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Microfluidic Templated Multicompartment Microgels for
3D Encapsulation and Pairing of Single Cells

Liyuan Zhang, Kaiwen Chen, Haoyue Zhang, Bo Pang, Chang-Hyung Choi,
Angelo S. Mao, Hongbing Liao, Stefanie Utech, David . Mooney, Huanan Wang,*

and David A. Weitz*

Controlled encapsulation and pairing of single cells within a confined 3D
matrix can enable the replication of the highly ordered cellular structure of
human tissues. Microgels with independently controlled compartments that
can encapsulate cells within separately confined hydrogel matrices would
provide precise control over the route of pairing single cells. Here, a one-step
microfluidic method is presented to generate monodisperse multicompart-
ment microgels that can be used as a 3D matrix to pair single cells in a highly
biocompatible manner. A method is presented to induce microgels forma-
tion on chip, followed by direct extraction of the microgels from oil phase,
thereby avoiding prolonged exposure of the microgels to the oil. It is further
demonstrated that by entrapping stem cells with niche cells within separate
but adjacent compartments of the microgels, it can create complex stem

cell niche microenvironments in a controlled manner, which can serve as a
useful tool for the study of cell-cell interactions. This microfluidic technique
represents a significant step toward high-throughput single cells encapsula-

been a widely used approach. However,
conventional bulk coculture methods
on polystyrene or glass surfaces do not
reveal the underlying mechanism of cell-
cell interactions as they cannot precisely
control and assemble different cells in
vitro and replicate the cellular structure
of natural tissues at microscale. Cells
grown on surfaces are dramatically dif-
ferent as compared to the cells grown in
natural 3D cellular microenvironment
in vivo; moreover, single cell-cell inter-
actions cannot be distinguished from
the collective behavior.!l As an alterna-
tive to bulk coculture methods, minia-
turization techniques that can be used
to mimic the cellular microenvironment
by precise manipulation and assembly
of cells within a confined micrometer-

tion and pairing for the study of intercellular communications at single cell
level, which is of significant importance for cell biology, stem cell therapy, and

tissue engineering.

Human tissues are composed of different cells that assemble,
coordinate, and interact with one another in a hierarchically
organized manner to achieve tissues-specific functions. The
interactions between these cells are important in regulating
cell behavior by biochemical signaling cues from neigh-
boring cells. To study the intercellular regulatory network
in tissues or organs, coculture of different cells in vitro has

sized volume have been developed using
microfluidic channels or microwells.['>2
Multicompartment microgels with inde-
pendently controlled compartments that
each can encapsulate different cargos
within a hydrogel matrix would be a promising approach for
the study of paired cells of different types.’] The inherent
microporosity, biocompatibility, and similarity to natural
extracellular matrix of microgels render them capable of
regulating cell behavior by biophysical and biochemical sign-
aling cues.! Therefore, techniques including microfluidic
approaches,BPehl  flow lithography,” and centrifuge-based
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methodsPd have been developed to generate multicompart-
ment microgels; these methods either sequentially fabricate
microgels as modules to assemble into the desired structure,
or simultaneously solidify multiple components to form a
multicompartment microgel. However, their widespread
application for cell encapsulation and pairing is limited due
to the reduced cell viability resulting from the harsh gelation
process,’ the poor efficiency and precision in pairing dif
ferent cells,””! and the difficulty in assembly cells at single
cell level.Bd Therefore, a technique that enables single-cell
encapsulation and pairing in a controllable and biocompatible
manner would be highly valuable for the study of regulatory
signaling cues between cells.

Herein, we present a microfluidic method for producing
monodisperse multicompartment microgels with indepen-
dently controlled compartments that each entraps single cells
and enables controlled assembly of these cells within a confined
3D micrometer-sized space. We produce compartmentalized
microgels through rapid gelation of multiple hydrogel precursor
aqueous solutions. The microgels are immediately transferred
from the oil in which they are formed to an aqueous continuous
phase by destabilizing the oil-water interface on chip through
dissociating the surfactants. This approach leads to continuous
generation of multicompartment microgels while retaining
cell viability by substantially reducing the resident time of cells
within the emulsion. We further demonstrate that by entrapping
stem cells with niche cells within separate compartments of the
microgels, we can pair single cells and create complex stem cell
niche microenvironments in a controlled manner for the in vitro
study of the effect niche environment on stem cell fate.

To produce multicompartment microgels, we use a flow-
focusing PDMS (polydimethylsiloxane, Sylgard 184, Dow Corning,
Midland, M1, USA) microfluidic device to generate monodisperse
aqueous droplets containing multiphase alginate solutions as
templates (Figure 1A). We inject 1 w/v% alginate solutions (in
minimum essential medium) containing 50 x 107 m calcium-
ethylenediaminetracetic acid (Ca-EDTA) complex as the dispersed
phase and fluorocarbon oil (HFE7500, Novec 7500 Engineered
Fluid) containing 1% Krytox-polyethylene glycol (PEG)-Krytox
surfactant and 0.1% acetic acid as the continuous phase. After
the generation of alginate droplets, acetic acid in the oil phase
diffuses into the droplets triggering the release of calcium from
the Ca-EDTA. Rapid gelation reaction occurs immediately upon
contact of alginate and calcium ions, thus enabling the produc-
tion of multicompartment microgels (Figure 1B).%l To neutralize
the acetic acid, which is cytotoxic, we first redisperse the microgel
in an aqueous buffer by destabilizing the oil-water interface. We
accomplish this by introducing an additional channel to inject
1H,1H,2H,2H-perfluoro-1-octanol (PFO, Alfa Aesar) after the
microgel formation. The PFO reduces the stability of the oil-
water interface by dissociating the surfactants.”) Once the oil—
water interface is destabilized, the microgels are immediately
transferred from the oil to an aqueous phase consisting of a 25 x
10 m HEPPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (Sigma, 83264-100ML-F)) buffer (Figure 1Bc), further neu-
tralizing the pH within the microgels. The formation of mul-
ticompartment microgels and subsequent neutralization of
the acetic acid is accomplished in a single microfluidic device,
thereby minimizing the exposure time of the microgels to harsh
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acidic conditions. This feature is crucial to ensure cells are encap-
sulated in the microgels in a biocompatible manner (Figure 1Bd).

By utilizing drop makers with different geometries (Figure S1,
Supporting Information), we can produce microgels with up to
four compartments as shown in Figure 1C-E. To clearly visu-
alize each compartment, we incorporate fluorescein or rho-
damine-labeled polystyrene nanoparticles (200 nm) into each
alginate phase. The sharp interface between distinct compart-
ments is a consequence of rapid Ca-alginate gelation. In liquid
droplets formed with microfluidic devices, internal convective
flows, induced by the unavoidable shear stresses during droplet
formation, accelerate mixing between the initially distinct com-
partments.l®l However, the rapid Ca-alginate gelation essentially
eliminates these convective flows during droplet formation.
With convective flows eliminated, mixing times are determined
by much slower interdiffusion between solid gel phases; this dif-
fusive mixing is sufficiently slow to ensure sharp interfaces and
distinct compartments. In addition to generating multiple and
distinct compartments, we can precisely control the relative vol-
umes of each compartments by tuning the flow rate ratio of the
input alginate solutions, as shown in Figure 1F,G. Compared to
previous techniques for fabricating multicompartment micro-
gels, our approach integrates microgel formation and redis-
persion in aqueous phase while neutralizing cytotoxic reaction
agents into one-step process. This greatly simplifies the approach
and could potentially allow the scale up of encapsulation.

We further study the fabrication parameters for producing
monodisperse Janus microgels. Three different flow patterns
can be formed by tuning aqueous phase flow rate Q,q, and oil
phase flow rate Q. These include dripping, jetting, and coflow
as shown in Figure 2A. The flow rate regimes for different flow
patterns are shown Figure 2B. Differently colored areas repre-
sent different regimes. Droplets are uniformly formed at small
Qaqu- When Q,q, increases, uniform microgels can be formed
at the jetting regime. For high Q,q,, biphasic laminar flow
occurs and no drops are formed. We can obtain microgels in
the dripping and jetting regimes. In addition to the microgels
formation, the acetic acid concentration plays an important role
in microstructure of as-prepared Janus microgel, as shown in
Figure 2C. At acetic acid concentration larger than 0.2%, Janus
microgels with a sharp interface are produced at varied flow
rate ratio of Q,qu/Qyi, Which corresponds with Figure 2Da. As
the acetic acid concentration decreases gradually, the interface
within microgels becomes unclear, shown in Figure 2Db. When
the acid concentration decreases further, we no longer produce
well-defined microgels, as shown in Figure 2Dc. Differently
colored areas in Figure 2C represent these three microgels for-
mation stages in Figure 2D, respectively. These results indicate
that multicompartment microgels with a clear interface can be
fabricated with adequate acetic acid to induce fast gelation and
to avoid extensive diffusion between neighboring flows.

Conventional methods for generation cell-laden microgels
are usually based on water-in-oil emulsion droplet technique,
in which cells are usually generated in nutrient and oxygen-
depleted environment and/or cross-linking agent/surfactant-
enriched oil phase. Therefore, the exposure to oil should be
minimized to reduce cellular injuries during the generation,
operation, and collection of microgels.!®! Conventionally, micro-
gels are first generated on chip and then transferred from
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Figure 1. One-step microfluidic generation of multicompartment microgels for controlled cell encapsulation and assembly. A) Schematic illustration
shows PDMS microfluidic device for the production of single emulsion drops consisting of multiple aqueous phases. The alginate droplets are solidi-
fied via on-chip gelation and immediately collected into aqueous solution (cell media) after dissociating of surfactants by coflowing PFO. B) Schematic
illustration showing the detailed mechanism to form multicompartment alginate microgels as shown in Figure Ba—d. Figure Bd is the example when
using Janus microgel to assembly cells in each compartment. C-E) Representative fluorescent microscopic image showing multicompartment micro-
gels with C) bi-, D) tri-, and E) quadri-compartment microgels by utilizing microfluidic devices with different numbers of injection channel. Fluorescein
(green)- or rhodamine (red)-labeled polystyrene nanoparticles (diameter: 200 nm; concentration: 0.2 vol%) in the alginate phase to facilitate visualiza-
tion. F) The varying size ratio of each compartment in Janus microgels as a function of the flow rate ratio of alginate solution phases (Q1 and Q2).
G) Corresponding confocal images showing the Janus microgels with tunable compartment size ratio as shown in (F). Scale bars are 100 um.
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Figure 2. In-depth study of fabrication parameters for stable multicompartment microgels. A) Microscope images showing flow patterns generated in
the microfluidic device for producing Janus microgels. B) Phase diagram showing flow conditions for stable formation of multicompartment microgels.
Square, circle, and triangle denotes dripping, jetting, and coflow, respectively. Green square, red circle, and blue triangle are the data points of Q,q,
corresponding to Q. C) Optimal condition of acetic acid concentration and flow rate ratio Q,qu/Qoi for stable formation of multicompartment
microgels. Symbols represent data points of flow rate and acetic acid concentration. D) Confocal microscopy images of (a) symmetric Janus microgels
with a sharp interface, (b) Janus microgels with an unclear interface, and (c) noncompartment microgels, corresponding to different regimes in

(C). Scale bars are 100 um.

oil into aqueous solution by multiple off-chip centrifugation
washing steps. These time- and labor-consuming proce-
dures, however, would result in aggregation of microgels, low
retrieval efficiency, and compromised cell viability.l’>4 This
diminishes the potential of these methods being applied for
high-throughput cell encapsulation. In addition, a harsh gela-
tion process must be used to accelerate solidification of the
compartments, which can cause cytotoxicity. Specifically, to
generate cell-laden alginate microgels, a two-step method has
to use acid to trigger-release calcium ions from Ca-EDTA® or
CaCOj; nanoparticles!® to allow on-chip formation of microgels
followed by a second step to transfer microgels into aqueous
phase and neutralize pH off chip; this leads to low cell viability
due to prolonged exposure of cells to acid (Figure 3A).
Therefore, one-step on-chip fabrication approaches have
been proposed to timely extract microgels from oil into aqueous
phase. However, so far, there is very limited literature on one-
step microencapsulation methods for generation of cell-laden
microgels. A one-step method for the generation of cell-laden
microgels has been proposed using ultrathin shell double
emulsion droplets as templates.!% Nevertheless, the presence
of oil shell prevents the diffusion of chemical cross-linking
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agents and limits the gelation methods for aqueous microgels.
Alternative approaches to extract microgels from oil to aqueous
phase by depletion of carrier oil phase,®! mechanical filter
gate,l! interfacial tension-based extraction, ! or dielectropho-
resis-based extraction.’fl However, these methods demand
complicated device design that increases the system complexity
and operational difficulty,*d and the microgels need to satisfy
certain criteria of size and mechanical strength,®! or applica-
tion of potentially cytotoxic electric field. /']

Here, using the one-step approach, we minimize the resi-
dential time of the microgels in harsh conditions and thereby
reduce the cytotoxicity, as evidenced by the retained cell viability
(NIH3T3 fibroblast cells) in contrast to the two-step microen-
capsulation approachl®?11] (Figure 3A). We further investigate
the effect of acetic acid and Q,qu/Qoii on cell viability, shown in
Figure 3B. We observe reduced cell viability upon decreasing Q;
at constant Q,q, = 100 pL h™!, which is caused by the prolonged
exposure time of cells to the oil phase before being transferred to
the aqueous buffer. We obtain high cell viability upon increasing
Q,il at a constant Q,q,,, and only a concentration of acetic acid with
minimal effect on cell viability is used for subsequent cell encap-
sulation experiment. Moreover, by using arginine-glycine-aspartic

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. One-step generation of cell-laden microgels in a biocompatible manner. A) The viability of NIH3T3 cells after encapsulation using our
one-step approach in comparison to conventional two-step microfluidic method and cells cultured on tissue culture plate (denoted as TCP). In the
two-step method, cell-laden microgels are prepared based on previous method reported by Utech et al.;1® acetic acid is added in the oil phase to
trigger-release calcium ions from Ca-EDTA upon droplet formation. Microgels are first formed on-chip and collected for 30 min, followed by the second
off-chip washing step to transfer them into aqueous phase. B) The viability of NIH3T3 cells in the microgels as a function of acetic acid and flow rate
ratios (Qaqu/Qoi) in which Q,q, is 100 uL h™'. C,D) The representative confocal microscopic images of C) high and D) low magnitude showing NIH3T3
fibroblasts encapsulated in RGD-alginate microgels at different time point of in vitro culture. Calcein and ethidium homodimer are used for staining live
and dead cells, respectively. Alginate molecules are labelled by fluorescein. NIH3T3 cells continuously proliferate inside the microgels and eventually
egress out of the microgels. At day 10, egressed cells colonize the surface of culture plates, leaving cracks on the microgels (denoted by white arrows).
C) Scale bars =10 um. D) Scale bars =100 um. E) The average diameter of cell clusters within the microgels at different time point during in vitro culture.

acid (RGD)-modified alginate for cell encapsulation, we observe
NIH3T3 cells continuously proliferate inside the microgels and
eventually egress out of the microgels, and colonize the surface
of culture plates (Figure 3C,D, Figure S2, Supporting Informa-
tion). We evaluate cell proliferation by monitoring the average
size of cell clusters (Figure 3E) and average cell number within
microgels (Figure S3, Supporting Information) as a function of
time. Moreover, we study the viability of mesenchymal stem cells
(MSCs) and human umbilical vein endothelial cells (HUVECs)
after being encapsulated in RGD-alginate microgels, as shown
in Figure 4A,B. For MSCs, we observe continuous cell prolifer-
ation inside the microgels as evidenced by the size increase of
cell clusters. In contrast, we observe that HUVECs remain viable
but do not show obvious change in cell cluster size during 3D
culture in alginate microgels, indicating these cells do not pro-
liferate in alginate matrix; this might relate to the higher stiff-
ness but less degradability of alginate matrix compared to more
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physiologically relevant matrix such as collagen and gelatin
which have been proven to support HUVECs spreading, prolif-
eration, and vascularization in vitro.['

We further demonstrate the feasibility of using multicom-
partment microgels to pair single cells. We disperse NIH3T3
cell labeled with either fluorescent green or red dye (Green and
red CellTracker, Thermo Fisher Scientific,) in RGD-alginate
and use this as the dispersed phases to form Janus microgels.
To distinguish each compartment, the different alginate com-
partments are also labeled, using fluorescein for the red dyed
cells and rhodamine for the green dyed cell. By fine tuning
the fabrication parameters including droplet size, flow rate,
and initial cell concentration, we can produce Janus microgels
that allow the distribution of different single cells in the sepa-
rated compartment as shown in Figure 4C,D. The percentage
of Janus microgels denoted as f{AB) simultaneously containing
both cell types in each compartment can be approximated by

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. 3D encapsulation and pairing of single cells using multicompartmental microgels for the study of cell-cell interactions. A) The confocal
microscopic images of MSCs (a) or HUVECs (b) encapsulated in RGD-alginate microgels with single compartment at different time point of in
vitro culture. Calcein and ethidium homodimer are used for staining live and dead cells, respectively. Alginate molecules are labelled by fluores-
cein. Scale bars are 10 um. B) The change of average diameters of cell clusters formed by MSC (a) or HUVEC (b) in the microgels at different
time point of in vitro culture. C) Confocal microscopic images of Janus microgels for the encapsulation of NIH3T3 cells labelled using red and
green cell trackers, respectively. Microgels are labelled with fluorescein and rhodamine to distinguish each compartment. Scale bars are 50 um.
D) Quantification of cell distribution in the separated compartments of the Janus microgels. E) Sorting result of cell-laden microgels containing
green (FITC) or red (Texas red) cells using FACS. Scale bars are 20 um. F) ALP staining for the microgels containing MSCs and/or HUVECs after
8 d coculture in a PDMS microwell (well diameter is 100 pm). To distinguish HUVEC from MSC, HUVEC cells are fluorescently labelled (green)
before encapsulation. Positive ALP activity (fluorescently yellow) of MSC is observed with the close presence of HUVEC within the same microgel.
Scale bar 100 um.
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fIAB) = flA) x f{B), in which f{A) and f{B) represent the per-
centage of compartment in microgels containing only one
single cell. We attain excellent correlation between experi-
mental results and theoretical values of Poisson distribution for
each type of cell at cell concentrations of 2.5 x 10° and 3.5 x 10°
cell mL™L. This is confirmed by our experiment which shows
24% of microgels containing red cells in green compartment
and 17% of microgels containing green ones in red compart-
ment, resulting into the pairing efficiency of =4.5% (Figure S4,
Supporting Information). By further using fluorescence-acti-
vated cell sorting (FACS, BD FACSAria Cell Sorter), we catego-
rize and collect microgels loaded with different cells according
to the fluorescent characteristics of the cells (Figure 4E). We
expect that the combination of the current cell microencapsula-
tion method with available cell sorting techniques can enable
scaled-up fabrication of multicompartment microgels con-
taining various cell types of interest.?*13]

To demonstrate the feasibility of using multicompartment
microgels as the platform to study single cell-cell interac-
tions in vitro, we pair single stem cells with niche cells in
Janus microgels. It has been previously shown that HUVECs
can act as niche cells to accelerate the osteogenic differen-
tiation of MSCs in conventional 2D dish-based coculture.*
Here, we encapsulate MSCs (ATCC Number: PCS-500-012)
and HUVECs (ANNGIO-PROTEMOMIE, cAP-0001RFP)
within the Janus microgels and further seed the cell-laden
microgels in PDMS microwells, thus avoiding the influence
of cells from neighboring microgels.') By immunostaining
with alkaline phosphatase (ALP) as an early marker for osteo-
genesis at 8 d after encapsulation, we observe positive ALP
activity from MSCs paired with HUVECs (fluorescent green)
within the same microgels, indicating osteogenic commit-
ment of MSCs (Figure 4F). This indicates the potential regula-
tory effect of the interactions between MSCs and HUVECs on
steering stem cell fate, reflecting the feasibility of the current
approach as coculture platform for the study of intercellular
communications.

In this paper, we present a simple and efficient one-step
microfluidic approach to fabricate multicompartment micro-
gels via rapid on-chip gelation of water-in-oil emulsion droplets
consisting of multiple aqueous phases, followed by immedi-
ately transferring them into an aqueous buffer. This approach
leads to the continuous production of multicompartment algi-
nate microgels with high controllability over the structure and
configuration of the microgels. Moreover, this strategy retains
cell viability by avoiding prolonged exposure of cells to the oil
phase during cell encapsulation. We demonstrate that our tech-
nique offers a biocompatible approach for studying cell—cell
interaction at single cell level by pairing and coculturing single
cells in a Janus microgel. This biocompatible microfluidic
approach can be applied for controlled cell delivery by using
different compartments for cells immobilization and targeted
reorganization, and for directed bottom-up assembly of hierar-
chical tissue-like structure.'®!

Experimental Section

For all experimental details, please see Supporting Information.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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