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Alginate microgels are widely generated by ionic crosslinking methods, but this
method has limitations in controlling the microgel degradation and generating
non-spherical microgels. By employing oxidized methacrylated alginate (OMA)
that is degradable and photocrosslinkable, we have successfully photocrosslinked
monodisperse OMA microgels and demonstrated the feasibility to generate discoid
alginate microgels. However, several technical issues obstructed our opto-microfluidic
method from being a useful technique. Here, we further characterized and optimized
this method. Monodisperse discoid OMA microgels with good shape consistency
were, for the first time, generated. The curability of OMA microgels was character-
ized as the macromer concentration varied from 2% to 10%, and the minimum
required photoinitiator (VA-086) concentrations were determined. The effects of
crosslinking density and the presence of ions in the storage solution on swelling of
OMA hydrogels were identified to give insights into accurate controlling of the micro-
gel size. A much quicker degradation rate (within three weeks) compared to ionically
crosslinked alginate hydrogels was indirectly identified by quantifying the elastic
modulus using atomic force microscopy. The viability of encapsulated chondrocytes
in OMA microgels formed by this method was higher than those from other existing
methods, demonstrating its favorable cytocompatibility. It was found that the oxygen
tension played a critical role in both the curability of microgels and the cytocompati-
bility of this technique. We also summarize common practical issues and provide
related solutions and/or operational suggestions. By this method, OMA microgels
are expected to be valuable alternatives to traditional ionically crosslinked alginate
microgels in drug delivery, tissue engineering, and single cell analysis areas due to
their multiple favorable properties. Published by AIP Publishing.
https://doi.org/10.1063/1.5017644

I. INTRODUCTION

Microgels are microscale polymerized (also frequently referred to as “cured” or
“crosslinked”) hydrogels. Alginate is one of the most extensively employed materials to gener-
ate microgels for numerous applications, such as drug delivery,' cell encapsulation/tissue engi-
neering,” and disease diagnostics,® due to its mild crosslinking process, good biocompatibility,
biomimetic micro-/nanostructure, and high water content.* Various microfluidic approaches
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have been devised to improve alginate microgel manufacturing in terms of monodispersity,’
production efficiency,® biocompatibility,” and system robustness.® These methods typically uti-
lized ionic crosslinking to fabricate spherical microgels. There are several drawbacks using this
ionic crosslinking mechanism, including slow and uncontrollable degradation rate of alginate’
and practical difficulty in generating non-spherical shaped microgels with monodispersity and
shape consistency.'® These disadvantages limit the biomedical applications of alginate micro-
gels, such as in disease diagnostics, drug delivery, and tissue engineering. For example, in
tissue engineering, it is important for the scaffolds to degrade at a similar rate as new tissue
formation."" However, the degradation of ionically crosslinked alginate is unpredictable and
uncontrollable.” In addition, the non-spherical shapes of microgels have various advantages,
such as evading immune clearance and controlling zero-order drug release.'> We have utilized
biodegradable oxidized methacrylated alginate (OMA) to solve the degradation issue.'’
Recently, by taking advantage of the photocrosslinked OMA, we employed the in-situ photo-
crosslinking microfluidic methodology to devise a microfluidic system to generate photocros-
slinked monodisperse OMA microgels under ultraviolet (UV) light."* We have demonstrated
the simplicity of the photocrosslinking method compared to the existing ionic crosslinking
method to generate non-spherical OMA microgels.

However, several key unknowns (or technical issues) prevented this prototype method from
becoming a viable technique. First, OMA microdroplets were often uncured in-situ, and so, the
monodispersity and the non-spherical shape of microgels were often compromised or
unachieved.'* There were multiple crosslinking parameters that affect the OMA microgel cur-
ability, such as macromer and photoinitiator (P.I) concentrations, UV exposure time (micro-
channel length), and UV intensity. Note that these parameters were also related to other com-
mon microgel manufacturing issues, such as scattered UV light-induced clogging in
polydimethylsiloxane (PDMS) microchannels'> and back pressure-induced leakage of plasma
bonding in a long microchannel.” In addition, because the OMA macromer concentration is an
important parameter to regulate the mechanical properties, degradation rates, and permeability
of OMA microgels,"? the minimum photoinitiator concentration to cure OMA microgels at vari-
ous macromer concentrations was unknown. Second, photocrosslinked OMA microgels would
swell after collecting them in a water-based solution, which compromised the dimensional accu-
racy of microgels and accelerated degradation (preliminary data not shown). However, how to
reduce the swelling was still a challenge. Third, although theoretically the OMA microgels will
degrade according to the degradation rate of bulk OMA hydrogels, the actual degradation char-
acteristics of OMA microgels were not previously demonstrated.'* This was because unlike
bulk hydrogels whose degradation rate is often quantified by mass loss, measuring mass was
impractical for microgels. Last, the cytocompatibility of this microfluidic photocrosslinking pro-
cess was not demonstrated. Without answering these questions, this method was still underde-
veloped and the advantages of OMA over traditional alginate could not be employed for
microgels.

In this report, we fill these knowledge gaps to further refine this method and present many
important practical suggestions to utilize this technique. First, the curability of OMA microgels
at various macromer concentrations was investigated and the threshold of photoinitiator (VA-
086) concentration (minimum required concentration) was determined. Second, swelling behav-
ior of the OMA microgels was studied and several key factors (photoinitiator concentration,
UV light exposure duration, and presence of ions in the storage solution) were identified to
understand how to control microgel dimensions. Third, atomic force microscopy (AFM) was
employed to test the mechanical property (elastic modulus) of microgels over time to indirectly
demonstrate their biodegradability. Finally, the cytocompatibility of this method was demon-
strated. Several factors (i.e., presence of oxygen, UV light, and out-of-incubator time for cells)
were studied to ensure a high viability of encapsulated human chondrocytes. In this paper, dis-
coid microgels were generated for the curability, swelling, and degradation rate tests to show
the advantage of the non-spherical shape of microgels, whereas spherical microgels were used
to encapsulate cells for the cytocompatibility test to simplify observation and data analysis.
Complemented with such information, our in-situ photocrosslinking microfluidic method can be
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a reliable and versatile technique to fulfill requirements of different engineering applications.
Due to their favorable properties, the OMA microgels are expected to be promising alternatives
to traditional ionically crosslinked alginate microgels for tissue engineering, drug delivery, or
single cell diagnostics.

Il. MATERIALS AND METHODS
A. In-situ photopolymerizing microfluidic system design and manufacture

The in-situ photopolymerizing microfluidic system consisted of a polydimethylsiloxane
(PDMS) microchip, two syringe pumps (Pump 11 Elite, Harvard Apparatus, MA), a light-
emitting diode (LED) UV light (Hamamatsu, Japan), a home-customized microchip holder
sealed in a zipped plastic bag (Ziploc vacuum seal food storage bag, Dow, MI), and nitrogen
supply [Fig. 1(a)]. The microgel generation process was observed under a phase contrast micro-
scope (Eclipse Ti-U, Nikon, IL), and images were taken using QuantEM 512SC (Photometrics,
AZ). Soft lithography was used to manufacture the microchip, and press-fit interconnects were
employed for the oil and OMA inlets and the outlet."®'” The microchip was plasma bonded on
a PDMS substrate. A flow-focusing method was used to generate OMA microdroplets,'® where
mineral oil (Sigma, MO) complemented with 5 wt. % Span 80 (Sigma, MO) served as the outer
continuous phase to shear and pinch the inner disperse OMA phase into monodisperse micro-
droplets. Following the flow-focusing section was a serpentine downstream channel for UV
light exposure to photocrosslink OMA microdroplets into microgels. The length of the serpen-
tine channel varied to control the UV exposure duration, but the entire serpentine section area
was exposed under the circular area of UV light (with a diameter of 1cm). The microchannel
height was either 15 um to generate discoid microgels for the curability, swelling, and degrada-
tion tests or 40 um to generate spherical microgels for the cytocompatibility test. All the micro-
channel design dimensions are presented in Table I. A filter pattern was used at the two inlets
according to the protocol of Mazutis et al. to filter out potential particles that may clog the
flow-focusing section.'® In addition, scattered UV light in PDMS can crosslink the OMA at the
upstream of the flow focusing section and clog the microchannel. To solve this issue, four slits
were made in the PDMS microchip by a blade and aluminum foil strips were inserted inside
the slits surrounding the UV exposure section to block the UV light [see Fig. 1(b)].

B. Monodisperse and discoid microgel generation and dimensional characterization

OMA with actual 14% oxidation degree and 20% methacrylation degree (measured by 'H-
nuclear magnetic resonance spectroscopy) was synthesized,'® dissolved (at 10wt. %) in
calcium-free Dulbecco’s phosphate buffered saline (DPBS, Mediatech, VA), and complemented
with photoinitiator (VA-086, Wako, at 1 wt. %). Macromer solution was covered by aluminum
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FIG. 1. In-situ photocrosslinking microfluidics setup and cell encapsulation at the flow focusing section (a) and aluminum
strips embedded in PDMS to block scattered UV (b).
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TABLE I. Dimensions of microchannels and their usage.

Focusing orifice Serpentine channel
Height (um) width (um) length (cm) Usage
15 40 2,3,4,6,9 Discoid microgel manufacturing, Swelling test,
Curability test, and Degradation test
40 40 6 Cell encapsulation and viability test

foil thereafter to prevent UV exposure. To avoid UV exposure, the OMA inlet tubing and outlet
tubing were also covered by aluminum foil. Since oxygen (O,) hinders the free radical photo-
crosslinking reaction,”® the microgel generating process should be under low oxygen tension
conditions."* To remove O,, the microchip was degassed in a vacuum chamber (Robinair
15600, MI) more than 2-3 h before use, and the microfluidic setup was stored in a customized
plastic bag with a zipper filled with nitrogen while generating microgels. The two phases of
flows were driven into the microchannel by two syringe pumps, and their flow rates were tuned
until the monodisperse microdroplets were generated steadily. The microdroplets were at least
one diameter away from each other to avoid coalescence. Then, the LED UV light was applied
at 30% power setting (intensity of ~250 mW/cm?) or lower to prevent scattered UV light-
induced OMA clogging in the microchannel. The generated OMA microgels were washed, col-
lected in DPBS, and measured using microscopy and Imagel] (National Institute of Health).
Specifically, “elliptical selections” in ImageJ were employed to manually measure the perimeter
and shape descriptors of the microgels. The diameter was back calculated from the perimeter.
Hence, monodispersity of discoid microgels was determined by quantifying the coefficient of
variation (standard deviation of diameter/average diameter) of the diameter of the microgels.
The roundness (shape consistency) of the microgels was characterized by aspect ratio (shape
descriptors) that is defined as a length ratio of major axis to minor axis [Fig. 2(a)].

The size of OMA microgels could be accurately quantified and controlled in sifu, but they
would swell (by absorbing water) after collection in a water-based solution, which highly com-
promised their dimensional accuracy and even degradation rate. Therefore, it is necessary to
quantify the swelling ratio of microgel to microdroplet and to reduce the swelling (water absor-
bency). First, discoid microgels were generated by a 15 um high microchannel and collected in
deionized (DI) water or DPBS, separately. Since the height of the microchannel was more accu-
rate (also constant) than the microgel diameter, we used the thickness of discoid microgels,
instead of the diameter, to describe their linear (one-dimensional) swelling. After collection, the
thickness of microgels that positioned on their side edge was measured (see the black arrows in
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FIG. 2. (a) Monodisperse discoid OMA microgels with good shape consistency (average aspect ratio of 1.048 = 0.036) and
(b) size distribution of one representative sample (coefficient of variation =4.66%). The flow rates of oil and OMA solution
phases were 60 and 30 ul/h, respectively. The diameter of microgels was calculated by the measured perimeters of micro-
gels using Image]J. Black arrows indicate the examples of microgels positioned on their side edge.
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Fig. 2). Second, to further test how crosslinking density and ions in the collecting/storage solu-
tion affected the swelling, 8% OMA macrogels were made with 0.5% or 1.5% VA-086, along
with UV light exposure for 25, 50, or 100s, and stored in DI water or DPBS at room tempera-
ture for one day. The weight increase ratio, defined as the weight of swollen gel divided by the
original weight of wet gel, was measured.

C. Characterization of microgel curability

The 15 um high microchannels were used to test the curability of OMA microgels. OMA-
DPBS solutions (at 2, 4, 6, 8, and 10 wt. %) complemented with various photoinitiator con-
centrations (from 0.5 to 3wt. %) were individually tested to identify whether the discoid
microdroplets could be cured by 30% power setting UV light (~250 mW/cm?) for 30s. The
microgels were defined as cured when their discoid shape was preserved after they flowed
inside the outlet under microscopy observation. If microgels coalesced inside the microchan-
nel or deformed back to the spherical shape in the outlet due to surface tension, they were
considered uncured.

D. Characterization of the change in elastic modulus of microgels over time

We have previously reported on the influence of different macromer concentrations on the
OMA macrogel degradation rate by measuring mass loss.'> However, it was difficult to measure
the mass of microgels. Therefore, AFM was employed to test a mechanical property (i.e., elas-
tic modulus) of the microgels to indirectly characterize their degradation over time. To prevent
microgels from rolling during AFM experiments, we used discoid shaped microgels. The dis-
coid microgels (8 wt. % OMA in DPBS with 1.5 wt. % VA-086) were photocrosslinked by 15%
power setting UV light (~125 mW/cm?) for ~30s exposure and were incubated in DPBS at
37°C with 5% CO, for three weeks. The DPBS was changed every week. The elastic modulus
of the microgels was measured in weeks 1, 2, and 3 by using a Bruker Dimension ICON
(Bruker, CA) complemented with MSNL-C cantilevers with a nominal force constant of
0.010 N/m (Bruker, CA) as force sensors. The actual cantilever force constants were calibrated
as 0.011 * 0.002 N/m using the thermal noise method.”'> The cantilevers were lowered onto
the microgels until 1 nN contact force was reached and then retracted while the force-
displacement curves were recorded. Ten microgels were measured for each test, and ten force
curves were recorded for each microgel. The Sneddon conical indenter model was employed to
analyze the elastic moduli of the microgels due to the much larger indentation compared to the
cantilever tip size.**

E. Chondrocyte encapsulation and viability analysis

Primary human chondrocytes and culture kits (medium and subculture kits) were purchased
from Lonza (Lonza, MD), and the cells were cultured according to the manufacture’s proto-
col.”® Cells with population doublings less than 11 (5 to 6 passages) were suspended at 7 x 10°
to 107 cell/ml in OMA solution (10wt. % OMA and 3 wt. % VA-086 in 80 v/v % DPBS and
20 v/v % OptiPrep). The OptiPrep density matcher (Sigma, MO) increased the density of solu-
tion to avoid cell sedimentation and aggregation.'® The cell suspension was degassed for less
than 1 min to remove air bubbles if necessary. Brief vacuuming for 2 min did not affect the cell
viability significantly (data not shown). Cell-encapsulated microgels were photocrosslinked by
25% power setting UV light (~200 mW/cm?) for about 30's exposure. After 30 min of encapsu-
lating cells, the cell-encapsulation sample was washed with DPBS twice and chondrocyte dif-
ferentiation medium (Lonza, MD) once and cultured in a 24-well plate with 300 ul of chondro-
cyte differentiation medium (Lonza, MD) at 37 °C with 5% CO,. To test the effects of oxygen
tension on cell viability during the encapsulation process, two groups of cell-encapsulation sam-
ples were generated in one experiment with all the same encapsulating parameters (UV inten-
sity, exposure duration, OMA and VA-086 concentrations, etc.) except the outlet tubing left
inside or outside the isolation bag during the encapsulating process. The viability of cells in the
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OMA solution was tested by trypan blue using a hemocytometer before the encapsulating pro-
cess. In addition, after each encapsulation experiment, the leftover cell-OMA sample was cured
in bulk hydrogels (~1cm diameter and ~0.5 mm thick disk-shaped sample) by 25% power set-
ting UV light (~200 mW/cm?) for 30s. The viability of cells in these three groups (bulk, tub-
ing inside and outside the isolation bag) was quantified on day 1 by LIVE/DEAD assay
(Molecular Probes, Inc., OR). On average, 75 cells were analyzed in the tubing-inside group for
each experiment, 39 cells in the tubing-outside group, and more than 300 cells in the bulk

group.

F. Statistical analysis

The curability experiment and the macrogel swelling experiment were repeated three times
(n=3). The biocompatibility experiment was repeated twice (n=2). One-way analysis of vari-
ance (ANOVA) was used to analyze the data using Microsoft Excel, and statistical significance
was accepted at p < 0.05. The results were expressed as mean * standard deviation. The coeffi-
cient of variation (defined as standard deviation divided by mean) of microgel diameters was
used to identify their monodispersity.

lll. RESULTS AND DISCUSSION
A. Generation of monodisperse discoid microgels with good shape consistency

Discoid OMA microgels with good monodispersity and shape consistency were, for the first
time, generated by the photocrosslinking method (Fig. 2). The coefficient of variation of micro-
gel diameter in one representative sample was 4.66%, less than 5%, and so, the microgels were
considered monodisperse. The average aspect ratio (a measure of the roundness or shape consis-
tency) of the microgels in a representative sample was 1.048 (+0.036). This shape consistency
was much better than that of the discoid alginate microgels using the traditional external ionic
crosslinking method, where the crosslinking fluid flow could shear and deform the alginate
droplets and the deformation was preserved, resulting in low shape consistency.'® One advanced
ionic crosslinking method was reported by inducing divalent cations inside the alginate micro-
droplets to improve the shape consistency and material homogeneity (i.e., internal ionic cross-
linking).?® Our shape consistency result was as good as that reported by this method. The rea-
son is that the OMA microgels were crosslinked without the additional flow, and so, their
shape was well maintained. More importantly, the operation of our method to generate discoid
alginate microgels was much simpler than the ionic crosslinking method by eliminating one
additional flow-focusing configuration (and the usage of two syringe pumps) and especially by
avoiding synchronizing the alginate microdroplets with crosslinking droplets.'®

B. Curability of OMA microgels

Curability in this system had been a challenge when trying to generate OMA microgels.
Generally, a hydrogel is considered cured (or “crosslinked,” “polymerized””) when the storage
modulus exceeds the loss modulus during the polymerization process by dynamic rheological
tests.”’ The state of being cured indicates that the shape of the hydrogel can be preserved in the
short term and does not dissolve in water-based solutions. By our method, if the OMA micro-
droplets were not cured in-situ, their non-spherical shape would not be preserved and they
would coalesce or even dissolve in the collecting water-based solution. We now have a better
understanding regarding how to cure OMA microgels. First, it was found that as the OMA mac-
romer concentration increased, a lower photoinitiator concentration was required to cure the
microgels (Fig. 3). Within our tested range, 2wt. % OMA microgels could not be cured even
when the macromer solution was almost saturated with VA-086 (at 3.5 wt. %). When the OMA
macromer was as high as 8% or 10%, only 1% VA-086 was needed to cure the microgels.
Second, increasing either UV light intensity or exposure duration could increase the curability
of microgels. However, we limited the UV light intensity (lower than 30% power setting, ~250
mW/cm?) and exposure duration (25 +3s) to generate microgels for two practical reasons.
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FIG. 3. Curability contour plot, presenting the minimum concentration of VA-086 required to cure OMA microgels at dif-
ferent macromer concentrations.

First, although applying UV light at 70% power setting (~500 mW/cm?) could cure 6% OMA
with 1.5% VA-086 microgels, such a high UV intensity resulted in the aforementioned UV light
scattering issue. Specifically, the scattered UV light would very quickly partially cure the OMA
before entering the flow-focusing section, and so, the OMA phase flowed slower and slower
and eventually clogged the flow-focusing section. This was consistent with another group’s
observation when using the photocrosslinking approach to generate microgels in PDMS micro-
channels.'> Second, it was true that by elongating the UV exposure duration to 120s, 8% OMA
with 1% VA-086 microgels could be cured by lower intensity UV light (25% power setting,
~200 mW/cm?). However, achieving such long UV exposure times required extremely low
flow rates (1 ul/h for both oil and OMA phases) in the serpentine channels used, which resulted
in an unacceptably low microgel production rate. Alternatively, to prolong the UV exposure
duration, the serpentine channel needs to be made much longer, but this can result in much
higher back pressure and even leakage. Therefore, this curability contour plot only presents
material compositions and UV parameters (power setting less than 30% and exposure time less
than 30s) with relatively high robustness and production efficiency, excluding the extreme
cases using too high UV light intensity or too long exposure time.

Some other factors played key roles in microgel curability. First, it is well known that oxy-
gen negatively affects free radical-initiated polymerization.”® Therefore, we degassed the micro-
chip overnight and used a plastic isolation bag filled with nitrogen to contain the microchip dur-
ing the microgel manufacturing process. Second, the curability is proportional to the
availability of crosslinking domains on the alginate backbone (i.e., the methacrylation degree).
We used OMA with 20% actual methacrylation. OMA with a different methacrylation degree
will have different characteristics of microgel curability (a different relation between the macro-
mer concentration and the minimum required photoinitiator concentration, UV light intensity,
and exposure time). Third, the type of photoinitiator used is critical because different photoini-
tiators may have different reaction efficiencies.”® The reaction efficiency of VA-086, to our
knowledge, has not been studied, but it seemed not to be as efficient as a widely used photoini-
tiator, Irgacure 2959, based on our qualitative observation on curing OMA gels (data not
shown). However, VA-086 was reported to be much more cytocompatible than Irgacure 2959,%
and so, it was chosen for our study to encapsulate cells.

In addition to further understanding how to generate OMA microgels as discussed above,
we also demonstrated the efficiency of using non-spherical microgels to test the curability of
microgels. It was hard to observe the difference between the cured microgels and uncured ones
under a microscope if they were spherical. In this case, to identify their state, the microgels
had to be collected into an aqueous solution to identify whether they dissolved. Alternatively,
the microgel samples were dried and rehydrated to identify whether they could recover their
shape. Both these strategies are inefficient and cumbersome. In this study, we could determine
the curability of microgels in-sifu under a microscope by taking advantage of the non-spherical
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microgels. If the microgels did not coalesce inside the microchannel and the flat surfaces
(which were confined by the top and bottom of the microchannel) of microgels were observed
at the outlet, the microgels were conformed as cured. If the discoid microgels were not fully
cured, they would become spherical after entering the outlet due to the surface tension.

C. Characterization of mechanical property changes of microgels over time

To indirectly evaluate the degradation of OMA microgels, elastic modulus changes over
time were measured using an AFM.>° The average elastic modulus of OMA microgels (10%
OMA, 1% VA-086, cured by ~250 mW/cm2 UV for 30s) decreased from 1.03 = 0.25kPa, to
0.79 £0.36kPa and to 0.61 =0.21kPa over three weeks (Fig. 4). The decreased moduli of
microgels suggests a very quick degradation rate compared to ionically crosslinked alginate.”'
The Sneddon conical indenter model was employed to analyze the elastic moduli of the micro-
gels because the indentation depth was much greater than the cantilever tip size.”* In addition
to indirectly demonstrating the biodegradability of OMA microgels, we also identified an
advantage of using discoid microgels for the AFM tests. When AFM was employed to test
spherical samples (such as cells or microgels), a holder was necessary to immobilize the sam-
ples.* Otherwise, the microgel would roll away when the tip touched it. In contrast, the discoid
microgels did not roll, and so, the immobilizing holder was eliminated. Since the oxidation and
methacrylation degrees and OMA macromer concentration can affect the degradation of hydro-
gels, further studies are necessary to fully understand how to precisely control the microgel
degradation rate in the future.

D. Cytocompatibility of the microfluidic photocrosslinking process

We demonstrated that our in-situ photocrosslinking method was cytocompatible to encapsu-
late chondrocytes in OMA microgels with 93.5 = 4.5% viability (Fig. 5). More importantly, the
cell viability using this method was better than the traditional ionic crosslinking alginate encap-
sulation methods and a photocrosslinking method using visible light (Table II). Although the
photocrosslinking encapsulation method presented a comparable high cell viability (85 = 2.3%)
to ours, this study photocrosslinked the microgels out of the microfluidic device (in a beaker
for 5min), resulting in disperse microgels.*

To achieve such a high viability, one critical practice was required: the end of collecting
outlet tubing should be left outside the isolation bag to avoid oxygen tension to encapsulated
cells for a too long time. On the other hand, the short time hypoxia was necessary to ensure
free radical-induced polymerization inside the microchannel and did not affect cell viability
[Fig. 5(a)]. Our preliminary study showed very low viability of encapsulated cells in microgels
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FIG. 4. A discoid microgel was tested by AFM without a holder (a) and the elastic modulus of microgels decreased over
three weeks (b). Scale bar: 50 um.
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FIG. 5. LIVE/DEAD fluorescence images of chondrocytes and viability results. LIVE/DEAD fluorescence image merged
with bright-field microscopy images of microgel-encapsulated cells when the end of outlet tubing was kept outside the iso-
lation bag (a) and when the outlet tubing was kept inside the isolation bag (b). LIVE/DEAD fluorescence images of chon-
drocytes embedded in left-over macrogel after the encapsulation experiment (c). Effects of the oxygen and encapsulation
process on cell viability (d): The significant difference between groups where the tubing was left inside and outside of the
isolation bag suggests critical effects of oxygen on the cell viability. The non-significant difference of viability between the
microgel encapsulated cells and left-over cells in the syringe indicates no negative effects of the microfluidic photocros-
slinking process on the cell viability. Note that the viability of cells before the encapsulating process was tested by trypan
blue staining. Effects of encapsulation on cell viability (e): Many unencapsulated cells in the collected sample came from
the setting up period before applying UV light. These unencapsulated cells had a lower viability than the encapsulated
ones, potentially due to the fluid flow shear stress in the microfluidic system or the collision between the microgels and the
cells. *p <0.05. n=2.

TABLE II. Viability comparison between different alginate microgel encapsulation methods.

Methods Cell type Test time Viability References

The present method Primary human chondrocytes Day 1 93.5*+4.5% -

Photocrosslinking by visible light Cat kidney epithelial cells (CRFK) cells ~ Day 0 85%2.3% 33

External ironic crosslinking Primary rabbit chondrocytes Day 7 59 = 18% 2

External ironic crosslinking; Colon cancer cells (HCT116) Day 0 50% 34

non-spherical microgels

Internal ionic crosslinking Jurkat cells Day0  19.3% to 74.3%" 5

Improved internal ionic crosslinking Antibody-secreting hybridoma Day 0 84% 7
cells (9E10)

Mouse breast cancer cells (M6C) 86%

“This dataset was not viability, but the percentage of live cells after the process, defined as (Najive afier/Native.before) X 100%, where
Native before ANd Nyjive afier Teferred to the percentage of cells alive before the experiment and the percentage of cells alive after the
experiment, i.e., greater than the actual viability. In addition, this value varied greatly depending on the material systems.

[Figs. 5(b) and 5(d)], when the outlet tubing was left inside the isolation bag. Interestingly,
when the left-over cell-OMA suspension inside the syringe from the encapsulation experiment
was cured by the same UV light intensity and exposure duration as used for microgel encapsu-
lation, the viability of cells was higher than 90% [Figs. 5(c) and 5(d)]. Previous studies also
suggested that VA-086 initiated alginate photopolymerization is cytocompatible.”* Hence, we
assumed that the low oxygen tension resulted in the cell death, and so, we left the end of outlet
tubing out of the isolation bag to let the oxygen in the atmosphere diffuse into the collected
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microgel-oil mixture. This practice significantly increased the viability. Therefore, based on
these results, low oxygen was the only factor that negatively affected the cell viability during
the microencapsulation process. Negative effects of long time storage (at least 3h) in OMA-
DPBS solution at room temperature, fluid flow shear stress, UV light exposure, or the presence
of free radicals on cell viability were not detected. Note that during the setting-up processes,
including adjusting the size and monodispersity of the microdroplets (for 10 to 30 min) and
waiting for the steady states of the flows (at least 5min), the UV light was not applied, and so,
the OMA-cell microdroplets were not cured. Hence, there were many unencapsulated chondro-
cytes in the collected cell-OMA encapsulation samples. The viability of encapsulated cells was
significantly higher than the unencapsulated cells on day 1 [Fig. 5(e)]. It might be because of
fluid flow shear stress or the collision between the microgels and the cells’ in the microfluidic
system and/or the washing process lowered the viability of unencapsulated cells. In contrast,
microencapsulation provided a physical protection to the encapsulated cells.

E. Optimization of technical parameters and important identified design parameters

Here, we present some important suggestions for potential users of this technology. To gen-
erate monodisperse discoid microgels with required dimensions, the following manufacturing
parameters (and practical tips) should be considered. First, the initial distance between the
discoid microdroplets right after the flow focusing section should be as long as possible (at least
~5 times microdroplet diameter) and the length of the serpentine UV exposure section should
be appropriate. Generally, the serpentine microchannel should be long enough for sufficient
UV light exposure duration but short enough to reduce the possibility of coalescence. In our
material system (10% OMA and 1% VA-086), the UV exposure time was insufficient to cure
the microgels in the microchip with a 2-cm long serpentine section, whereas coalescence of
microgels often occurred at the end of the serpentine channel in the 9-cm long one. Specifically,
it was always observed that at the downstream end of the serpentine section, the discoid micro-
gels intermittently stagnated and moved. When stagnated microgels were freed, they collided
with microgels further downstream and coalesced into a plug of microgels in a series (Fig. 6).
Note that the uncured discoid microdroplets could move together with an initial inter-microgel
distance, and so, there was a transitional section during crosslinking, where the distance between
the consecutive microdroplets continuously decreased until they collided. Since the top and bot-
tom surfaces of discoid microgels were contacting the microchannel, we attributed the intermit-
tent stagnating and moving motions to friction between the microgels and the microchannel. The
6-cm long serpentine microchannel was the optimal one although 3 and 4-cm ones could gener-
ate discoid microgels too. Additionally, the initial distance between droplets was adjusted to be
longer than 5 times of the microdroplet diameter to ensure that they could be cured before the
collision occurred downstream. Alternatively, the serpentine section can be replaced by a diverg-
ing/converging section to slow down the microdroplet movement (to increase the exposure
time).'> How to avoid the microdroplet coalescence in such a configuration has been studied.*

Second, to precisely control the size of microgels, the swelling of microgels after washing
and collection in the aqueous solutions needs to be considered. We observed that the presence
of ions in solutions used to wash and collect microgels highly affected their swelling.

—
100 pm

FIG. 6. Coalesced microgels inside the microchannel. Although the coalescence was an issue for discoid microgel produc-
tion, it also implied the possibility to generate the non-spherical microgels in a column.
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FIG. 7. Swollen microgels in DI water (a) and DPBS (b). The thickness of the discoid microgels before the washing process
was limited to the height of microchannels (15 um), and so, linear swelling can be quantified by measuring the microgel
thickness after the washing process. Effects of the photoinitiator (P.I) concentration, UV exposure duration, and presence
of ions in the storage solution on the weight increase ratio of macrogels (c). Both the UV light exposure duration and the
presence of ions (type of washing solution) significantly affected the mass changes of macrogels, which indicated the water
absorbency and swelling. *p < 0.05. n=3.

Microgels swelled approximately fourfold or twofold when they were washed and collected in
DI water or DPBS, respectively [Figs. 7(a) and 7(b)]. Similarly, the mass increase ratio of mac-
rogels stored in DI water was significantly greater than that in DPBS after the macrogels
reached equilibrium over one day [Fig. 7(c)]. Therefore, to decrease swelling (dimensional
change), it is suggested that the microgels were washed and collected in DPBS or cell culture
medium. In addition, the macrogel swelling results suggest that crosslinking density affected
the swelling [Fig. 7(c)]. By increasing the UV exposure duration to increase the crosslinking
density, the macrogels with 0.5% VA-086 could swell significantly less. Since the UV light
exposure time was limited in the microchannel, microgels can be post-exposed to UV light to
fully cure them before washing in the aqueous solutions.

IV. CONCLUSION

When we reported on this in-sifu photocrosslinking strategy to generate OMA microgels,'*
multiple technical unknowns remained, such as how to generate monodisperse discoid micro-
gels, the impact of variables in the system on curability and biodegradability of the OMA
microgels, and the cytocompatibility of the microfluidic photocrosslinking encapsulation pro-
cess. These unknowns or technical issues made this method practically unreliable to employ.
The present paper filled the knowledge gaps and solved some critical technical issues. We also
demonstrated the advantage of using discoid microgels, compared to spherical microgels, to test
curability and temporal changes in microgel mechanical properties. We have provided adequate
information and necessary practical advice for potential users to use this new technique to
generate non-spherical, biodegradable, and monodisperse alginate microgels to encapsulate cells
with high viability. The advantageous properties of these microgels make them promising for
drug delivery, tissue engineering, and single cell analysis. Particularly, by controlling the micro-
gel shape and degradation rate, microfluidic-based encapsulation in OMA might be to control
the microenvironments of cells. For example, it may be possible to maintain the chondrogenic
phenotype of chondrocytes and improve the regeneration of pericellular matrix. This can be
critical for engineering cartilage tissues and will be our future research focus.
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