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Abstract

Hydrogel microparticles (microgels) have emerged as an attractive approach for therapeutic
delivery because of their modularity, injectability, and enhanced integration with the host tissue.
Multiple microgel fabrication strategies and chemistries have been implemented, yet manipulation
of microgel degradability and its effect on /n vivo tissue responses remain underexplored. Here,
we report on a facile method to synthesize microgels crosslinked with ester-containing junctions
that affords tunable hydrolytic rates. Monodisperse microgels of maleimide-functionalized
poly(ethylene glycol) are generated using droplet microfluidics crosslinked with thiol-terminated,
ester-containing molecules. Tunable mechanics are achievable based on the ratio of degradable

to nondegradable crosslinkers in the continuous phase. Degradation in an aqueous medium leads
to microgel deformation based on swelling and a decrease in elastic modulus. Furthermore,
degradation byproducts are cytocompatible and do not cause monocytic cell activation under
noninflammatory conditions. These injectable microgels possess a time-dependent degradation
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on the order of weeks /in vivo. Lastly, evaluation of tissue responses in a subcutaneous dorsal
pocket shows a dynamic type-1 like immune response to the synthetic microgels, driven by IFN-y
expression, which can be moderated by tuning the degradation properties. Collectively, this study
demonstrates the development of a hydrolytic microgel platform that can be adapted to desired
host tissue immune responses.
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1. Introduction

Hydrogel microparticles (microgels), either in suspension or as building blocks for granular
bulk hydrogels, have emerged in recent years as an attractive platform in biomedical
applications because of their highly tunable mechanical properties, injectability, and a

high degree of tissue integrationl:2. One of the design parameters that is directly coupled

to microgel physical properties (e.g. stiffness, mesh size, etc.) is the degradation rate.
Mechanisms for degradable crosslinking of polymers can be broadly categorized into
enzymatic, photodegradable, hydrolytic, or a combination of these conferring varying
degrees of control over degradation rates3-8. The majority of these methods are dependent
on stimuli that are not easily controlled, spatially nor temporally®.

The application of ester-containing linkers offers a degradation mechanism based on
hydrolytic cleavage of the ester bond. Degradation can be controlled by polymer content,
macromer molecular weight, crosslinking density, and hydrophobicity of the ester labile
linker®10, In contrast to hydrogels with enzymatic degradation, the hydrogels developed
through this approach are degradable through hydrolysis, allowing for consistent degradation
profiles dependent solely on the adjustable physical, mechanical, and chemical properties

of the hydrogel®. Whereas bulk gels have previously been engineered with hydrolytically
degradable crosslinkers®11-13  this modality has yet to be translated to microgels fabricated
through microfluidic-based polymerization.

The ability to incorporate degradability into the hydrogel network constitutes a major
advantage for regenerative medicine and immunoengineering applications, as material
persistence and mechanical properties will regulate the tissue response to the implant.

The immune response to a biomaterial will ultimately determine the fate of the implanted
material, whether it is integrated into the local tissue or walled off by the foreign body
response (FBR). Initially, following biomaterial implantation, an inflammatory type 1

injury response will develop near the material, driven by pro-inflammatory mediators

IFNy and TNFa. Pro-regenerative biomaterials then drive a transition to a type 2 immune
response, promoting M2 (CD206%) macrophage polarization and T helper 2 cells infiltration
via IL-4 signaling 1. On the other hand, the host response to synthetic implants is

typically characterized by a foreign body reaction that primarily activates mononuclear
phagocytes 1516 and other cells involved in executing type 3 immune responses’. Activated
macrophages and Th17 cells secrete TGFp and other factors that recruit fibroblasts, promote
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their differentiation to myofibroblasts, and drive fibrosis at the implant surface. Recently,
more complex interactions between different immune populations of varying phenotypes
have been implicated in response to biomaterials'®-20, However, this characterization
pertains mostly to bulk hydrogel implants with relatively little research on the effect of
microgel implantation and degradation on local tissue responses.

Herein, we present a fabrication approach based on flow-focusing droplet generation that
produces monodisperse hydrolytically degradable microgels with modular mechanical and
degradation profiles dependent on the introduction of a labile ethylene linker, ethylene
glycol bis(mercaptoacetate)(EGBMA). We demonstrate that controlled hydrogel degradation
profiles can be achieved by tuning the ester concentration in the hydrogel microparticle via
the addition of varying molar concentrations of EGBMA to a nondegradable linker in the
continuous flow phase. The addition of EGBMA did not influence macrophage polarization
in vitrowhile it promoted degradation /n vivo. Additionally, we characterize the effects of
degradability on tissue responses to the microgel suspension implant. We demonstrate that
control over the degradation profile of the microgel suspension can modulate type 1 immune
responses to the implant.

2. Results

2.1. Addition of ester-containing dithiol molecules generates hydrolytically degradable

microgels

Hydrolytically degradable microparticles (i.e., microgels) were fabricated by droplet
segmentation using a flow-focusing microfluidic device, as previously reported?l, The
PEG-4MAL macromer was functionalized with a linear PEG-FITC via Michael type
addition for particle tracking, prior to segmentation in the microfluidic device. Pumping
of the aqueous phase (containing the functionalized macromer) into the microfluidic
device-generated droplets that were subsequently covalently crosslinked with a continuous
phase of oil containing small dithiol molecules: dithiothreitol (DTT) and ethylene glycol
bis(mercaptoacetate)(EGBMA). The addition of EGBMA allowed for the incorporation of
a hydrolytically labile ester linker (Figure 1a). We varied the concentration of EGBMA in
the continuous crosslinking phase from 0.25, 0.5 to 1.0 mM and held the concentration

of DTT constant at 15 mM. IH molecular diffusion nuclear magnetic resonance (NMR)

of the microgels revealed the absence of maleimide groups in the crosslinked PEG-4MAL
macromer, indicating that the maleimide groups in the microgel droplet are efficiently
reacted after on chip crosslinking (Figure S1).

Maintaining the flow rates constant for all conditions for a device with a 200 um nozzle

led to monodisperse microgel particles averaging 208 pm (CV 8%) in diameter when only
implementing DTT in the crosslinking phase (Figure 1b). Addition of EGBMA to the
crosslinking solution generated monodisperse microgel populations (Figure 1c—e, CV <10%
for all groups), with microgels ranging in size from 219 to 270 pm diameter. EGBMA
crosslinked microgels were 4, 10, and 33% larger in diameter at 4 hr post-fabrication

than DTT only microgels, with significant swelling in the highest concentration EGBMA
group when compared to the DTT control (Figure 1 f-g, p<0.0001 DTT vs 1.0 mM
EGBMA). Macromer functionalization with PEG-FITC was equivalent across groups as
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seen by mean fluorescent intensity measurements of the microgels post-fabrication (Figure
1 b—e, inset), indicating that differences in swelling can be attributed to the presence of the
EGBMA linker and not the availability of the maleimide group for crosslinking. By day
30, DTT crosslinked microgels had reached an equilibrium size which was 6% higher than
the initial microgel size, whereas EGBMA/DTT microgels with the medium and highest
concentration of the labile crosslinker had swollen 26% and 46% greater than their initial
sizes, respectively (Figure 1g, p=0.01 DTT vs 0.5 mM EGBMA, p<0.001 DTT vs 1.0 mM
EGBMA). Microgel degradation was also assessed by tracking the amount of PEG-FITC
released into solution, as the PEG-FITC is covalently linked to the PEG-4MAL macromer
and can only be released from the hydrogel network by hydrolysis of EGBMA. PEG-FITC
release results agree with swelling experiments, whereby the 1.0 mM EGBMA crosslinked
microgels released PEG-FITC at a faster rate than the lower EGBMA concentrations, while
the fully nondegradable control followed a small release of trapped PEG FITC, tailed by no
PEG-FITC present in solution as expected.

Lastly, we determined the effect of EGBMA on the mechanical properties of the resulting
microgels via pressure-induced deformation through a tapered microcapillary?2 (Figure S2).
The microgel is deformed by a pressure differential across the microgel lodged at the

end of the microcapillary. As the pressure differential increases, the microgel undergoes
radial compressive strain and axial elongation (Figure 1i). The shear stress and strain can

be determined using the taper angle, edge contact length, and average diameter when the
microgel is at equilibrium (Figure 1j). Calculation of shear modulus, G, in this equilibrium
state demonstrated no differences in elasticity of the microgels after 4 hr post-fabrication,
with values ranging from 20-22 kPa for all groups tested. After 72 hr in solution,

shear modulus decreased with increasing EGBMA concentration in the microgels, with a
reduction in moduli from 20 kPa to 14 kPa (28% reduction) in the highest degradable linker
group (Figure 1k, p <0.0001 vs DTT); by day 7, elastic modulus had decreased by 61%

(8 kPa) in the highest degradable linker group, a behavior explained by reduced crosslink
density due to hydrolysis of ester linker. Collectively, these data demonstrate no differences
in effective crosslink density immediately following fabrication, while elastic properties

of the microgels exhibit time-dependent decreases based on EGBMA hydrolysis and loss
of network crosslinks. Furthermore, the results provide evidence of the consistency of the
flow-focusing microfluidic platform in fabricating physically and mechanically homogenous
microgels.

2.2. Microgel degradation and by-products do not induce monocyte activation in vitro

To assess the effects of hydrolytic degradation products of EGBMA/DTT-crosslinked
hydrogels on cell viability and activation, the RAW 264.7 mouse macrophages cell line

was grown in the presence of the different microgel formulations for over seven days.

The presence of the microgels, and fabrication byproducts (e.g. any encapsulated DTT, or
byproducts of hydrolysis) were not toxic to this cell line (Figure S3). These results are
consistent with our previous work demonstrating no toxicity related to DTT crosslinking for
encapsulated cells or cells co-culture with fully crosslinked microgels?1:23.24,
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To assess the effects of microgels on immune cell polarization /n vitro, we set up a co-
culture system involving primary monocytes derived from the bone marrow of C57BL/6J
mice with different formulations of crosslinked microgels. Polystyrene beads (PS) of similar
size (200 pm) and at the same concentration per well were included as a negative control, as
they have been shown to not induce cellular activation25. Furthermore, an IL-4-polarized M2
regulatory phenotype was included as a positive control, as exposure of macrophages to bulk
PEG hydrogels has been shown to shift cell polarization towards a regulatory phenotype in
the absence of adhesion cues and inflammatory signals28. Microparticle-containing groups
exhibited similar cell viability following 48 hr of co-culture with all microgel formulations
or PS (Figure 2a), while the addition of IL-4 led to an increase in cell numbers in the
co-culture. No changes in the expression of CD45, F4/80, and regulatory marker CD206
were observed in the presence of PS or PEG-based microgels after two days of co-culture
(Figure 2 b—d). In addition, the overall expression of these markers was equivalent after

4 days of co-culture (Figure S4 a—d). These findings indicate that changes in microgel
elastic properties and size or degradation products do not induce any phenotypic changes in
macrophage marker expression under noninflammatory conditions /n vitro.

2.3. Subcutaneous microgel implantation leads to controlled degradation in vivo

To test the ability of EGBMA/DTT-crosslinked hydrogels to be degraded /n vivo, microgels
were fabricated as described above but the PEG-FITC tracker was replaced by a linear PEG
of the same molecular weight containing a near-infrared dye for /in vivo tracking. Microgels
were injected into subcutaneous pockets in the dorsum of albino mice (to avoid attenuation
of signal detection by melanin pigmentation?’). The degradation of the microgels was
tracked via /n vivo fluorescent imaging (IVIS) (Figure 3a). Normalized radiant efficiency
tracking over time demonstrates a decrease in fluorescence signal that is dependent on
EGBMA concentration (Figure 3b). Notably, while there was a decrease in signal intensity
in the DTT-crosslinked group, intensity values post-explant were comparable to day 1
values, demonstrating no degradation in this group as expected (Figure 3b, post-explant
values after dashed lines, p=0.44). No differences in fluorescence signal among microgel
formulations were observed on day 1 post-injection (Figure 3c), yet by day 9, fluorescence
signal was significantly lower in microgel formulations containing the intermediate and
highest concentrations of EGBMA crosslinker (Figure 3d, p= 0.008, p= 0.0001 vs DTT
respectively). On day 25, signal intensity was 26%, 17%, and 12% of the original signal,

a decrease directly proportional to the EGBMA linker concentration (Figure 3e, p=0.0004,
p<0.0001, p<0.0001 vs DTT). Thus, IVIS imaging confirmed that microgels crosslinked
with EGBMA degrade /n vivo, and this degradation occurs over several weeks.

2.4. Degradation properties regulate immune response to microgels in vivo

We hypothesized that degradation and changes in the mechanical properties of the
microgels due to swelling and hydrolysis of the ester-containing linker would influence
immune responses to the implants. We injected all four different microgel formulations
into subcutaneous dorsal pockets of BALB/cJ mice and retrieved the tissue on day 7

for multiparametric flow analysis. This time point was chosen as it had demonstrated
differences in mechanical properties and degradation profiles among the materials being
tested. Furthermore, to assess how degradability and dynamic changes in mechanical
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properties influence the cellular environment, we focused our analysis on comparisons
between non-degradable (DTT) and the three different degradable formulations. Myeloid
cell populations (CD45+CD11b+) were dominant at the injection site in the microgels
crosslinked with DTT compared to the degradable microgels containing 1.0 mM EGBMA
(Figure 4a-b, p=0.018). Phenotyping of subpopulations within the myeloid compartment
revealed differences in the presence of F4/80+ macrophages as a function of microgel
crosslinker formulation (Figure 4c—d, p=0.008). Measuring activation of this cell population
based on cell expression of major histocompatibility complex class 11 (MHCII) revealed

no differences among microgel formulations (Figure 4e—f), yet intensity expression of

this marker was greatest in the DTT crosslinked group when compared to the highest
degradable microgel formulation (Figure 4f, p=0.03 DTT vs 1.0 mM EGBMA\). Further
analysis of macrophage polarization using the M1- and M2-associated markers, CD86 and
CD206, indicated an increased presence of M2 polarized F4/80-expressing macrophages in
the nondegradable DTT group compared to all other degradable formulations (Figure 4h),
suggesting that tissue responses to nondegradable nonphagocytable microgels are dominated
at this time point by an M2-like phenotype, and this polarization can be regulated by the
material degradation profile.

We next examined the effect of microgel formulation on the recruitment of T cells to

the injection site. DTT-crosslinked microgels recruited a higher number of CD3+ cells to
the implant pocket compared to degradable microgels (Figure 5 a—b). This lymphocytic
response was dominated by CD4 helper cells, which were elevated in the presence of
nondegradable microgels (Figure 5 c—d). Expression of activation markers CD25 and PD-1
(Figure 5 e-h) was also influenced by microgel formulation, with increased upregulation

in surface expression of these markers observed in the nondegradable group compared to
the degradable microgels. Overall, the enhanced presence of CD4 cells combined with an
increased M2-like cell phenotype in the DTT group, suggests an interplay between these two
cell populations in the tissue response to nondegradable PEG-based microgels. Moreover,
microgel degradation profiles, including changes in mechanical properties, can modulate the
recruitment and phenotype of specialized cell subpopulations altering host tissue responses
to the biomaterial implant.

2.5. Microgel-induced cytokine milieu is dynamic and dominated by IFN-y expression

To better understand the interplay of the immune environment with the microgel degradation
profile, we implemented a multiplexing technique to investigate the cytokine and chemokine
(hereon referred to as cytokines) milieu regulating T cell recruitment and macrophage
polarization post-microgel injection. Additionally, given the high level of correlation
between cytokines, and the potential confounding factor of mice age on cytokine release
(4-week difference between first and last time point analyzed), we implemented a modular
cytokine analysis method, CytoMod, to provide some context between cytokine clustering
and the observed cell phenotypes, as opposed to evaluating individual cytokines at distinct
time points28:2°, Principal component analysis (PCA) of grouped cytokines identified two
directions in cytokine profile, with the bulk of the variation in cytokine levels dictated by
cytokines IFN- y and IL-2 in one direction and G-CSF in the orthogonal direction (Figure
6a, vector direction and color represent the contribution to the PCA). Cytokine similarity
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across all subjects was defined by their Pearson correlation coefficient (Figure 6b), whereby
unsupervised hierarchical clustering was used to identify five cytokine modules (Figure 6c).
A statistically significant correlation was seen in module 1, composed of cytokines and
chemokines involved in inflammation and Th polarization responses (IFN- -y, IL-2, IL-4,
IL-17, IL-10, IL-6, MIG, RANTES, M-CSF, LIX). A cytokine-specific score was computed
between cytokine levels and the mean cytokine matrix of all subjects, which determined
IFN-vy as the driving cytokine consistent with the previous PCA analysis. Correlation plots
within this module indicate a statistically significant positive correlation among most of

the cytokines (IL-2, IL-10, IL-6, LIX, M-CSF) and IFN-y. Thus, a condition with a high
expression of IFN-y was relatively likely to display a high concentration of these other
cytokines (Figure 6d).

Direct comparison of raw cytokine values for all conditions at all time points evaluated
indicated dynamic profiles, with EGBMA-containing formulations presenting lower mean
cytokine levels for most cytokines evaluated (Figure 6e—f, Figure S5-6). Nondegradable
microgels resulted in increased expression of GM-CSF and G-CSF early post-injection
(Figure 6e, Figure S5). By day 7, expression of other chemokines involved in immune
cell recruitment such as M-CSF and monokine induced by IFN-y (MIG) was reduced

in the group with the highest EGBMA degradable linker compared to the nondegradable
control (Figure S5-6). Expression of type 1-associated cytokines TNF-a and the IFN-y
driver 1L-2 was also reduced in tissues exposed to degradable microgels (Figure S5-6).
Of note, expression of the crucial type 2 cytokine IL-4 was dependent on the microgel
formulation, with higher levels of IL-4 observed at all time points for the nondegradable
microgel compared to all degradable formulations (Figure 6f). Additionally, no differences
in expression of angiogenic factor VEGF were observed among formulations at the time
points investigated (Figure S5). These results, combined with the multiparametric flow
analysis of cell phenotypes at the injection site, indicate that responses to PEG-based
nondegradable microgels are driven by type 1 immunity with a degree of cross-regulation
by type 2 driving cytokine IL-4. Importantly, this response can be modulated by the
introduction of labile ester groups that hydrolytically degrade /in vivo.

Tissue response to microgel injections in the dorsum of albino mice were generally mild,
with cell infiltrates surrounding the implant periphery (Figure S7). Of note, none of the
implants showed signs of encapsulation, or cyst formation. Cellular deposition around

the surrounding microgel implant was apparent at the host implant boundary at 4 weeks
post-implantation (Fig S8). Qualitative assessment of images revealed a higher cellular
density around the implant periphery of implants containing nondegradable microgels
(DTT), compared to all formulations of degradable microgels. Immunohistochemistry for
pan macrophage marker CD68 demonstrated and increased presence of CD68 expression in
the DTT and 0.25 and 0.5 mM EGBMA conditions compared to the condition containing the
highest concentration of EGBMA (1.0 mM EGBMA). These results are consistent with our
flow cytometry assessments for myeloid populations (Figure 4).
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3. Discussion and Conclusion

Strategies conferring degradability to microgels have taken advantage of degradable chains
in the polymer backbone or labile crosslinker units to enable cleavage either via hydrolysis,
enzymatic reaction, or dissolution. Previously, we generated protease degradable microgels
for the delivery of angiogenic factors®. While these microgels were formed implementing
droplet microfluidics, it required the design of a custom microfluidic device, given the
crosslinking peptides’ limited solubility in the continuous phase. Here, we present a
fabrication strategy that takes advantage of ester hydrolysis to regulate the degradation

of crosslinked PEG-4MAL microgels. In contrast to our previous approach, this strategy
could be implemented in the same microfluidic device we had previously designed for the
fabrication of nondegradable microgels, as the labile crosslinker unit can be added to the oil
crosslinking phase. Thus, this strategy enables tuning of the degradation properties of the
microgel product simply by adjusting the crosslinking feed.

We monitored hydrogel degradation by evaluating changes in physical and mechanical
properties, including swelling, release of a PEG-FITC tag, and elastic modulus. As expected,
changes in these parameters were directly related to the EGBMA crosslinker content,

and thus the number of hydrolyzable groups. Immediately post-fabrication, microgels
synthesized with the highest concentration of labile ester junctions swelled to ~140%

of the nondegradable microgel control’s size; however, no appreciable differences in

elastic modulus were observed at this point. This could be explained by the fact that, to
completely release the PEG-4MAL macromer, multiple ester bonds must be cleaved. Indeed,
measurable changes in elastic modulus were first observed following 72 hr in aqueous
buffer, when sufficient crosslinks had been cleaved and PEG-4MAL macromer dissolution
into the aqueous medium had occurred. Differences were more pronounced with time and
directly proportional to EGBMA content, demonstrating the tunability of this approach.
While not tested in this study, it is known that the hydrophobicity and presence of carbon
units between an ester and a thiol can affect the rate of ester hydrolysis'911.30, Thus, the
implementation of linkers with hydrophobic molecular units between the ester and the thiol
group or alterations to the polymer density may provide further control over the degradation
of hydrogels synthesized by this approach without any appreciable impact on the fabrication
technique.

Material degradability, while highly desirable for biomaterial platforms, can lead to
unwanted toxicity and immune activation responses that hamper their applicability in

the clinic. In this study, no noticeable effects on cell viability were observed in any

of the microgel formulations tested, suggesting that the presence of microgels or their
degradation byproducts do not result in toxicity-induced cell death at a dosage of up

to approximately 3 microgels/uL. Additionally, the size of the microgels implemented in
this study (>200 pm) should prevent them from being phagocytosed by macrophages3:
however, degradation by-products and partial internalization could still lead to macrophage
polarization. Although changes in mechanical cues have demonstrated an effect on M1-like
macrophage activation3233, changes in surface chemistry have been shown to have a higher
influence on M2-like polarization3435, In this study, neither the presence of EGBMA
crosslinking units nor changes in mechanical properties had an impact on M2-associated
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CD206 marker expression /n vitro. We postulate that most of the unreacted crosslinking
molecules were removed from the microgel suspension through the centrifugation/washing
steps. Furthermore, at the microgel to cell ratio implemented, the concentration of the linker
molecules in solution, due to hydrolysis, did not influence this marker expression.

Despite several strategies reported for degradable PEG-based hydrogels, few studies have
reported that /7 vivo degradation rates can be orders of magnitude different those /in
vitrot3:36-38 Indeed, protease-cleavable formulations that have been shown to rapidly
degrade in culture do not degrade post-implantation38. Likewise, differences in degradation
rates have also been observed in hydrolytic degradation, whereby the gradual hydrolytic
degradation rates /n vitro did not match the rapid degradation observed in vivo3. Here,
using microgels labeled with a near-infrared dye, we demonstrated that DTT/EGBMA-
crosslinked microgels degrade /in vivo, with degradation times that span several weeks. This
is consistent with the degradation rates observed in the /n vitro studies and to other ester-
containing bulk PEG hydrogels!®. In subsequent studies, it will be important to evaluate how
the addition of biological factors (e.g., adhesion ligands, encapsulated cells, or therapeutics)
alters the rate of ester hydrolysis in these microgels.

Finally, tissue responses as a function of degradability were assessed in a subcutaneous
dorsal model. This site provides an easily accessible location that can hold substantial
microgel transplant volumes. Moreover, it permits the use of the same animal as its own
internal positive control, as multiple independent microgel suspensions can be injected into
different quadrants of the dorsum. Multiparametric flow analysis demonstrated degradation-
dependent immune responses, with the enhanced presence of myeloid and T cells, in
particular CD4+ cells, in the nondegradable formulation, consistent with other studies
showing T helper cells driving responses to synthetic material implants1’:39. Further
evaluation of the cytokine environment provided additional insights into the diversity and
complexity of the immune responses. In contrast to reports of an IL-17-driven immune
response to synthetic bulk implants!’, we found that injections of synthetic microgel
suspensions led to a prominent expression of IFN- -y which remained elevated for up

to 4 weeks. Remarkably, unsupervised clustering of cytokine correlations identified IFN-

v as the dominant response driving cytokine communications. IFN- -y is one of the
canonical cytokines driving type 1 immune responses??, and it is primarily produced by
activated T cells and promotes M1 polarization by STAT1 phosphorylation?. Evaluation

of the macrophage cellular response acutely post-implantation of the microgel suspension
revealed phenotypic characteristics that resemble more an M2-like phenotype (i.e., CD206
expression). This phenotypic plasticity suggests a shift in the microenvironment milieu
leading to repolarization of IFN-y-activated macrophages. Future work should investigate if
indeed this repolarization is due to the presence of other cytokines in the immune response
(i.e. persistence of I1L-4), given that M1 polarization can prime the transition into distinct M2
phenotypes in response to IL-442. Additionally, these studies were performed in BALB/cJ
mice which have shown to have a genetic predisposition towards M2 polarization. Thus, a
microgel-induced M2 phenotype cannot be generalized until tested in other strains3°.

Although type 1 cytokines seemed to be the primary driver of local tissue responses, our
study suggests a reciprocal IL-4-driven response that should be further investigated. No
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observable changes in IL-4 secretion even after 30 days post-injection were evident in

the nondegradable implant. Notably, modulation of this immune response was possible
by conferring a degree of degradability to the microgel platform, in that hydrolytically
degradable microgels saw a decrease in IL-4 secretion and corresponding reduction in
CD206+ macrophage presence compared to non-degradable microgels. Even minimal
incorporation of the labile ester crosslinker, which does not lead to full degradation in the
time window tested (i.e 0.25 mM EGBMA), provided differences in cellular and cytokine
profiles, suggesting that the degradation profile of the material greatly influence the tissue
response.

Although not investigated in this study, a range of parameters such as geometry, size,
surface texture, stiffness and charge of materials can influence the host-implant interaction
and the subsequent immune recognition and development of a FBR1843-45_ For example,
FBR to spherical agarose microgels is modulated by the geometry and size of the implant,
with larger sphere implants activating a lower FBR compared to smaller implants*3,
Likewise, chemical madification of PEG hydrogels with hydrophilic materials can modulate
the FBR by reducing protein absorption and cellular attachment*4. Important material
properties such as stiffness are increasingly recognized to have a profound impact on driving
cellular behaviors#>46, Stiffness-driven inflammatory responses to PEG hydrogels have been
previously reported and thought to be associated to an increased immune cellular adhesion
to stiffer surfaces*. This response has been recently attributed to the mechanosensitive
transient receptor potential vanilloid 4 (TRPV4) independently of other biochemical cues?’.
The microgel implants used in this work swell significantly during hydrolysis-mediated
degradation, and thus it cannot be ruled out that this dynamic shift in size post-implantation,
together with decreasing stiffness leads to the modulation of cell infiltration observed in

this study. It would be of interest to decouple these two parameters in the nondegradable
implants to evaluate the singular effect of size of DTT crosslinked microgels on the FBR.

In sum, this study presents a cost-effective approach to conferring microgels with degradable
features from PEG-4MAL macromers segmented via droplet microfluidics. Microgels

with ester labile crosslinking junctions readily degrade /n vitroand in vivo. Furthermore,

the degradation profile impacts the immune response to the implant, with reduced type

1 associated cytokines and cells present when degradable microgels are delivered. The
simplicity of this strategy and the efficiency of hydrolytic degradation of the resulting
microgel population makes this approach attractive for regenerative medicine and drug
delivery applications.

4. Experimental Section

Microfluidic Device Fabrication:

PDMS microfluidic devices were prepared as previously reported?. In brief, PDMS was
cast using soft lithography and SU8 masters with microfluidic device patterns and heated to
110 °C for 20 minutes. The resulting PDMS microfluidic devices were removed from the
wafer and bonded to glass slides and heated overnight to 70 °C.
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PEG-4MAL Microgel Fabrication:

Polymer droplets were formed using a flow focusing microfluidic device with a 200 pm
nozzle. The aqueous phase consisted of a 5% w/v PEG-4Mal (20 KDa, Laysan Bio)

which had been previously reacted with a thiol-PEG-FITC (1 kDa, Nanocs). A co-flowing
shielding phase consisted of mineral oil (Sigma) with 2% SPANBSO (Sigma). The crosslinker
phase contained an emulsion of mineral oil/SPAN80 with DTT (Thermo) at a concentration
of 15 mM. To render the microgels degradable various amounts of EGBMA (Sigma) were
added to this crosslinker phase at 0.25, 0.5 and 1.0 mM concentrations. After fabrication,
microgels were extracted from the oil phase by centrifugation, and washed with a 2% bovine
serum albumin (Sigma)/PBS (corning) solution.

Microgel Sizing and Swelling:

Characterization of crosslinking phase on microgel size was measured after fabrication using
a Biotek Cytation spectrophotometer. A sample of 50 pL in triplicates was placed in a glass
bottom 6-well plate. Quantitative fluorescent intensity for each microgel was recorded for all
samples. Droplet diameter was measured using the cellular analysis plug-in in the Cytation
Gen software. For swelling studies, 1000 microgels were placed in 1 mL of PBS and placed
in the incubator. Samples of 50 pL were taken every day and measured as described above.
For FITC tracking studies, 1000 microgels were placed in 1 mL of PBS and solution was
replaced every day. Collected supernatant fluorescence was measured using a Cytation 3
plate reader.

Microcapillary Mechanical Testing:

Microgel elastic properties were determined using pressure-driven capillary
micromechanics?2. At various time points (day 0, 3, 7), a microgel was inserted into the
end of a tapered glass micropipette (Fivephoton Biochemicals) precoated with 1% (w/v)
BSA in PBS (Figure S1). A high precision pressure regulator (Elveflow) was attached to
the end of the micropipette, and pressure applied at various intervals (0, 2.5, 5, 7.5, 10, 15,
20, 25, 30, 40, 50, 60 kPa). When the microgel reached equilibrium (no longer moving in
micropipette when external applied pressure balanced with internal elastic stress), an image
was acquired on a microscope (10X; EVOS), and parameters were measured using ImageJ.

Viability assessments:

RAW 264.7 cells were co-cultured with 10,000 microgels for 7 days. Cell metabolic activity
was measured via AlamarBlue (Invitrogen). The assay was performed at different time
points (1, 2, 4 and 7 days). After 4 h of incubation, 100 pL of the supernatant was
transferred to the wells of a 96-well plate and the OD was measured using a Cytation 3
imaging reader (Biotek) at 570 nm and 600 nm wavelengths.

Bone Marrow Derived Macrophage Co-culture:

Bone marrow was isolated from the femurs and tibias of 6-week-old male C57BL/6J mice.
Bones were cleaned of soft tissue, one side was cut to expose the marrow, and they were
inverted in a 200 UL pipet tip cut to fit in a 1.5 mL Eppendorf tube. The bones were then
centrifuged at 10,000xg for 15 sec to pellet the marrow in the bottom of the Eppendorf tube.
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Bones were discarded and cells were then resuspended in RBC Lysis Buffer (Biolegend
420302) to remove red blood cells. Cells were then washed in MACS buffer (DPBS pH
7.2, 0.5% BSA, 2mM EDTA) and monocytes were isolated using the Monocyte Isolation
Kit (BM), mouse (Miltenyi Biotec 130-100-629) and LS columns (Miltenyi Biotec 130-
042-401).

Monocytes were cultured in RPMI 1640 media (Gibco 11875-085) supplemented with
10% heat-inactivated fetal bovine serum, 1% pen/strep, and 20ng/mL murine M-CSF
(Biolegend 574804) for 6 days in low-adherent plates. Cells were harvested and seeded
with microparticles at a 1:10 ratio (10,000 cells/1000 microgels per well). M2 control
macrophages were cultured in media supplemented with both 20 ng/mL murine M-CSF and
20 ng/mL murine 1L-4 (Biolegend 574304). After 48 and 96 hr of co-culture cells were
harvested and stained using the following markers: live dead (Zombie Violet, BioLegend
423113), CD45 (PE-Texas Red, BioLegend 103146), CD11b (PercpCy5.5, BioLegend
101228), F4/80 (FITC, BioLegend 123108), and CD206 (PECy7, BioLegend 141720).
Samples were analyzed on a FACS-Arialllu flow cytometer (BD Biosciences).

Transplantation of microgels into mice:

All animal procedures were performed under protocols approved by Georgia Institute of
Technology IACUC and in accordance with National Institutes of Health guidelines (IACUC
approved protocol number A100326). Microgels were injected under the epidermis of 8-12-
week-old BALB/cJ mice. The 100 pL injections consisted of about 3000 nondegradable or
degradable hydrogels. All four conditions were injected into the same animal at independent
sites to reduce any variability due to inherent biological differences across animals.

Microgel In Vivo Tracking:

Macromer was functionalized with a 1 KDa PEG labelled with AlexaFluor750 NHS

ester (Thermo Fisher). Immediately after fabrication, 3000 microgels were injected under
the epidermis in 100 uL of saline. Signal intensity and distribution were monitored
longitudinally using an VIS SpectrumCT imaging system (Perkin-Elmer). Data was
analyzed using Living Image software. Regions of interest (ROIs) were drawn in defined
pocket areas and quantified using Radiant Efficiency [p/s/sr]/[uW/cm2]. The ROIs were
kept the same size for each group pocket at all time points and were appropriately sized

to contain the fluorescent signal for each region, to ensure that the imaging data between
individual donors can be compared across time. Intensity measurements were normalized to
day 0 values.

MultiParametric Flow Analysis of Tissue Responses:

Tissue samples were obtained by a 12 mm biopsy punch and digested for 60 min at

37°C with an Accumax solution (Sigma). The digested tissue was passed through a 40

pm strainer and then washed twice with 1X PBS. Cells were washed stained for live/dead
(Zombie violet, BioLegend 423113) and surface-stained with myeloid markers: CD45 (PE-
Texas Red, BioLegend 103146), CD11b (PercpCy5.5, BioLegend 101228), F4/80 (FITC,
BiolLegend 123108), CD11c (BV785, BioLegend 117335), MHCII (APC-Cy7, BioLegend
107652), CD86 (APC, BioLegend 105012), CD206 (PECy7, BioLegend 141720). As well
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as lymphoid markers: CD45 (BV711, BioLegend), CD3 (BV510, BioLegend 100233),
CD4 (APC, BioLegend 100412), CD8 (PercpCy5.5, BioLegend 100732), CD25 (PECy7,
BiolLegend 102016), PD-1 (PE Texas Red, BioLegend 135227). Flow cytometry was
performed with an BD Aria and analyzed in FCS express.

Cytokine Analysis:

Microgels were injected subcutaneously under the epidermis as described above. At set time
points, a 12 mm biopsy punch in the surrounding injection site was used to remove the
tissue. Samples were subsequently placed in RIPA buffer containing a protease inhibitor
(Thermo). Samples were sonicated and centrifuged at 10,000 x g for 10 min at 4 °C to
remove debris. Supernatant was frozen in liquid nitrogen and stored at —80 °C until analysis.
Samples were analyzed using the Milliplex MAP Mouse Cytokine/Chemokine 32-plex assay
(Millipore, MCYTMAG) on a Magpix multiplexing machine (Luminex) according to the
manufacturer’s instructions. PCA was conducted on all samples using the “prcomp” function
in R and visualized using the “factoextra” package. Cytokine correlations were investigated
using CytoMod?8.29, For correlation analysis, values below the lower limit of detection were
set to the lower limit of detection. Multi-variate linear regression with Logyg concentrations
were modeled as a function of time. The “emmeans” package in R was used to assess
pairwise differences in estimated marginal means between conditions, and Tukey’s method
was used to adjust for multiple comparisons.

Immunohistochemistry:

After euthanasia at day 30, a 12 mm biopsy punch in the surrounding injection site was
used to remove the tissue, which was then fixed in 10% formalin solution overnight.
Samples were subsequently processed with dehydration in graded ethanol solutions, cleared
in xylene and paraffin-embedded. Sections were cut at 10 um and slides were stained

using hematoxylin and eosin (H&E), and IHC for macrophage pan marker CD68 (abcam,
ab125212), and a nuclear staining (DAPI, Invitrogen D1306).

Statistical Analysis:

All experiments were performed on biological replicates. Sample size for each experimental
group and statistical test used, with post hoc test where appropriate, to determine significant
differences among groups are reported in the appropriate figure legend. Exact p values

or meaning of significance symbol are presented in the legend. Data was analyzed with
Graphpad Prism v9 (GraphPad Inc.). For cytokine analysis, concentration data was log
transformed for normalization; analysis was performed in R, using the hclust, glm and
Immeans package. Experiments were not blinded, and no randomization was used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Hydrolytically degradable microgels can be fabricated by the addition of ester-containing
dithiol crosslinkers. a) PEG-4MAL macromer is modified with linear PEG FITC and
segmented through a flow-focusing microfluidic chip with a continuous phase containing
small dithiol molecules, DTT and EGBMA. This results in monodisperse microgels that

can be fluorescently tracked. Scale bar 1 mm. b—e) Size distribution of microgels based on
EGBMA concentration in the oil phase. Inset represents the intensity of individual microgels
post-fabrication, demonstrating similar modification of the macromer backbone with the
linear PEG-FITC tracker, minimum n = 36, pooled from 3 independent microfludic runs. f,g)
Microgel swelling in an aqueous buffer is directly proportional to the molar concentration

of EGBMA linker in the crosslinking phase, minimum n = 6 per sample. h) Tracking of
released PEG-FITC in solution is dependent on EGBMA concentration in microgels. i)

Day 3 images of microgels deformed by an applied pressure in a tapered microcapillary.

j) Shear stress versus strain for confined microgels fabricated with varying concentrations

of EGBMA after 3 days of incubation in an aqueous buffer, n = 6, >60 points total. k)
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Quantification of shear modulus of all microgel formulations after different time exposures
to aqueous buffer, n = 6. All data presented as average + s.e.m. unless otherwise stated,
swelling data analyzed using a mixed-effect model, with Tukey correction for multiple
comparisons; Shear modulus was analyzed with a two-way ANOVA with Tukey corrections
for multiple comparisons. * p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001.
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Figure2.

Microgel co-culture with monocytes does not induce activation in the absence of adhesion
cues and inflammatory signals. a—d) Cell survival at 48 h post-incubation does not reveal any
changes due to microparticle presence in co-culture. Expression of markers CD45, F4/80,
CD206 is equivalent across all groups tested. d-inset represents fold expression of CD206
over all cells expression F4/80 in co-culture. n = 6 per group, all data presented as average

+ s.e.m. Data was analyzed with one-way ANOVA with Tukey corrections for multiple
comparisons.
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Figure 3.
Degradation of subcutaneous microgel implants is directly proportional to the concentration

of the EGBMA linker. a) Scheme of microgel fabrication with a near-infrared PEG linker
and injection in a dorsal subcutaneous pocket. Representative images of implant pockets
at different timepoints post-injection and after explant. b) Average normalized radiant
efficiency for all formulations throughout the course of a month and after explant (points
following vertical dashed line). c—e) quantification of normalized radiant efficiency at days
0, 9, and 25 post-implantation. All data presented as average + s.d. minimum of n =5
recipients for DTT, n = 10 for all other groups. P values calculated using one-way ANOVA
with Dunnett multiple comparison analysis, **p < 0.05, ***p < 0.0005, ****p < 0.0001.

Small. Author manuscript; available in PMC 2023 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coronel et al.

Q

(D svrescDilc —yp () Percp-Cy55 —p

IS

MHCII (x1000)
w

o

CD11b

I -1 i

Page 21

EGBMA b
DTT 0.25 mM 0.5 mM

@
S

ool 1P o

CD11b* (x1,000)

B " ®
o
° |'=.=0|
0 T T T T
DTT 025mM 05mM 1.0mM
EGBMA

o] 1, 18 4 o g 3 3 4 5
107 -100 10 10 10 4100 10 10 10 10" 10 100 10

PE-Texas Red CD45

d 2 p=0.008

o

F4/80*(x1000)
>

o

+ o
o[ ] 5 e

(=}

o T g T

2 2 2 2 2 2 T
-10” 10 10’ -10° 10° 10 -10° 10° 10 DTT 025mM _05mM__1.0mM

5 3

*
= | A4l

FITC F4/80 EGBMA
p<0.0001
54 ——
01 o o —P=0.0002
1 ° : g '] 0.0004
o [=] =
] § 15 (] T !'! 8 P_
E [ ® = & 1
S 10 1 o~
2 g =
T = 0.5+
14 J. LEL 5~ ® [ J
e ERl=ETY
? T T '_&I_ 0 T T T T 0 T T T
DTT 025mM 05mM 1.0mM DTT 025mM 05mM  1.0mM DTT 025mM 0.5mM 1.0 mM
EGBMA EGBMA EGBMA

Figure4.
Myeloid cell recruitment and polarization are modulated by the degradation of the synthetic

microgel implant at 7 days post-injection. a—h) flow cytometry analysis and quantification of
myeloid markers CD11b, F4/80, MHCII, and CD206 from subcutaneous implant pockets
containing different formulations of nondegradable and degradable microgels. All data
presented as average + s.e.m. Sample size, n = 4. P values were calculated using one-way
ANOVA, correcting for multiple comparisons by controlling the false discovery rate.
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Lymphocyte cell recruitment is controlled by the degradation of the synthetic microgel
implant 7 days post-injection. a-h) Flow cytometry analysis and quantification of
lymphocyte markers CD3, CD4, CD8, CD25, and PD-1 from subcutaneous implant pockets
containing different formulations of nondegradable and degradable microgels. All data
presented as average + s.e.m. Sample size n = 4. P values were calculated using one-way
ANOVA, correcting for multiple comparisons by controlling the false discovery rate.
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Figure 6.
Cytokine responses to implantable synthetic microgels are dynam

IFN-v responses which can be altered by the degradation potentia

ic and dominated by
| of the implantable

material. a) Principal component analysis of 32 cytokines measured in implant tissues from
animals receiving different synthetic microgel formulations. Arrows color and directions

indicate the contribution to each dimension of the PCA. b) Cytoki

ne correlations for all

cytokines measured are assessed using Pearson’s correlation coefficient. ¢) Left: hierarchical
clustering of cytokines based on Pearson’s correlation, dendrogram, and cytokine name
denotes module membership. d) Correlation plots for all cytokines against IFN-y. e,f) Box
plots show cytokine concentrations for GM-CSF and IL-4 with raw values plotted on the
log10 scale. Samples size n = 6. Presented P values are from estimated marginal means

(EMM) comparisons.
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