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Abstract: Central nervous system (CNS) injuries and diseases
result in neuronal damage and loss of function. Transplanta-
tion of neural stem cells (NSCs) has been shown to improve
locomotor function after transplantation. However, due to the
immune and inflammatory response at the injury site, the
survival rate of the engrafted cells is low. Engrafted cell via-
bility has been shown to increase when transplanted within a
hydrogel. Hyaluronic acid (HA) hydrogels have natural anti-
inflammatory properties and the backbone can be modified
to introduce bioactive agents, such as anti-Fas, which we
have previously shown to promote NSC survival while sup-
pressing immune cell activity in bulk hydrogels in vitro.
Although bulk HA hydrogels have shown to promote stem
cell survival, microsphere gels for NSC encapsulation and
delivery may have additional advantages. In this study, a
flow-focusing microfluidic device was used to fabricate either

vinyl sulfone-modified HA (VS-HA) or anti-Fas-conjugated HA
(anti-Fas HA) microsphere gels encapsulated with NSCs. The
majority of encapsulated NSCs remained viable for at least
24 h in the VS-HA and anti-Fas HA microsphere gels. More-
over, T-cells cultured in suspension with the anti-Fas HA
microsphere gels had reduced viability after contact with the
microsphere gels compared to the media control and soluble
anti-Fas conditions. This approach can be adapted to encap-
sulate various cell types for therapeutic strategies in other
physiological systems in order to increase survival by reduc-
ing the immune response. © 2016 Wiley Periodicals, Inc. J Biomed
Mater Res Part A: 105A: 608-618, 2017.
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INTRODUCTION

Stem cell-based therapies, specifically those involving neural
stem cells (NSCs), are highly advantageous to replace lost
cellular populations for tissue repair after injury or disease.
NSCs have a survival rate of <10%" due to immune and
inflammatory cell-induced apoptosis at the injured spinal
cord lesion.? The low survival rate hinders successful clini-
cal outcomes and highlights the importance of developing
strategies that promote survival of the transplanted cell
grafts while minimizing the negative local immune response.
Hydrogels provide a protective barrier and improve stem
cell survival rate,”** and have been traditionally used for
localized cellular signaling, presenting bioactive molecules,®
and delivery of cellular grafts."® However, in vivo implanta-
tion of large amounts of foreign material, such as bulk
hydrogel scaffolds, may elicit an acute inflammatory
response in addition to the body’s natural mechanism for
injury repair.” Therefore, physical reduction of the cellular

delivery scaffold is crucial to prevent further damage at the
lesion site.?

In order to reduce the hydrogel volume, microsphere
gels have been investigated. Droplet-based microfluidics has
emerged as a powerful technique for high throughput, fabri-
cation of microsphere gels with a reduced volume
(10 pL—1 nL) compared to bulk hydrogels (200 pL),
making this platform technology beneficial for regenerative
medicine applications.”!° Minimizing the hydrogel volume
can lead to a reduced inflammatory response while also
allowing for the delivery of clinically relevant cells and bio-
active molecules to the injury site.!*™'* The fabrication of
microsphere gels using microfluidics provides additional
advantages, such as increased surface area for immune cell
contact and enhanced diffusion. Microsphere gels maintain
their porosity and permeability to small molecules, thus
allowing for nutrient, gas, and metabolic waste exchange,
and ultimately supporting their application as a cell reactor
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system.’*'® Furthermore, microsphere gels with conjugated
bioactive molecules have a role in directing cell behavior
and fate, while providing physical isolation. Previous studies
have reported multiple fabrication steps for bioconjugated
microsphere gels. Allazetta et al. has reported a two-step
fabrication process that first fabricates the microsphere gel
carriers using a microfluidic device, and then functionalizes
the surface off-chip.'* However, our fabrication process is
one-step using the pre-functionalized hydrogel precursor
solution in a single continuous stream without any addi-
tional steps on a microfluidic platform,'® thus providing a
facile approach to fabrication of bioactive microsphere gels
for use in cell delivery and immuno-isolation.

In this study, we focused on the encapsulation of NSCs
as a strategy to protect the cells from immune and inflam-
matory cells that secrete harmful cytokines. It has been
demonstrated that Fas receptor (FasR)/Fas ligand (FasL)-
mediated signaling pathway provides neuroprotection, thus
enhancing the survivability of NSCs.'® Anti-Fas, antibody to
FasR, conjugated hydrogels have also been shown to induce
apoptosis in immune and inflammatory cells, such as central
nervous system (CNS) resident microglia and T-cells due to
the high FasR expression on the cell surface.’”8

Here, a hyaluronic acid (HA) hydrogel system was used
in a one-step fabrication process to generate anti-Fas conju-
gated microsphere gels for NSC encapsulation as a potential
neural repair strategy. HA was chosen for hydrogel fabrica-
tion due to its: (1) abundance in vivo, especially in the CNS
extracellular matrix'%; (2) natural anti-inflammatory proper-
ties, which can aid in the reduction of immune and inflam-
matory cells at the site of injury®’; and (3) net negative
charge and hydrophilic nature, which increases the perme-
ability of nutrient and waste exchange®! to support the via-
bility of the encapsulated cells, and minimize host cell
deposition.?>"%*

The use of a bioactive molecule, such as anti-Fas, conju-
gated to the polymer to fabricate microsphere gels encapsu-
lated with NSCs has not been previously reported. We
demonstrated that the NSCs were viable through the fabri-
cation of the microsphere gels and the encapsulation pro-
cess. However, the T-cells after contact with the anti-Fas
conjugated HA microsphere gels undergo cell death.

MATERIALS AND METHODS

Fabrication of microfluidic devices

A flow-focusing microfluidic network was designed with
two inlet channels, a collection chamber, and one outlet
channel [Fig. 1(A)] using DraftSight software (Dassault Sys-
temes). One inlet was used to flow the hydrogel precursor
and the second inlet was used to flow the oil resulting in a
stream of monodisperse hydrogel droplets at the intersec-
tion of these immiscible fluids. A high aspect ratio channel
(100 pm wide, 50 pm high, 4 mm long) facilitated droplet
formation and cell encapsulation, and a wide chamber was
used to decrease droplet velocity and allow for droplet sta-
bilization and collection.?® A master silicon wafer was fabri-
cated using standard photolithographic techniques in clean
room facilities using the photoresist SU-8 2035
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FIGURE 1. Bright field images of flow-focusing microfluidic device.
(A) Oil flows through inlet 1. VS-HA or anti-Fas HA precursor solution
containing the photocrosslinker, 12959, flows through inlet 2. Droplets
are stabilized in the chamber and collected through the outlet where
they are crosslinked by UV exposure. (B) Uniform sized droplets are
collected in the chamber. Surfactant present in oil prevents droplet
coalescence prior to on chip UV crosslinking.

(MicroChem). Polydimethyl siloxane (PDMS, Sylgard 184,
Dow Corning) was used to cast the microfluidic devices.
The fabricated PDMS device was plasma bonded onto a
glass slide and heated at 80°C for 48 h to restore material
hydrophobicity.?>?” A bright field image of the designed
microfluidic device is presented in Figure 1.

VS-HA and anti-Fas HA microsphere gel fabrication and

cell encapsulation

The hydrogel precursor solutions were fabricated using our
previously published methodology.'® Briefly, 1% HA was
dissolved in 0.1 M NaOH and modified using divinyl sulfone
(DVS) at 3 M excess to form VS-HA, followed by dialysis and
lyophilization for storage. Anti-Fas HA was prepared by
reacting the reconstituted 0.75% (w/v) VS-HA solution with
250 ng/mL of anti-Fas (BD Biosciences), dialyzed, and
lyophilized for storage. The lyophilized hydrogel precursor
was reconstituted in phosphate buffer (PB) containing the
photocrosslinker, 0.1% Irgacure 2959 (12959, BASF), for a
final working concentration of 0.75% (w/v). Inlet 2 was
infused with the dispersed phase, which consisted of the
hydrogel precursor solution (VS-HA or anti-Fas HA), photo-
crosslinker, and cells. Inlet 1 was infused with the continu-
ous oil phase, which consisted of mineral oil with 3%
sorbitan monooleate (Span 80, Alfa Aesar) surfactant, and
Solvent Blue (Koch), a dye used to distinguish the phases.
Mineral oil is commonly used carrier fluid for microsphere
gel formation.'>*#29 Span 80 is a commonly used surfactant
to minimize coalescence and promote stable microsphere
gels.?83% picoSurf™ (2% in FC-40, RainDance Technologies),
was also used as an alternative oil phase for cell encapsula-
tion.” Microsphere gels were fabricated using two independ-
ently programmable syringe pumps (Harvard Apparatus 33
Dual Syringe Pump, USA) to control the flow rate of both
the dispersed phase and continuous phases. Adjusting the
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flow rates for both phases independently controlled the
diameter and production rate of the microsphere gels.

HA and anti-Fas HA degradation

Ten millimeter VS-HA (n=15) and anti-Fas HA (n=3)
hydrogel discs were prepared for degradation studies. Both
conditions were reconstituted at a concentration of 0.75%
(w/v) in PB containing 0.1% 12959, and crosslinked under
a 365 nm long-wave UV light source (150 mW/cm?). The
initial mass of the hydrogels discs was measured (Wjy).
Hydrogels discs were initially swelled in phosphate buffered
saline (PBS) for 24 h and mass measurements were
recorded at 3 h, 6 h, 12 h, and 24 h. PBS containing hyalu-
ronidase (10 U/mL)*' was added to each well without any
changes in solution after 24 h. VS-HA and anti-Fas HA sam-
ples were weighed (W;) every 24 h for 3 consecutive days.
Samples sizes represent independent hydrogel batches. The
following equation was used to determine the degradation
percentage:

% Degradation = (Ws/W4) X 100%

Analysis of microsphere gel diameter

As the microsphere gel diameter is controlled by the flow
rates specified for the continuous and dispersed phases,
various flow rates were used to obtain specific microsphere
gel diameters. The flow rates used for the continuous oil
stream were 10, 25, and 100 pL/h. The flow rates of 1, 5,
10, and 25 pL/h were used for the hydrogel dispersed
phase. The flow rate of the continuous oil phase or dis-
persed hydrogel phase was held constant while the other
was varied to determine the effect on the diameter of the
microsphere gels. A continuous flow of microsphere gels
were imaged on the microfluidic device using a HiSpec4,
high speed camera (Fastec, 1200x944, 30 fps). One image
every 200 frames was selected for microsphere gel diameter
measurements using Image] software, and a minimum of
450 microsphere gels were measured per flow rate
variation.

NSC and T-cell encapsulation within microsphere gels

NSCs (Cyagen) were maintained and propagated as neuro-
spheres in NSC media (Stem Cell Tech) supplemented with
1% B27 (Life Technologies), 1% Penicillin/Streptomycin
(Pen/Strep, Life Technologies), epidermal growth factor
(EGFE, Invitrogen), fibroblast growth factor —2 (FGF-2, Invi-
trogen), and heparin (Sigma Aldrich). Neurospheres (pas-
sages 5-10) were dissociated wusing TrypLE (Life
Technologies) prior to encapsulation. NSC expression of
FasR was verified using phycoerythrin (PE) conjugated anti-
body to Fas (BD Biosciences, data not shown). T-cells
(Jurkat cells, ATCC) were maintained in RPMI media (Life
Technologies) supplemented with 10% fetal bovine serum
(FBS) and 1% Pen/Strep. T-cell expression of FasR has been
previously reported in literature,'”??73* thus was not veri-
fied. Single cell NSCs or T-cells were resuspended in 0.75%
VS-HA or anti-Fas HA hydrogel precursor solution at a cell
density 10x10° cells per mL. The microsphere gels
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encapsulated with either NSCs or T-cells were collected
from the collection chamber, washed in the respective
media, and placed in a 96-well plate to culture for 24 h.
The Live/Dead assay (Invitrogen) was performed as speci-
fied by the manufacturer’s protocol to determine viability of
the encapsulated cells. Images were taken in a 96-well or
glass bottom multi-well plate using a Zeiss Axiovert micro-
scope with a Zeiss AxioCam MRm CCD camera. Images of
VS-HA and anti-Fas HA microsphere gels containing encap-
sulated NSCs were analyzed to determine the viability by
counting the total number of calcein and ethidium homo-
dimer positive cells. The number of calcein positive cells
was divided by the total number of calcein and ethidium
positive cells counted in the microsphere gels imaged. Cell
viability percentage was normalized to the respective hydro-
gel condition at the initial time point (¢=0 h). A sample
size of n=3 experimental repeats was used to quantify
encapsulated NSC viability with the exception of the control
VS-HA condition at the 24 h time point (n = 2). The viability
of encapsulated T-cells in the anti-Fas HA microsphere gel
was not quantified as the images represent a single
experiment.

Analysis of T-cell viability in presence of HA and anti-
Fas HA microsphere gels

T-cells are one of the immune cell types responsible for
inducing apoptosis in transplanted NSC cells in vivo. In
order to determine whether T-cell viability would be
affected after contact with the anti-Fas, T-cells were cultured
with either VS-HA (n=4) or anti-Fas HA microsphere gels
(n = 3), and normalized to the media control (n = 3). Addi-
tionally, a soluble anti-Fas (BD Biosciences) condition
(n=3) was used as a positive control in order to account
for the effects of HA on survival. The suspended T-cells
were placed in a 96-well plate at a cell density of 15,000
cells per well. Approximately 3000-4000 VS- HA or anti-Fas
HA microsphere gels were added to each well. For the solu-
ble anti-Fas condition, a concentration of 250 ng/mL of anti-
body was dissolved in complete culture media. T-cells were
cultured for 48 h without any media changes, except for the
soluble anti-Fas condition, in which a media change was
performed after 24 h post-seeding to avoid a potential loss
of antibody function. All conditions were stained using the
Live/Dead fluorescent assay. After performing the Live/
Dead assay, the wells were imaged using Zeiss Axiovert
microscope with a Zeiss AxioCam MRm CCD camera. The
wells were divided into 5 regions of interest (ROI), and a
randomly selected area per ROI was imaged for a total of 5
images per well. T-cell viability was quantified by determin-
ing the number of calcein positive cells divided by the total
number of calcein and ethidium homodimer positive cells,
as well as the unstained cellular population. Cell viability
percentage was normalized to the media control condition,
and presented graphically as normalized percent cell viabil-
ity. In addition, the Annexin V (Life Technologies) marker
was used to identify T-cells in early-stage apoptosis (n = 2
per condition). The Annexin V staining was performed
according to the manufacturer’s protocol at a concentration

BIOACTIVE HA MICROSPHERE GELS
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FIGURE 2. Reaction scheme for Michael-type addition of divinyl sulfone (DVS) and addition of bioactive agents. Vinyl sulfone (VS) groups allow
functionalization of the hydrogel backbone with thiol containing bioactive molecules, such as anti-Fas, as well as for reaction with UV initiated
radicals to form a crosslinked hydrogel. The schematic of a flow-focusing microfluidic device used to infuse the hydrogel precursor solution is
shown. Microsphere gels were fabricated and crosslinked using an external UV light source as the droplets were collected from the chamber.

of 10 pL Annexin/100 pL buffer. Sample sizes represent
independent experimental repeats.

Analysis of effects of the microfluidic encapsulation
process on cell viability

The hydrogel photocrosslinking process exposes cells to
ultraviolet (UV) light and free radicals for a short period of
time, which may be toxic. To test for cytotoxicity, T-cells
were plated at a cell density of 1.25 X 10° cells/mL for UV
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exposure characterization at 1, 5, and 10 min. There was
minimal loss of viability for each exposure time (data not
shown). Furthermore, to determine whether the microfluidic
encapsulation components affected NSCs or T-cell viability,
cells were cultured as stated above with UV conditioned cell
medium containing 0.1% (w/v) 12959. Cells were incubated
for a period of 24 h and characterized using the Cell-
Counting Kit (CCK8, Dojindo) metabolic activity assay, as
specified by the manufacturers’ protocol. For the CCK8
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FIGURE 3. Bulk VS-HA and anti-Fas HA hydrogel degradation for UV
crosslinked samples. Although a statistical difference was not observe
between the two conditions, VS-HA had a higher percent weight trend
at the 48 h, 72 h, and 96 h compared to the anti-Fas HA hydrogels.
Sample size: n=>5 independent measurements was used for the VS-
HA; n=3 independent measurements were used for the anti-Fas HA.

assays, the 12959 treated condition was normalized to the
media control to obtain normalized percent viability. An
n =3 independent experiments was completed for each cell
line. The combined effects of the microfluidic encapsulation
process, specifically shear stress, mineral oil/surfactant con-
tact, UV exposure, and radical formation was also studied.
Briefly, an aqueous stream of T-cells, without the hydrogel,
at a concentration of 1x10° cells/mL and 0.1% 12959 was
infused into inlet 2 of the flow-focusing microfluidic device,
and exposed to UV light as specified in the cell encapsula-
tion experiments (n = 1). Cells were collected, stained using
a Live/Dead viability assay, and imaged using previously
discussed methods. Sample sizes used represent independ-
ent experimental repeats.

Statistical analysis

Statistical analysis was performed to determine significance
amongst the conditions using GraphPad software. A two-
way analysis of variance (ANOVA) was used to determine
significance over time and hydrogel conditions for the NSC
encapsulation viability, as well as for the degradation stud-
ies. A one-way ANOVA followed by post-hoc Tukey’s test
was used to determine significance for the T-cell culture
experiments. A Student’s t test was used to determine sig-
nificance for the experiment investigating 12959 toxicity on
NSC and T-cell (CCK8 metabolic activity assays). Statistical
significance was considered for p < 0.05 among the different
conditions as indicated.

RESULTS AND DISCUSSION

We previously demonstrated successful fabrication of anti-
Fas conjugated HA hydrogel using click chemistry to func-
tionalize the HA backbone and polymerize the hydrogel.'®
In this study, we investigate using a microfluidic device to
encapsulate the NSCs within the HA and anti-Fas HA micro-
sphere gels toward increasing the survival rate after trans-
plantation as a repair strategy after neural injury.
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Flow-focusing microfluidic device

A flow-focusing device with 50 um depth and 100 pm width
was used for microsphere gel generation [Fig. 1(A)]. Micro-
sphere gel formation occurs when viscous shear stresses
overcome the capillary pressure enabling the deformation of
the liquid interface, and it is the elongation within the jet-
ting stream that aides in cell encapsulation.>>3° The flow-
focusing droplet generator design is commonly used for cell
encapsulation experiments, as the symmetric shearing on
the dispersed phase allows for more controlled droplet for-
mation®” and minimizes damage to a cell laden stream. A
long channel with similar dimensions to the microsphere
gel and a separate wider collection chamber assists picoliter
droplet formation [Fig. 1(B)].*® In order to ensure sufficient
droplet stabilization, a wide collection chamber increased
residence time to ~1-3 min within the flow-focusing device.

Hydrogel chemistry, polymerization, and degradation
VS-HA or anti-Fas HA precursor solution were used for the
fabrication of microsphere gels. 12959, a UV-based photo-
crosslinker, was used for on-chip microsphere gel polymer-
ization. The chemical reaction schematic can be seen in the
top panel of Figure 2. In the presence of 12959, the VS-HA
microsphere gels were polymerized through the generation
of radicals that initiate the polymerization process when
irradiated with 365 nm long-wave UV light (150 mW/
cm?).39*! The microsphere gels were polymerized in the
collection tubing (Fig. 2, bottom panel).

Photocrosslinked hydrogels have been widely used for
biomedical applications as they can rapidly gel in situ after
brief exposure to UV light. The cytotoxic effects of UV light
exposure and free radical generation is minimized through
short exposure times, reduced UV intensity, selection of an
appropriate photoinitiator, as well as reduction in the photo-
initiator concentration. Control of these parameters allows
reduction in the cytotoxic effects during the encapsulation
process. UV light exposure (150 mW/cm?) up to 10 minutes
had minimal effect on T-cell viability (data not shown). As
the exposure time during microsphere gel fabrication is
approximately 3 minutes, viability was not significantly
affected by the UV light. To assess the effects of UV-formed
radicals due to the presence of 12959, NSCs and T-cells
were cultured with UV light exposed media containing 0.1%
12959 (w/v) prior to being cultured for 24 h. The normal-
ized percent viability for the T-cells was >95% [Supporting
Information Figure 1(A)]; while the NSCs had a normalized
percent viability of 76% compared to the media control
[Supporting Information Figure 1(B)]. Similar reduction in
stem cell viability has been reported.*? The reduction in
NSC viability may be due to them being derived from a pri-
mary mouse cell line and therefore more sensitive to the
radicals compared to the T-cells, which are an immortalized
cell line.*® The combined effects of UV, shear stress, and
12959 were also characterized on T-cells flowing in an aque-
ous stream within the microfluidic device. The T-cells were
exposed to the UV in the presence of 12959 and were col-
lected to perform the Live/Dead assay (Supporting Informa-
tion Figure 2). Overall, it was observed that the viability of
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FIGURE 4. Microsphere gel diameter quantification with various hydrogel and mineral oil flow rates. Microsphere gel droplet diameters were
measured manually using Image J software. (A) The mineral oil flow rate was held constant at 100 uL/h while the VS-HA flow rate was varied to
5, 10, and 25 plL/h. The VS-HA flow rates of 5, 10, and 25 pL/h increased microsphere gel diameters, with mean diameters of 20, 40, 50 pum,
respectively. (B) The HA flow rate was held constant at 1 uL/h, while the mineral oil flow rate was varied to 10 uL/h and 25 plL/h. An increase in
the mineral oil flow rate from 10 plL/h to 25 plL/h reduced microsphere gel diameter, with mean diameters of 78 um and 54 pm, respectively. A
minimum of 4560 microsphere gels were measured for diameter size per condition. Data is presented as mean *standard error mean (SEM).

T-cells was maintained after exposure to shear stress, sur-
factant, radical formation, and UV.

After the hydrogels were formed through photocrosslink-
ing, a degradation study was performed. UV-crosslinked VS-
HA and anti-Fas HA bulk hydrogels were swelled for 24 h in
PBS (Fig. 3). During the first 24 h, the hydrogel discs swelled,
reaching twice their initial weight, due to the influx of solvent.
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The enzyme was added after equilibrium was reached.
Following hyaluronidase (10 U/mL)3! treatment beginning at
24 h, both VS-HA and anti-Fas HA hydrogels degraded over a
4-day period (Fig. 3). The final percent weight for the VS-HA
and anti-Fas HA hydrogels at the 96 h time point was 54%
and 21%, respectively. There was no statistical significance
difference between the hydrogels at the 48 h, 72 h or 96 h
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FIGURE 5. Encapsulated NSCs are viable in both VS-HA and anti-Fas HA microsphere gels. NSC viability was quantified using Live/Dead assay
and imaged post-encapsulation in both types of microsphere gels, and after 24 h in culture. (A) Representative merged bright field and fluores-
cent images of NSCs in the VS-HA and anti-Fas microsphere gels. (B) Quantification of encapsulated NSC viability post-encapsulation (t=0 h)
and 24 h after encapsulation demonstrated that there was no statistical difference between the two microsphere gel conditions. Data presented
is the normalized % viability for each independent experimental condition. A sample size of n=3 was used for all conditions with the exception
of the NSCs encapsulated in the VS-HA microsphere at 24 h, which was n= 2.

time points. It is possible that the VS-HA samples degraded
the least as it had more VS-groups available to react with the
UV generated radicals. Although the anti-Fas HA hydrogels
had <50% of its mass after the 96 h time point, it is impor-
tant to note that this is a relative change in percent weight
and does not represent the in vivo degradation environment,
as this is dependent on localized enzyme concentration.®*

Microsphere gel size characterization

The diameter of microsphere gels is determined by device
geometry, fluid viscosities, surface tension, surfactant con-
centration, and flow rates of the continuous and dispersed
fluids.>® When the oil/surfactant phase was infused at 100
pL/h, flow rates for the VS-HA precursor solution phase of

614 SHENDI ET AL.

5, 10, and 25 pL/h generated microsphere gels with mean
diameters of 20, 40, 50 pm, respectively [Fig. 4(A)]. There-
fore, an increase in the VS-HA flow rate at a constant min-
eral oil flow rate caused an increase in the microsphere gel
diameter. However, at high overall flowrates some droplets
coalesced. Droplet formation did not occur at VS-HA flow
rates >25 pL/h. A VS-HA at a flow rate of 50 pL/h almost
ran parallel to the oil phase, and thus was too fast to pro-
duce droplets. These flow rates were also characterized by
tip streaming, which is a specific type of droplet break up
process where droplets rapidly form from the tip of the dis-
persed stream within the middle of the channel.?® Droplet
formation due to tip-streaming results in a higher frequency
of droplet formation, but may affect cell viability due to the

BIOACTIVE HA MICROSPHERE GELS
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FIGURE 6. T-cell viability decreased after contact with anti-Fas HA microsphere gels. T-cells were cultured with VS-HA microsphere gels, anti-Fas
microsphere gels, soluble anti-Fas (sAnti-Fas), and a media control for 48 h. (A) Representative merged bright field and fluorescent images for
T-cells cultured in media only, soluble anti-Fas, VS-HA microsphere gels, and anti-Fas HA microsphere gels. (B) Quantification of T-cells cultured
in soluble anti-Fas have a decreased viability (65%) compared to the T-cells cultured in media only control. Similarly, T-cells remained viable
after contact with the VS-HA microsphere gels (>95%) compared to when T-cells came into contact with anti-Fas HA microsphere gels (31%). A
significant difference was observed between the two conditions. A minimum of n= 3 independent experiments were used to determine percent
viability. An * signifies statistical difference of p <0.05 between indicated conditions.

shear stress imposed on a cell laden stream.*® Alternatively,
when the VS-HA precursor solution phase was held at a con-
stant 1 pL/h, an increase in the mineral oil flow rate from 10
to 25 pL/h reduced microsphere gel diameter, with mean
diameters of 78 um and 54 pm, respectively [Fig. 4(B)]. These
flow rates were utilized for all experiments as tip streaming
did not occur, and frequency was lower. Furthermore, a high
frequency for droplet stabilization is not required for charac-
terization of viability in vitro. However, a high production rate
is desired to fabricate sufficient cell encapsulated micro-
sphere gels for in vivo applications. Therefore, the high-
throughput mechanism for droplet formation is to increase
the frequency through the incorporation of droplet generators
in parallel.**

Cell encapsulation in microsphere gels

Single cell NSCs or T-cells were homogeneously suspended
within the 0.75% (w/v) VS-HA or anti-Fas HA precursor
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solution with the photocrosslinker, and dispersed due to the
shear stress provided by the oil/surfactant stream for inde-
pendent cell encapsulation. Representative merged bright
field and fluorescent images of the NSCs encapsulated within
the VS-HA and anti-Fas HA microsphere gels can be seen in
Figure 5(A). The NSCs were positive for calcein, which indi-
cates viable cells. A statistical difference was not observed in
the normalized NSC percent viability between the VS-HA and
anti-Fas HA microsphere gel conditions (>95%) 24 h post-
seeding [Fig. 5(B)]. Therefore, the anti-Fas HA microsphere
gels did not elicit a pro-death response in the NSCs. These
results are consistent with our previously published studies
in bulk anti-Fas HA hydrogel.'® The cell viability percentage
obtained is similar to NSCs encapsulated in microsphere gels
fabricated using other techniques, such as emulsion based.*®
In contrast, T-cells encapsulated in the anti-Fas HA micro-
sphere gels appeared to have decreased viability after 24 h
(Supporting Information Figure 3).
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FIGURE 7. Apoptosis of T-cells after contact with anti-Fas HA microsphere gels and soluble anti-Fas. Annexin V binding was used to identify
early-stage apoptotic T-cells. Representative merged bright field and fluorescent images of T-cells cultured with VS-HA microsphere gels, anti-
Fas microsphere gels, soluble anti-Fas, and media only over 48 h can be seen. To the right of the merged images for soluble anti-Fas and anti-
Fas HA microsphere gel conditions, the single filter fluorescent images for Annexin (green), ethidium homodimer (red), Hoechst nuclei stain
(blue) can be seen. Positive Annexin stain confirms that the T-cells underwent early-stage apoptosis. For all conditions, n=2 independent

experiments.

To further demonstrate anti-Fas functionality of the
hydrogel and its effect on cell viability in a microenviron-
ment more representative of in vivo T-cell interactions with
the hydrogel, suspended T-cells were cultured with either
VS-HA or anti-Fas HA microsphere gels. Other studies have
conjugated bioactive molecules, such as RGD peptide,'" gela-
tin,'* and fibronectin'* that promote cellular adhesion of
encapsulated cells to the surface of the microsphere gel;
however, they do not elicit a cellular response from cells
external to the microsphere gel. We conjugated bioactive
molecules that induced a response based on external cell
contact. It has been previously demonstrated that T-cells
undergo apoptosis when exposed to anti-Fas functionalized
polyethylene glycol bulk hydrogels.'” A soluble anti-Fas con-
trol was included to observe the effects of the anti-Fas alone
independent of the hydrogel or its conjugation chemistry.
Representative merged bright field and fluorescent images
of the T-cell viability for the 4 conditions can be seen in Fig-
ure 6(A). The number of calcein-positive viable cells was
quantified for all 4 conditions [Fig. 6(B)]. The VS-HA micro-
sphere gels did not induce T-cell death, as normalized per-
cent viability was >95% and not significantly different from
the media control. Although soluble anti-Fas reduced T-cell
viability to an average of 65%, this result was not signifi-
cant. A significant decrease in T-cell viability was observed
when cultured in the anti-Fas microsphere gels (31%) com-
pared to the VS-HA condition (>95%), indicating that cell
death was due to the presence of anti-Fas alone. Cell contact
with the microsphere gel is required in order to elicit a cel-
lular response as it is a receptor mediated signaling path-
way. It is hypothesized that the non-viable suspended T-
cells had previously been in contact with the microsphere
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gel, underwent apoptosis, and then detached from the
microsphere gel, as it is unlikely that the covalently-bound
anti-Fas leached into the media.

In addition to the Live/Dead assay, Annexin V marker
(green) was used to identify T-cells undergoing early-stage
apoptosis in all 4 conditions, in addition to ethidium homo-
dimer (red), and Hoechst nuclei stain (blue). Representative
merged bright field and fluorescent images can be seen in
Figure 7. To the right of the soluble anti-Fas and anti-Fas
HA microsphere images, the single filter images can be seen
for both conditions, which demonstrate that the cells were
non-viable as they were positive with ethidium homodimer
and that they underwent apoptosis as those cells were posi-
tive with Annexin V staining. Positive staining for Annexin V
and ethidium homodimer was not observed for the control
VS-HA microsphere gel condition compared to the soluble
anti-Fas control and the anti-Fas HA microsphere gels. It is
possible that the presence of any Annexin V negative cells
indicates that the cells are in late stage apoptosis rather
than the early-stage when the staining was performed.

CONCLUSION

We have utilized a microfluidic platform for the fabrication
of bioactive microsphere gels for the encapsulation of NSCs
as a potential cell delivery vehicle. Microsphere gel cell
encapsulation within a closed microenvironment provides
isolation and protection against inhibitory cytokines secreted
by immune and inflammatory cells, which is a major chal-
lenge associated with in vivo cell delivery. We have developed
a microsphere gel that encapsulates NSCs and maintains
their viability while decreasing the viability of immune and
inflammatory cells after contact with the anti-Fas HA

BIOACTIVE HA MICROSPHERE GELS



microsphere gels. This is significant as these cells are respon-
sible for the low NSC survival rate. Therefore, we have devel-
oped a potential immune modulating hydrogel delivery
vehicle for cellular transplantation. A future direction for this
project is to increase the encapsulation efficiency of cells for
use as a therapeutic strategy for tissue repair.

ACKNOWLEDGMENTS

The authors would like to thank Samantha Hires, Jonathan
Perry, Nhi Phan, and Victoria Crowley for their help in micro-
sphere gel characterization and device preparation. We would
also like to thank Daniel Lawler for his help in mask design
and soft lithography techniques as well as Laura Aurilio for
wafer fabrication.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | FEB 2017 VOL 105A, ISSUE 2

Liang Y, Walczak P, Bulte JW. The survival of engrafted neural
stem cells within hyaluronic acid hydrogels. Biomaterials 2013;34:
5521-5529.

. Reekmans K, De Vocht N, Praet J, Fransen E, Le Blon D, Hoornaert

C, Daans J, Goossens H, Van der Linden A, Berneman Z. Spatio-
temporal evolution of early innate immune responses triggered by
neural stem cell grafting. Stem Cell Res Ther 2012;3:56.

. Ballios BG, Cooke MJ, Donaldson L, Coles BLK, Morshead CM,

van der Kooy D, Stoichet MS. A hyaluronan-based injectable
hydrogel improves the survival and integration of stem cell prog-
eny following transplantation. Stem Cell Rep 2015.

. Li H, Wijekoon A, Leipzig ND. Encapsulated neural stem cell neu-

ronal differentiation in fluorinated methacrylamide chitosan
hydrogels. Ann Biomed Eng 2014;42:1456-1469.

. Friedrich EE, Sun LT, Natesan S, Zamora DO, Christy RJ,

Washburn NR. Effects of hyaluronic acid conjugation on anti-TNF-
« inhibition of inflammation in burns. J Biomed Mater Res Part A
2014;102:1527-1536.

. Gupta D, Tator CH, Shoichet MS. Fast-gelling injectable blend of

hyaluronan and methylcellulose for intrathecal, localized delivery
to the injured spinal cord. Biomaterials 2006;27:2370-2379.

. Zhong Y, Bellamkonda RV. Biomaterials for the central nervous

system. J Roy Soc Interface 2008;5:957-975.

. Selimovi¢ S, Oh J, Bae H, Dokmeci M, Khademhosseini A. Micro-

scale strategies for generating cell-encapsulating hydrogels. Poly-
mers 2012;4:1554-1579.

. Brouzes E, Medkova M, Savenelli N, Marran D, Twardowski M,

Hutchison JB, Rothberg JM, Link DR, Perrimon N, Samuels ML.
Droplet microfluidic technology for single-cell high-throughput
screening. Proc Natl Acad Sci USA 2009;106:14195-14200.
Rossow T, Heyman JA, Ehrlicher AJ, Langhoff A, Weitz DA, Haag
R, Seiffert S. Controlled synthesis of cell-laden microgels by
radical-free gelation in droplet microfluidics. J Am Chem Soc
2012;134:4983-4989.

Headen DM, Aubry G, Lu H, Garcia AJ. Microfluidic-based genera-
tion of size-controlled, biofunctionalized synthetic polymer micro-
gels for cell encapsulation. Adv Mater (Deerfield Beach, Fla) 2014;
26:3003-3008.

Visted T, Furmanek T, Sakariassen P, Foegler WB, Sim K,
Westphal H, Bjerkvig R, Lund-Johansen M. Prospects for delivery
of recombinant angiostatin by cell-encapsulation therapy. Human
Gene Therapy 2003;14:1429-1440.

Kumachev A, Greener J, Tumarkin E, Eiser E, Zandstra PW,
Kumacheva E. High-throughput generation of hydrogel microbe-
ads with varying elasticity for cell encapsulation. Biomaterials
2011;32:1477-1483.

Allazetta S, Hausherr TC, Lutolf MP. Microfluidic synthesis of cell-
type-specific artificial extracellular matrix hydrogels. Biomacro-
molecules 2013;14:1122-1131.

Duncanson WJ, Zieringer M, Wagner O, Wilking JN,
Abbaspourrad A, Haag R, Weitz DA. Microfluidic synthesis of
monodisperse porous microspheres with size-tunable pores. Soft
Matter 2012;8:10636-10640.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ORIGINAL ARTICLE

. Corsini NS, Sancho-Martinez |, Laudenklos S, Glagow D, Kumar S,

Letellier E, Koch P, Teodorczyk M, Kleber S, Klussmann S. The
death receptor CD95 activates adult neural stem cells for working
memory formation and brain repair. Cell Stem Cell 2009;5:178-190.

. Hume PS, Anseth KS. Inducing local T cell apoptosis with anti-

Fas-functionalized polymeric coatings fabricated via surface-
initiated photopolymerizations. Biomaterials 2010;31:3166-3174.

. Shendi D, Dede A, Yin Y, Wang C, Valmikinathan C, Jain A. Tuna-

ble, bioactive protein conjugated hyaluronic acid hydrogels for
neural engineering applications. J Mater Chem B 2016.

. Bignami A, Hosley M, Dahl D. Hyaluronic acid and hyaluronic

acid-binding proteins in brain extracellular matrix. Anat Embryol
(Berl) 1993;188:419-433.

Ghosh P. The role of hyaluronic acid (hyaluronan) in health and
disease: Interactions with cells, cartilage and components of
synovial fluid. Clin Exp Rheumatol 1994;12:75-82.

Shepard HM. Breaching the castle walls: Hyaluronan depletion as
a therapeutic approach to cancer therapy. Front Oncol 2015;5.
Alberts B. Essential Cell Biology: An Introduction to the Molecular
Biology of the Cell. New York: Garland Pub. 1998.

Knudson CB, Knudson W. Cartilage proteoglycans. Sem Cell Dev
Biol 2001;12:69-78.

Slaughter BV, Khurshid SS, Fisher 0Z, Khademhosseini A,
Peppas NA. Hydrogels in regenerative medicine. Adv Mater 2009;
21-33:3307-3329.

Edd JF, Di Carlo D, Humphry KJ, Koster S, Irimia D, Weitz DA,
Toner M. Controlled encapsulation of single-cells into monodis-
perse picolitre drops. Lab Chip 2008;8:1262-1264.

Shin Y, Han S, Jeon JS, Yamamoto K, Zervantonakis IK, Sudo R,
Kamm RD, Chung S. Microfluidic assay for simultaneous culture
of multiple cell types on surfaces or within hydrogels. Nat Protoc
2012;7:1247-1259.

Ozdil B, Onal S, Oruc T, Okvur DP. Fabrication of 3D controlled in
vitro microenvironments. MethodsX 2014;1:60-66.

Tumarkin E, Tzadu L, Csaszar E, Seo M, Zhang H, Lee A, Peerani
R, Purpura K, Zandstra PW, Kumacheva E. High-throughput com-
binatorial cell co-culture using microfluidics. Integr Biol 2011;3:
653-662.

Yang C-G, Pan R-Y, Xu Z-R. A single-cell encapsulation method
based on a microfluidic multi-step droplet splitting system. Chin
Chem Lett 2015;26:1450-1454.

Wu L, Chen P, Dong Y, Feng X, Liu B-F. Encapsulation of single
cells on a microfluidic device integrating droplet generation with
fluorescence-activated droplet sorting. Biomed Microdevices
2013;15:553-560.

Burdick JA, Chung C, Jia X, Randolph MA, Langer R. Controlled
degradation and mechanical behavior of photopolymerized hyal-
uronic acid networks. Biomacromolecules 2005;6:386-391.

Huang DC, Hahne M, Schroeter M, Frei K, Fontana A, Villunger A,
Newton K, Tschopp J, Strasser A. Activation of Fas by FasL indu-
ces apoptosis by a mechanism that cannot be blocked by Bcl-2 or
Bcl-xL. Proc Natl Acad Sci USA 1999;96:14871-14876.

Jodo S, Hohlbaum AM, Xiao S, Chan D, Strehlow D, Sherr DH,
Marshak-Rothstein A, Ju S-T. CD95 (Fas) ligand-expressing
vesicles display antibody-mediated, FcR-dependent enhancement
of cytotoxicity. J Immunol 2000;165:5487-5494.

Shatnyeva OM, Kubarenko AV, Weber CE, Pappa A, Schwartz-
Albiez R, Weber AN, Krammer PH, Lavrik IN. Modulation of the
CD95-induced apoptosis: The role of CD95 N-glycosylation. PLoS
One 2011;6:19927.

Gu H, Duits MH, Mugele F. Droplets formation and merging in
two-phase flow microfluidics. Int J Mol Sci 2011;12:2572-2597.
Velasco D, Tumarkin E, Kumacheva E. Microfluidic encapsulation
of cells in polymer microgels. Small 2012;8:1633-1642.

Teh S-Y, Lin R, Hung L-H, Lee AP. Droplet microfluidics. Lab Chip
2008;8:198-220.

Frenz L, Blank K, Brouzes E, Griffiths AD. Reliable microfluidic on-
chip incubation of droplets in delay-lines. Lab Chip 2009;9:1344-
1348.

Xiao W, He J, Nichol JW, Wang L, Hutson CB, Wang B, Du Y, Fan
H, Khademhosseini A. Synthesis and characterization of photo-
crosslinkable gelatin and silk fibroin interpenetrating polymer net-
work hydrogels. Acta Biomater 2011;7:2384-2393.

617



40.

41.

42.

618

Jeon O, Bouhadir KH, Mansour JM, Alsberg E. Photocrosslinked
alginate hydrogels with tunable biodegradation rates and
mechanical properties. Biomaterials 2009;30:2724-2734.
Khademhosseini A, Eng G, Yeh J, Fukuda J, Blumling J, Langer
R, Burdick JA. Micromolding of photocrosslinkable hyaluronic
acid for cell encapsulation and entrapment. J Biomed Mater Res
Part A 2006;79:522-532.

Bahney C, Lujan TJ, Hsu C, Bottlang M, West J, Johnstone B.
Visible light photoinitiation of mesenchymal stem cell-laden bio-
responsive hydrogels. Eur Cell Mater 2011;22:43-55.

SHENDI ET AL.

43.

44,

45,

Underhill GH, Chen AA, Albrecht DR, Bhatia SN. Assessment of
hepatocellular function within PEG hydrogels. Biomaterials 2007;
28:256-270.

Xu S, Nie Z, Seo M, Lewis P, Kumacheva E, Stone HA, Garstecki
P, Weibel DB, Gitlin I, Whitesides GM. Generation of monodis-
perse particles by using microfluidics: Control over size, shape,
and composition. Angew Chem 2005;117:734-738.

Franco C, Price J, West J. Development and optimization of a dual-
photoinitiator, emulsion-based technique for rapid generation of
cell-laden hydrogel microspheres. Acta Biomater 2011;7:3267-3276.

BIOACTIVE HA MICROSPHERE GELS



	l

