
of the special dual-disturbance design at the step-T-junction, a stable jetting regime can
be achieved with viscous dispersed and continuous liquids, enabling the generation of
microdroplets with CV below 5% at high throughput. Depending on the flowrate condi-
tions, the diameter of generated microdroplets could range from 278 to 67 um, overcoming
the dimensional limitation of microchannel and consequently lowering the fabrication
cost of miniature microfluidic device. Moreover, by modulating different parameters of
alginate—gelatin hydrogel including the gelatin-to-alginate ratio, TGM concentration, and
TGM reaction time, the biophysical properties of microgels such as viscoelasticity, stress—
relaxation, stiffness, and water uptake ability can be fully modulated to accommodate
the specific requirement of the encapsulated cell type and maximize the cell spreading,
proliferation, differentiation, and functionalities. The long-term cultivation of HepG2 cell-
laden alginate—gelatin microspheres showed a good cell viability over a period of 6 days,
proofing the excellent biocompatibility of the “dual-template” method of de-emulsification
and gelation. Encapsulated HepG2 cells maintained their proper functionalities of se-
creting urea. All these results suggest the great potential of the designed microfluidic
system with the alginate—gelatin co-polymer network in offering a novel pathway for the
real-life applications of cell-laden microgels in tissue engineering, cell therapy, and other
biomedical-related uses.

Author Contributions: Conceptualization, S.D.L., Z.C. and Y.D.; methodology, S.D.L., WM. and
Z.L.; software, S.D.L.; validation, S.D.L., WM. and Z.L.; formal analysis, S.D.L.; investigation, S.D.L.;
resources, Y.D.; data curation, S.D.L.; writing—original draft preparation, S.D.L.; writing—review and
editing, S.D.L. and Z.C.; visualization, S.D.L.; supervision, Y.D. and J.X.; project administration, J.X,;
funding acquisition, J.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (22025801,
22108147).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bao, G Suresh, S. Cell and Molecular Mechanics of Biological Materials. Nat. Mater. 2003, 2, 715-725. [CrossRef] [PubMed]

2. Murphy, W.L.; McDevitt, T.C.; Engler, A.]. Materials as Stem Cell Regulators. Nat. Mater. 2014, 13, 547-557. [CrossRef] [PubMed]

3. Wang, H.; Leeuwenburgh, S.C.G.; Li, Y,; Jansen, J.A. The Use of Micro- and Nanospheres as Functional Components for Bone
Tissue Regeneration. Tissue Eng. Part B Rev. 2012, 18, 24-39. [CrossRef] [PubMed]

4. Knowlton, S.; Cho, Y.; Li, X.-J.; Khademhosseini, A.; Tasoglu, S. Utilizing Stem Cells for Three-Dimensional Neural Tissue
Engineering. Biomater. Sci. 2016, 4, 768-784. [CrossRef] [PubMed]

5. Mazzitelli, S.; Capretto, L.; Quinci, F,; Piva, R.; Nastruzzi, C. Preparation of Cell-Encapsulation Devices in Confined Microenviron-
ment. Adv. Drug. Deliv. Rev. 2013, 65, 1533-1555. [CrossRef]

6. Agarwal, P; Zhao, S.; Bielecki, P.; Rao, W.; Choi, ].K.; Zhao, Y.; Yu, J.; Zhang, W.; He, X. One-Step Microfluidic Generation of
Pre-Hatching Embryo-like Core-Shell Microcapsules for Miniaturized 3D Culture of Pluripotent Stem Cells. Lab. Chip 2013, 13,
4525-4533. [CrossRef]

7. Liu, K; Deng, Y.; Zhang, N.; Li, S.; Ding, H.; Guo, F; Liu, W.; Guo, S.; Zhao, X.-Z. Generation of Disk-like Hydrogel Beads for
Cell Encapsulation and Manipulation Using a Droplet-Based Microfluidic Device. Microfluid. Nanofluidics 2012, 13, 761-767.
[CrossRef]

8. Mao, A.S,; Shin, ].-W.; Utech, S.; Wang, H.; Uzun, O.; Li, W,; Cooper, M.; Hu, Y.; Zhang, L.; Weitz, D.A ; et al. Deterministic
Encapsulation of Single Cells in Thin Tunable Microgels for Niche Modelling and Therapeutic Delivery. Nat. Mater. 2017, 16,
236-243. [CrossRef] [PubMed]

9. Arun Kumar, R.; Sivashanmugam, A.; Deepthi, S.; Iseki, S.; Chennazhi, K.P.; Nair, S.V.; Jayakumar, R. Injectable Chitin-
Poly(e-Caprolactone) /Nanohydroxyapatite Composite Microgels Prepared by Simple Regeneration Technique for Bone Tissue
Engineering. ACS Appl. Mater. Interfaces 2015, 7, 9399-9409. [CrossRef]


http://doi.org/10.1038/nmat1001
http://www.ncbi.nlm.nih.gov/pubmed/14593396
http://doi.org/10.1038/nmat3937
http://www.ncbi.nlm.nih.gov/pubmed/24845994
http://doi.org/10.1089/ten.teb.2011.0184
http://www.ncbi.nlm.nih.gov/pubmed/21806489
http://doi.org/10.1039/C5BM00324E
http://www.ncbi.nlm.nih.gov/pubmed/26890524
http://doi.org/10.1016/j.addr.2013.07.021
http://doi.org/10.1039/c3lc50678a
http://doi.org/10.1007/s10404-012-0998-3
http://doi.org/10.1038/nmat4781
http://www.ncbi.nlm.nih.gov/pubmed/27798621
http://doi.org/10.1021/acsami.5b02685

Biosensors 2022, 12, 659 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mazutis, L.; Gilbert, J.; Ung, W.L.; Weitz, D.A; Griffiths, A.D.; Heyman, ].A. Single-Cell Analysis and Sorting Using Droplet-Based
Microfluidics. Nat. Protoc. 2013, 8, 870-891. [CrossRef]

Srinivasan, V.; Pamula, V.K,; Fair, R.B. An Integrated Digital Microfluidic Lab-on-a-Chip for Clinical Diagnostics on Human
Physiological Fluids. Lab. Chip 2004, 4, 310. [CrossRef] [PubMed]

Klein, A.M.; Mazutis, L.; Akartuna, I.; Tallapragada, N.; Veres, A.; Li, V.,; Peshkin, L.; Weitz, D.A.; Kirschner, M.W. Droplet
Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells. Cell 2015, 161, 1187-1201. [CrossRef] [PubMed]
Macosko, E.Z.; Basu, A ; Satija, R.; Nemesh, J.; Shekhar, K.; Goldman, M.; Tirosh, L; Bialas, A.R.; Kamitaki, N.; Martersteck, E.M.;
et al. Highly Parallel Genome-Wide Expression Profiling of Individual Cells Using Nanoliter Droplets. Cell 2015, 161, 1202-1214.
[CrossRef] [PubMed]

Wan, J. Microfluidic-Based Synthesis of Hydrogel Particles for Cell Microencapsulation and Cell-Based Drug Delivery. Polymers
2012, 4, 1084-1108. [CrossRef]

Zhao, X,; Liu, S; Yildirimer, L.; Zhao, H.; Ding, R.; Wang, H.; Cui, W.; Weitz, D. Injectable Stem Cell-Laden Photocrosslinkable
Microspheres Fabricated Using Microfluidics for Rapid Generation of Osteogenic Tissue Constructs. Adv. Funct. Mater. 2016, 26,
2809-2819. [CrossRef]

Agrawal, G,; Ulpenich, A.; Zhu, X.; Moller, M; Pich, A. Microgel-Based Adaptive Hybrid Capsules with Tunable Shell Permeability.
Chem. Mater. 2014, 26, 5882-5891. [CrossRef]

Chen, Z.; Zhao, R. Engineered Tissue Development in Biofabricated 3D Geometrical Confinement—A Review. ACS Biomater. Sci.
Eng. 2019, 5, 3688-3702. [CrossRef]

Beldjilali-Labro, M.; Garcia Garcia, A.; Farhat, F,; Bedoui, F.; Grosset, ].-F.; Dufresne, M.; Legallais, C. Biomaterials in Tendon and
Skeletal Muscle Tissue Engineering: Current Trends and Challenges. Materials 2018, 11, 1116. [CrossRef]

Beier, ].P; Klumpp, D.; Rudisile, M.; Dersch, R.; Wendorff, J.H.; Bleiziffer, O.; Arkudas, A.; Polykandriotis, E.; Horch, R.E.; Kneser,
U. Collagen Matrices from Sponge to Nano: New Perspectives for Tissue Engineering of Skeletal Muscle. BMC Biotechnol. 2009,
9, 34. [CrossRef]

Wang, C.X,; Utech, S.; Gopez, ].D.; Mabesoone, M.E].; Hawker, C.J.; Klinger, D. Non-Covalent Microgel Particles Containing
Functional Payloads: Coacervation of PEG-Based Triblocks via Microfluidics. ACS Appl. Mater. Interfaces 2016, 8, 16914-16921.
[CrossRef]

Chatterjea, A.; Meijer, G.; van Blitterswijk, C.; de Boer, J. Clinical Application of Human Mesenchymal Stromal Cells for Bone
Tissue Engineering. Stem Cells Int. 2010, 2010, 215625. [CrossRef]

Shao, F; Yu, L.; Zhang, Y.; An, C.; Zhang, H.; Zhang, Y.; Xiong, Y.; Wang, H. Microfluidic Encapsulation of Single Cells by Alginate
Microgels Using a Trigger-Gellified Strategy. Front. Bioeng. Biotechnol. 2020, 8. [CrossRef] [PubMed]

Jiang, W.; Li, M; Chen, Z.; Leong, K.W. Cell-Laden Microfluidic Microgels for Tissue Regeneration. Lab. Chip 2016, 16, 4482-4506.
[CrossRef] [PubMed]

Lienemann, P.S.; Rossow, T.; Mao, A.S.; Vallmajo-Martin, Q.; Ehrbar, M.; Mooney, D.J. Single Cell-Laden Protease-Sensitive
Microniches for Long-Term Culture in 3D. Lab. Chip 2017, 17, 727-737. [CrossRef] [PubMed]

Terekhov, S.S.; Smirnov, I.V,; Stepanova, A.V.; Bobik, T.V.; Mokrushina, Y.A.; Ponomarenko, N.A.; Belogurov, A.A.; Rubtsova,
M.P; Kartseva, O.V.; Gomzikova, M.O.; et al. Microfluidic Droplet Platform for Ultrahigh-Throughput Single-Cell Screening of
Biodiversity. Proc. Natl. Acad. Sci. USA 2017, 114, 2550-2555. [CrossRef]

Good, M.C,; Vahey, M.D.; Skandarajah, A.; Fletcher, D.A. Heald Rebecca Cytoplasmic Volume Modulates Spindle Size During
Embryogenesis. Science 2013, 342, 856-860. [CrossRef]

Hazel, J.; Krutkramelis, K.; Mooney, P.; Tomschik, M.; Gerow, K.; Oakey, J.; Gatlin, ].C. Changes in Cytoplasmic Volume Are
Sufficient to Drive Spindle Scaling. Science 2013, 342, 853-856. [CrossRef]

Wang, B.L.; Ghaderi, A.; Zhou, H.; Agresti, J.; Weitz, D.A.; Fink, G.R.; Stephanopoulos, G. Microfluidic High-Throughput
Culturing of Single Cells for Selection Based on Extracellular Metabolite Production or Consumption. Nat. Biotechnol. 2014, 32,
473-478. [CrossRef]

Tumarkin, E.; Tzadu, L.; Csaszar, E.; Seo, M.; Zhang, H.; Lee, A.; Peerani, R.; Purpura, K.; Zandstra, PW.; Kumacheva, E.
High-Throughput Combinatorial Cell Co-Culture Using Microfluidics. Integr. Biol. 2011, 3, 653—-662. [CrossRef]

Cai, B.; Guo, F; Zhao, L.; He, R.; Chen, B.; He, Z.; Yu, X,; Guo, S.; Xiong, B.; Liu, W,; et al. Disk-like Hydrogel Bead-Based
Immunofluorescence Staining toward Identification and Observation of Circulating Tumor Cells. Microfluid. Nanofluidics 2014, 16,
29-37. [CrossRef]

Bong, K.W.; Bong, K.T.; Pregibon, D.C.; Doyle, P.S. Hydrodynamic Focusing Lithography. Angew. Chem. Int. Ed. 2010, 49, 87-90.
[CrossRef] [PubMed]

Le Goff, G.C,; Lee, J.; Gupta, A.; Hill, W.A.; Doyle, P.S. High-Throughput Contact Flow Lithography. Adv. Sci. 2015, 2, 1500149.
[CrossRef] [PubMed]

Li, Y;; Meng, H,; Liu, Y,; Narkar, A.; Lee, B.P. Gelatin Microgel Incorporated Poly(Ethylene Glycol)-Based Bioadhesive with
Enhanced Adhesive Property and Bioactivity. ACS Appl. Mater. Interfaces 2016, 8, 11980-11989. [CrossRef] [PubMed]

Kang, M.K,; Kim, J.-C. FITC-Dextran Releases from Chitosan Microgel Coated with Poly(N-Isopropylacrylamide-Co-Methacrylic
Acid). Polym. Test. 2010, 29, 784-792. [CrossRef]

Ekanem, E.E.; Nabavi, S.A.; Vladisavljevi¢, G.T.; Gu, S. Structured Biodegradable Polymeric Microparticles for Drug Delivery
Produced Using Flow Focusing Glass Microfluidic Devices. ACS Appl. Mater. Interfaces 2015, 7, 23132-23143. [CrossRef] [PubMed]


http://doi.org/10.1038/nprot.2013.046
http://doi.org/10.1039/b403341h
http://www.ncbi.nlm.nih.gov/pubmed/15269796
http://doi.org/10.1016/j.cell.2015.04.044
http://www.ncbi.nlm.nih.gov/pubmed/26000487
http://doi.org/10.1016/j.cell.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26000488
http://doi.org/10.3390/polym4021084
http://doi.org/10.1002/adfm.201504943
http://doi.org/10.1021/cm502358s
http://doi.org/10.1021/acsbiomaterials.8b01195
http://doi.org/10.3390/ma11071116
http://doi.org/10.1186/1472-6750-9-34
http://doi.org/10.1021/acsami.6b03356
http://doi.org/10.4061/2010/215625
http://doi.org/10.3389/fbioe.2020.583065
http://www.ncbi.nlm.nih.gov/pubmed/33154965
http://doi.org/10.1039/C6LC01193D
http://www.ncbi.nlm.nih.gov/pubmed/27797383
http://doi.org/10.1039/C6LC01444E
http://www.ncbi.nlm.nih.gov/pubmed/28154867
http://doi.org/10.1073/pnas.1621226114
http://doi.org/10.1126/science.1243147
http://doi.org/10.1126/science.1243110
http://doi.org/10.1038/nbt.2857
http://doi.org/10.1039/c1ib00002k
http://doi.org/10.1007/s10404-013-1198-5
http://doi.org/10.1002/anie.200905229
http://www.ncbi.nlm.nih.gov/pubmed/19950160
http://doi.org/10.1002/advs.201500149
http://www.ncbi.nlm.nih.gov/pubmed/27980910
http://doi.org/10.1021/acsami.6b01364
http://www.ncbi.nlm.nih.gov/pubmed/27111631
http://doi.org/10.1016/j.polymertesting.2010.07.002
http://doi.org/10.1021/acsami.5b06943
http://www.ncbi.nlm.nih.gov/pubmed/26423218

Biosensors 2022, 12, 659 15 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

Koh, W.-G.; Revzin, A ; Pishko, M.V. Poly(Ethylene Glycol) Hydrogel Microstructures Encapsulating Living Cells. Langmuir 2002,
18, 2459-2462. [CrossRef]

Yeh, ].; Ling, Y.; Karp, ].M,; Gantz, J.; Chandawarkar, A.; Eng, G.; Blumling, J., IIl; Langer, R.; Khademhosseini, A. Micromolding
of Shape-Controlled, Harvestable Cell-Laden Hydrogels. Biomaterials 2006, 27, 5391-5398. [CrossRef]

Annamalai, R.T.; Hong, X.; Schott, N.G.; Tiruchinapally, G.; Levi, B.; Stegemann, J.P. Injectable Osteogenic Microtissues Containing
Mesenchymal Stromal Cells Conformally Fill and Repair Critical-Size Defects. Biomaterials 2019, 208, 32-44. [CrossRef]

Franco, C.L.; Price, J.; West, ].L. Development and Optimization of a Dual-Photoinitiator, Emulsion-Based Technique for Rapid
Generation of Cell-Laden Hydrogel Microspheres. Acta Biomater. 2011, 7, 3267-3276. [CrossRef]

Choi, C.-H.; Wang, H.; Lee, H.; Kim, ].H.; Zhang, L.; Mao, A.; Mooney, D.].; Weitz, D.A. One-Step Generation of Cell-Laden
Microgels Using Double Emulsion Drops with a Sacrificial Ultra-Thin Oil Shell. Lab. Chip 2016, 16, 1549-1555. [CrossRef]

Zhu, P; Wang, L. Passive and Active Droplet Generation with Microfluidics: A Review. Lab. Chip 2017, 17, 34-75. [CrossRef]
[PubMed]

de Rutte, ].M.; Koh, J.; Di Carlo, D. Scalable High-Throughput Production of Modular Microgels for In Situ Assembly of
Microporous Tissue Scaffolds. Adv. Funct. Mater. 2019, 29, 1900071. [CrossRef]

Allazetta, S.; Hausherr, T.C.; Lutolf, M.P. Microfluidic Synthesis of Cell-Type-Specific Artificial Extracellular Matrix Hydrogels.
Biomacromolecules 2013, 14, 1122-1131. [CrossRef] [PubMed]

Steinhilber, D.; Rossow, T.; Wedepohl, S.; Paulus, F,; Seiffert, S.; Haag, R. A Microgel Construction Kit for Bioorthogonal
Encapsulation and PH-Controlled Release of Living Cells. Angew. Chem. Int. Ed. 2013, 52, 13538-13543. [CrossRef] [PubMed]
Deng, Y.; Zhang, N.; Zhao, L.; Yu, X,; Ji, X,; Liu, W,; Guo, S.; Liu, K.; Zhao, X.-Z. Rapid Purification of Cell Encapsulated Hydrogel
Beads from Oil Phase to Aqueous Phase in a Microfluidic Device. Lab. Chip 2011, 11, 4117-4121. [CrossRef]

Zhang, Y.; Ho, Y.-P; Chiu, Y.-L.; Chan, H.E; Chlebina, B.; Schuhmann, T.; You, L.; Leong, K.W. A Programmable Microenvironment
for Cellular Studies via Microfluidics-Generated Double Emulsions. Biomaterials 2013, 34, 4564-4572. [CrossRef]

Agarwal, P; Choi, ].K.; Huang, H.; Zhao, S.; Dumbleton, J.; Li, J.; He, X. A Biomimetic Core—Shell Platform for Miniaturized 3D
Cell and Tissue Engineering. Part. Part. Syst. Charact. 2015, 32, 809-816. [CrossRef]

Choi, C.-H.; Jung, J.-H.; Rhee, YW.; Kim, D.-P; Shim, S.-E.; Lee, C.-S. Generation of Monodisperse Alginate Microbeads and in
Situ Encapsulation of Cell in Microfluidic Device. Biomed. Microdevices 2007, 9, 855-862. [CrossRef]

Tan, W.-H.; Takeuchi, S. Monodisperse Alginate Hydrogel Microbeads for Cell Encapsulation. Adv. Mater. 2007, 19, 2696-2701.
[CrossRef]

Utech, S.; Prodanovic, R.; Mao, A.S.; Ostafe, R.; Mooney, D.].; Weitz, D.A. Microfluidic Generation of Monodisperse, Structurally
Homogeneous Alginate Microgels for Cell Encapsulation and 3D Cell Culture. Adv. Healthc. Mater. 2015, 4, 1628-1633. [CrossRef]
Jiang, Z.; Xia, B.; McBride, R.; Oakey, J. A Microfluidic-Based Cell Encapsulation Platform to Achieve High Long-Term Cell
Viability in Photopolymerized PEGNB Hydrogel Microspheres. . Mater. Chem. B 2017, 5, 173-180. [CrossRef] [PubMed]

Xia, B.; Jiang, Z.; Debroy, D.; Li, D.; Oakey, ]. Cytocompatible Cell Encapsulation via Hydrogel Photopolymerization in Microfluidic
Emulsion Droplets. Biomicrofluidics 2017, 11, 044102. [CrossRef] [PubMed]

Oh, H.-J.; Kim, S.-H.; Baek, J.-Y.; Seong, G.-H.; Lee, S.-H. Hydrodynamic Micro-Encapsulation of Aqueous Fluids and Cells via

‘on the Fly’ Photopolymerization. J. Micromechanics Microengineering 2006, 16, 285-291. [CrossRef]

Liu, Y.; Tottori, N.; Nisisako, T. Microfluidic Synthesis of Highly Spherical Calcium Alginate Hydrogels Based on External
Gelation Using an Emulsion Reactant. Sens. Actuators B Chem. 2019, 283, 802-809. [CrossRef]

Bauer, A.; Gu, L.; Kwee, B; Li, W.A_; Dellacherie, M.; Celiz, A.D.; Mooney, D.J. Hydrogel Substrate Stress-Relaxation Regulates
the Spreading and Proliferation of Mouse Myoblasts. Acta Biomater. 2017, 62, 82-90. [CrossRef] [PubMed]

Cameron, A.R;; Frith, ].E.; Gomez, G.A.; Yap, A.S.; Cooper-White, ].J. The Effect of Time-Dependent Deformation of Viscoelastic
Hydrogels on Myogenic Induction and Racl Activity in Mesenchymal Stem Cells. Biomaterials 2014, 35, 1857-1868. [CrossRef]
Chaudhuri, O. Viscoelastic Hydrogels for 3D Cell Culture. Biomater. Sci. 2017, 5, 1480-1490. [CrossRef]

Elosegui-Artola, A. The Extracellular Matrix Viscoelasticity as a Regulator of Cell and Tissue Dynamics. Cell Dyn. 2021, 72, 10-18.
[CrossRef]

Ma, Y.; Han, T.; Yang, Q.; Wang, J.; Feng, B.; Jia, Y.; Wei, Z.; Xu, E. Viscoelastic Cell Microenvironment: Hydrogel-Based Strategy
for Recapitulating Dynamic ECM Mechanics. Adv. Funct. Mater. 2021, 31, 2100848. [CrossRef]

Da Ling, S.; Zhang, J.; Chen, Z.; Ma, W.; Du, Y.; Xu, J. Generation of Monodisperse Micro-Droplets within the Stable Narrowing
Jetting Regime: Effects of Viscosity and Interfacial Tension. Microfluid. Nanofluidics 2022, 26, 53. [CrossRef]

Andersson, M.; Madgavkar, A.; Stjerndahl, M.; Wu, Y.; Tan, W.; Duran, R.; Niehren, S.; Mustafa, K.; Arvidson, K.; Wennerberg, A.
Using Optical Tweezers for Measuring the Interaction Forces between Human Bone Cells and Implant Surfaces: System Design
and Force Calibration. Rev. Sci. Instrum. 2007, 78, 074302. [CrossRef] [PubMed]

Han, Y.L.; Ronceray, P.; Xu, G.; Malandrino, A.; Kamm, R.D.; Lenz, M.; Broedersz, C.P.; Guo, M. Cell Contraction Induces
Long-Ranged Stress Stiffening in the Extracellular Matrix. Proc. Natl. Acad. Sci. USA 2018, 115, 4075-4080. [CrossRef] [PubMed]
Zhang, X.; Wang, K.; Hu, J.; Zhang, Y,; Dai, Y.; Xia, F. Role of a High Calcium Ion Content in Extending the Properties of Alginate
Dual-Crosslinked Hydrogels. J. Mater. Chem. A 2020, 8, 25390-25401. [CrossRef]

Philippova, O.E.; Zaroslov, Y.D.; Khokhlov, A.R.; Wegner, G. Reinforced Superabsorbent Polyacrylamide Hydrogels. Macromol.
Symp. 2003, 200, 45-54. [CrossRef]


http://doi.org/10.1021/la0115740
http://doi.org/10.1016/j.biomaterials.2006.06.005
http://doi.org/10.1016/j.biomaterials.2019.04.001
http://doi.org/10.1016/j.actbio.2011.06.011
http://doi.org/10.1039/C6LC00261G
http://doi.org/10.1039/C6LC01018K
http://www.ncbi.nlm.nih.gov/pubmed/27841886
http://doi.org/10.1002/adfm.201900071
http://doi.org/10.1021/bm4000162
http://www.ncbi.nlm.nih.gov/pubmed/23439131
http://doi.org/10.1002/anie.201308005
http://www.ncbi.nlm.nih.gov/pubmed/24288142
http://doi.org/10.1039/c1lc20494g
http://doi.org/10.1016/j.biomaterials.2013.03.002
http://doi.org/10.1002/ppsc.201500025
http://doi.org/10.1007/s10544-007-9098-7
http://doi.org/10.1002/adma.200700433
http://doi.org/10.1002/adhm.201500021
http://doi.org/10.1039/C6TB02551J
http://www.ncbi.nlm.nih.gov/pubmed/28066550
http://doi.org/10.1063/1.4993122
http://www.ncbi.nlm.nih.gov/pubmed/28794813
http://doi.org/10.1088/0960-1317/16/2/013
http://doi.org/10.1016/j.snb.2018.12.101
http://doi.org/10.1016/j.actbio.2017.08.041
http://www.ncbi.nlm.nih.gov/pubmed/28864249
http://doi.org/10.1016/j.biomaterials.2013.11.023
http://doi.org/10.1039/C7BM00261K
http://doi.org/10.1016/j.ceb.2021.04.002
http://doi.org/10.1002/adfm.202100848
http://doi.org/10.1007/s10404-022-02558-8
http://doi.org/10.1063/1.2752606
http://www.ncbi.nlm.nih.gov/pubmed/17672780
http://doi.org/10.1073/pnas.1722619115
http://www.ncbi.nlm.nih.gov/pubmed/29618614
http://doi.org/10.1039/D0TA09315G
http://doi.org/10.1002/masy.200351005

Biosensors 2022, 12, 659 16 of 16

65.

66.

67.

68.

69.

70.

71.

Xu, J.H.; Li, SW,; Tan, J.; Luo, G.S. Correlations of Droplet Formation in T-Junction Microfluidic Devices: From Squeezing to
Dripping. Microfluid. Nanofluidics 2008, 5, 711-717. [CrossRef]

Xu, J.H,; Li, SW.; Tan, J.; Wang, Y.J.; Luo, G.S. Preparation of Highly Monodisperse Droplet in a T-Junction Microfluidic Device.
AIChE ]. 2006, 52, 3005-3010. [CrossRef]

Utada, A.S.; Fernandez-Nieves, A.; Stone, H.A.; Weitz, D.A. Dripping to Jetting Transitions in Coflowing Liquid Streams. Phys.
Rev. Lett. 2007, 99, 094502. [CrossRef]

Shyam, S.; Dhapola, B.; Mondal, P. Magnetofluidic-based controlled droplet breakup: Effect of non-uniform force field. J. Fluid
Mech. 2022, 944, 68. [CrossRef]

Zhang, J.; Ling, S.D.; Chen, A.; Chen, Z.; Ma, W.; Xu, ]J. The Liquid-Liquid Flow Dynamics and Droplet Formation in a Modified
Step T-Junction Microchannel. AICKE . 2022, €17611. [CrossRef]

Cui, Y,; Li, Y.,; Wang, K.; Deng, J.; Luo, G. High-Throughput Preparation of Uniform Tiny Droplets in Multiple Capillaries
Embedded Stepwise Microchannels. J. Flow Chem. 2020, 10, 271-282. [CrossRef]

Cui, Y,; Li, Y.; Wang, K.; Deng, ].; Luo, G. Determination of Dynamic Interfacial Tension during the Generation of Tiny Droplets in
the Liquid-Liquid Jetting Flow Regime. Langmuir 2020, 36, 13633-13641. [CrossRef] [PubMed]


http://doi.org/10.1007/s10404-008-0306-4
http://doi.org/10.1002/aic.10924
http://doi.org/10.1103/PhysRevLett.99.094502
http://doi.org/10.1017/jfm.2022.504
http://doi.org/10.1002/aic.17611
http://doi.org/10.1007/s41981-019-00051-y
http://doi.org/10.1021/acs.langmuir.0c02459
http://www.ncbi.nlm.nih.gov/pubmed/33147955

	Introduction 
	Experimental 
	Materials and Reagents 
	Design and Fabrication of the Microfluidic Device 
	Scanning Electron Microscope (SEM) Imaging 
	Assessment for Material Viscoelasticity and Stress–Relaxation 
	Assessment for Material Stiffness 
	Assessment for Material Water Absorption Ability 
	Generation of Alginate–Gelatin Microspheres 
	HepG2 Cell Culture 
	Cell Microencapsulation in Alginate–Gelatin Microspheres 
	Cell Viability and Urea Secretion 

	Results and Discussion 
	Conclusions 
	References

