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Abstract

Shear-thinning hydrogels are useful for biomedical applications, from 3D bioprinting to injectable
biomaterials. Although they have the appropriate properties for injection, it may be advantageous
to decouple injectability from the controlled release of encapsulated therapeutics. Toward this,
composites of hydrogels and encapsulated microgels are introduced with microgels that are
fabricated via microfluidics. The microgel crosslinker controls degradation and entrapped
molecule release, and the concentration of microgels alters composite hydrogel rheological
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properties. For treatment of myocardial infarction (Ml), interleukin-10 (IL-10) is encapsulated in
microgels and released from composites. In a rat model of MI, composites with IL-10 reduce
macrophage density after 1 week and improve scar thickness, ejection fraction, cardiac output, and
the size of vascular structures after 4 weeks when compared to saline injection. Improvements are
also observed with the composite without IL-10 over saline, emphasizing the role of injectable
hydrogels alone on tissue repai.

Graphical Abstract

Guest-host hyaluronic acid hydrogels are combined with covalently-crosslinked hyaluronic acid
microgels with encapsulated therapeutics to create composites that are injectable and can deliver
therapeutics with controlled release kinetics. Here, feasibility is demonstrated using composite
hydrogels to deliver interleukin-10 in a rat M1 model.
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1. Introduction

Hydrogels are being developed for a wide range of biomedical applications, due to the
diverse properties that are possible with hydrogel designl!]. Supramolecular hydrogels
represent a specific class of hydrogels with reversible, non-covalent crosslinks that permit
injectability[2-4]. Examples of supramolecular chemistry include molecular self-
assemblyl>-8l host-guest complexes[®-11l, and mechanically-interlocked molecular
structures(!2l. Supramolecular hydrogels have been used in a variety of biomedical
applications, including but not limited to imaging[*3.14], tissue engineering[®15.161 and
therapeutic delivery[1718]. The injectable nature of supramolecular hydrogels makes them
particularly attractive for clinical translation since they can be delivered using minimally
invasive approaches.
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Strategies for therapeutic delivery from supramolecular hydrogels include the direct
encapsulation of growth factors or cells[1%-211 which may contain enzymatically or
hydrolytically degradable crosslinks to control release[?2]. Interactions between small
molecules and components of the supramolecular complex can also be used to sequester
cargo and control molecule releasel23]. Additionally, nanoparticles can be assembled into
networks through interactions with polymers to deliver therapeutics?4. In this way,
molecule release can be controlled through nanoparticle design, allowing for extended
release over direct encapsulation in a hydrogel.

Injectable hydrogels are of particular interest in the treatment of tissue after myocardial
infarction (M1)[25:26], Almost 800,000 Americans each year suffer from a heart attack or MI,
which occurs when an occlusion in a coronary artery causes inadequate blood flow to the
heart[27]. Depending on the severity of M1, adverse remodeling can lead to significant
decreases in cardiovascular function and heart failure (HF)[28]. HF affects almost 5.7 million
Americans and has a 50% mortality rate within 5 years[2%]. Current medical and surgical
treatments aim to improve the quality and length of life for patients with HF, but are
primarily targeted to the tissue after remodeling. Thus, a clinical need exists to develop a
therapy for ischemic M1 that can attenuate remodeling and resulting tissue damage.

Numerous hydrogel therapies have been developed that can improve tissue properties after
infarction[30:311, In some cases, the hydrogel is used to directly thicken the ventricle wall in
approaches that have been evaluated in preclinical studies and in US clinical trials[32:33],
According to the Law of Laplace, wall thickness is inversely proportional to wall stress, so
thickening the left ventricle wall leads to reduced wall stress, preventing further wall
thinning and ventricular dilation which can lead to decreased cardiac functiont34:351, In other
approaches, hydrogels are used to deliver therapeutics (e.g. cells, drugs) to the tissue for a
local and sustained response, with targets that include improved vascularization[20:36:37] and
cardiomyocyte proliferation[38]. Specifically, shear-thinning hydrogels have been introduced
alone and for therapeutic delivery to the heart, through direct injections from syringes to
percutaneous delivery from catheters[26:35.39],

To utilize the benefits of supramolecular hydrogels for injectability and retention and to
decouple the delivery of encapsulated therapeutics from the supramolecular hydrogel design,
we demonstrate here the development and application of an injectable supramolecular
hydrogel/microgel composite for localized and sustained therapeutic delivery. The
supramolecular hydrogel is based on our previous work in which hyaluronic acid (HA) is
modified separately with adamantane (guest) and B-cyclodextrin (host) to form an injectable
supramolecular hydrogel upon mixing!*t and the microgels are fabricated from covalently-
crosslinked HA hydrogels using a high-throughput microfluidic device[4%l. As a model
therapeutic, we chose to deliver interleukin-10 (IL-10), an anti-inflammatory cytokinel41:42]
to address excessive inflammation that can cause extensive damage to the myocardium after
MI[42], Although shown here to treat M1, such a composite hydrogel/microgel system could
be used for the delivery of a wide range of therapeutics to treat numerous clinical
indications.
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2. Experimental Section

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise noted.

2.2. Material Synthesis
2.2.1. HA-TBA, AdHA, and CDHA—HA-TBA, adamantane-modified HA (AdHA),
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and A-cyclodextrin-modified HA (CDHA) were synthesized as previously described[!1l. For
HA-TBA, sodium hyaluronic acid (HA, 74 kDa, Lifecore) was dissolved at 2% w/v in DI
water and exchanged with Dowex 50W x 200 resin (3 g resin/1 g HA) for 2 hours at room
temperature. The resin was filtered and then the solution was titrated to pH 7 with
tetrabutylammonium hydroxide, frozen, and lyophilized.

For AdHA synthesis, HA-TBA was coupled to 1-adamantane acetic acid (Acros Organics)
in the presence of di-tert-butyl dicarbonate and 4-methylaminopyridine in anhydrous
dimethyl sulfoxide (DMSO) under nitrogen for 20 hours at 45°C. Reaction products were
dialyzed for 2 weeks in DI water, filtered, frozen, and lyophilized. Functionalization of HA
by adamantane was approximately 20% as quantified via H NMR (Supplementary Figure
1A).

For fluorescent labeling, a standard solid phase peptide synthesizer (PS3, Gyros Protein
Technologies) with glycinol 2-chlorotrityl resin was used to synthesize fluorescent peptides
GCDDD-rhodamine B (for gel labeling) or GCDDD-5(6)-carboxyfluorescein (for microgel
labeling). Peptides were cleaved from the resin using a solution of 95% trifluoroacetic acid,
2.5% triisopropylsilane, and 2.5% water, precipitated twice in cold diethyl ether, dissolved in
water, frozen, and lyophilized before use. Peptide synthesis was confirmed using MALDI-
TOF mass spectrometry. For gel visualization, AAHA was methacrylated (15% modification)
via esterification with methacrylic anhydride (1 mL/1 g AdHA) at pH 8.5 for 3 hours,
dialyzed for 3 days in DI water, filtered, frozen, and lyophilized to form AdMeHA.
AdMeHA was dissolved at 2 mg/mL in triethanolamine buffer (0.2 M in PBS, pH 10) and
reacted with fluorescent peptide (GCDDD-rhodamine B, 0.015 mol eq) for 2 hours at 4°C.
Reaction products were dialyzed for 4 days at 4°C, frozen, and lyophilized to form
AdMeHA-Rho.

For CDHA synthesis, #-cyclodextrin (5-CD) was conjugated with a hexane diamine linker to
form -CD-HDA as previously described[X1]. HA-TBA was coupled with 8-CD-HDA in the
presence of benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate
(BOP) in anhydrous DMSO under nitrogen for 3 hours at room temperature. The reaction
was quenched with cold DI water, dialyzed in the presence of NaCl for 3 days, dialyzed in
DI water for 5 days, filtered, frozen, and lyophilized. Functionalization of HA by 4-
cyclodextrin was approximately 20% as quantified via 1H NMR (Supplementary Figure 1B).

2.2.2. NorHA—Norbornene-modified HA (NorHA) was synthesized as previously
described[43]. Briefly, HA-TBA was coupled with 5-norbornene-2-methylamine (TCI
Chemicals) in the presence of BOP in anhydrous DMSO under nitrogen for 2 hours at room
temperature. The reaction was quenched with cold DI water, dialyzed in the presence of
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NaCl for 3 days, dialyzed in DI water for 5-7 days, filtered, frozen, and lyophilized.
Functionalization of HA by norbornene was approximately 30% as quantified via 1H NMR
(Supplementary Figure 1C).

2.2.3. HepSH—Thiolated heparin (HepSH) was synthesized based on previously
described reports[4445]. Briefly, heparin (5 mg/mL) was dissolved in DI water and reacted
with cystamine-dihydrochloride (30 mol/mol heparin) in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-HCI (EDC, 20 mol/mol heparin) and 1-
hydroxybenzotriazole hydrate (HOBt, 20 mol/mol heparin) at pH 6.8 for 5 hours at room
temperature. Reaction products were purified by dialysis for 3 days, frozen, and lyophilized,
then re-reacted with tris (2-carboxyeethyl) phosphine-HCI (TCEP, 10 mol/mol heparin) to
reduce oxidized disulfide groups at pH 7.5 for 3 hours at room temperature. After 3 hours,
the pH was adjusted to 5.0 with 1.0 N HCI and the solution was dialyzed against dilute HCI
(pH 3-3.5) with 100 mM NaCl for 3 days at 4°C and then without NaCl for an additional 4
days at 4°C. Reaction solution was aliquoted into 1.5 mL tubes, frozen, and lyophilized
overnight. Percent conjugation of thiol groups to heparin was determined to be
approximately 45% via Ellman assay.

2.3. Microgel Formation and Characterization

2.3.1. Microgel Formation—Microgels were formed via water-in-oil emulsion using a
microfluidic device with parallel flow-focusing particle generators as previously
described[40:46]. The aqueous phase (1 mL) consisted of NorHA (30 mg, 3% w/v), thiol
crosslinker (pentaerythritol tetrakis(mercaptoacetate), PETMA, TCI Chemicals or 1,4-
dithiothreitol (DTT)) at 0.95 mol thiol per 1 mol norbornene, Irgacure-2959 (12959, 0.05%
wi/v), HepSH (0.05 mol thiol per 1 mol norbornene), and (if indicated) rat IL-10 (R&D
Systems, 12 g) and was attached to an in-line 0.22 pm filter with a flow rate of 0.6 mL/hr.
For visualization purposes, if indicated, fluorescein isothiocyanate-dextran (FITC-dextran, 2
MDa, 1 mg) or fluorescent peptide (GCDDD-5(6)-carboxyfluorescein, 0.05 mol thiol per 1
mol norbornene) was incorporated in the aqueous solution. The oil phase consisted of 2%
w/w Span 80 in mineral oil and was filtered using a 0.45 pm filter prior to use at a flow rate
of 3.5 mL/hr. Microgels were crosslinked via UV light (OmniCure Series 1500, Excelitas,
320-390 nm, 20 mW/cm?) as they flowed out of the device and into a collection vial.
Microgels were washed with water and then isopropanol to remove oil, dried overnight on
vacuum, and stored at —20°C.

2.3.2. IL-10 Encapsulation Efficiency and Zeta Potential—Microgels loaded with
IL-10 and crosslinked with PETMA were formed either with (n=3) or without HepSH (n=3)
to determine the effect of heparin on IL-10 sequestration. Heparin has a high negative charge
density that can attract positively charged cytokines such as IL-10. Following microgel
formation, microgels were rehydrated at 1 mg microgel/1 mL release buffer with
hyaluronidase (1 mg/mL). After microgels were fully degraded at 48 hours, IL-10 content
was quantified via ELISA (DuoSet kit, R&D Systems) and encapsulation efficiency was
determined as the ratio of the detected amount of IL-10 to the expected amount of 1L-10.
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For zeta potential measurements, solutions of NorHA (1 mg/mL in filtered water, pH 8) and
NorHA with HepSH (0.05 mol thiol per 1 mol norbornene, pH 8) were prepared and the zeta
potential of these microgel precursor solutions was measured using a Zetasizer Nano ZS90
(Malvern Panalytical) at 25°C.

2.3.3. Characterization of Microgel Size, Degradation, and IL-10 Release—To
characterize size, microgels were rehydrated in PBS and imaged at 10x using brightfield
microscopy. The straight line tool in ImageJ (NIH) was used to measure microgel diameters
(n=22). For degradation and release quantification, microgels loaded with IL-10 and
crosslinked with either a stable (DTT, n=3) or degradable (PETMA, n=3) crosslinker were
rehydrated in release buffer (1% bovine serum albumin in PBS) at 1 mg microgel/1 mL
release buffer and washed via centrifugation at 1200 x gfor 15 minutes. Release buffer was
replaced and collected every other day and stored at —20°C. After 2 weeks, microgel
samples were fully degraded in hyaluronidase (1 mg/mL). HA release was determined using
an uronic acid assay and IL-10 release was quantified via ELISA (DuoSet kit, R&D
Systems).

2.4. Composite Hydrogel Formation and Characterization

2.4.1. Composite Hydrogel Formation—Bulk guest-host hydrogel (4% w/w, 1 mol
Ad: 1 mol CD) and degradable microgels (low concentration: 6.7 mg/mL bulk hydrogel or
high concentration: 13.3 mg/mL bulk hydrogel) were combined to form a composite
hydrogel. Guest-host hydrogel materials (AdHA and CDHA) and microgels were weighed
and CDHA was combined with microgels in the same microcentrifuge tube. Following
sterilization with a germicidal lamp (40 minutes; turn materials at 20 minutes), hydrogel
components were dissolved in sterile PBS. To mix, the AdHA solution was added to the
CDHA/microgel solution with a pipette. For rheology samples, hydrogels were further
sonicated at 60°C for 10 minutes, vortexed, and centrifuged to promote more homogeneous
mixing and to remove air bubbles. Using a scoopula, the composite hydrogel was loaded
either onto the rheometer or into 27G x %" insulin syringes (BD) for animal studies.

2.4.2. Volume Fraction of Microgels in Composite Hydrogel—Composite
hydrogels were prepared as described above using rhodamine-labeled bulk guest-host
hydrogel components (AdMeHA-Rho) and fluorescein-labeled microgels at both low (6.7
mg/mL bulk hydrogel) and high (13.3 mg/mL bulk hydrogel) concentrations. Confocal
microscopy was used to image the composite hydrogel and the 3D Viewer plugin (ImageJ,
NIH) was utilized to create a 3D projection of the composite hydrogel. For each composite
hydrogel image stack, regions of interest were selected and smoothed and a binary mask was
created for each stack using an appropriate thresholding method in ImageJ. The 3D Objects
Counter plugin (ImageJ, NIH) was used to determine the volume of objects in each image
stack, and these volumes were combined to determine the volume fraction of microgels in
the composite hydrogel.

2.4.3. Rheological Characterization—Oscillatory shear rheometry was used to
characterize the material properties of the bulk hydrogel alone and of the composite
hydrogels with low and high microgel concentrations. Hydrogels were prepared as described
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above, and rheometer experiments were conducted as previously described”] with a flat
plate geometry and a gap size of 600 um (10 times average microgel diameter). Briefly, time
sweep (0.2% strain, 10 Hz), frequency sweep (0.01 to 100 Hz, 0.2% strain), strain sweep
(0.01% to 500% strain, 10 Hz), continuous flow (shear rates from 0 s™1 to 50 s~1 over 2 min
30 sec), and cyclic strain (low: 0.2% strain, high: 500% strain, 10 Hz) experiments were
completed for all samples (300 pL) at 25°C.

2.4.4. IL-10 Release—Composite hydrogels were formed with a high concentration of
degradable microgels (50 pL bulk gel, n=3) and release buffer (1% bovine serum albumin in
PBS) was added at 50 pL bulk gel/1 mL release buffer. Every other day, release buffer was
collected via centrifugation at 1200 x g for 15 minutes, replaced, and stored at —20°C. After
2 weeks, composite hydrogels were fully degraded in hyaluronidase (1 mg/mL) and IL-10
release was quantified via ELISA (DuoSet kit, R&D Systems).

Rat Ml Model

2.5.1. Infarct Induction and Hydrogel Injection—Using a previously established
protocol, a left lateral thoracotomy in the fourth intercostal space was performed to allow for
ligation of the left anterior descending artery to induce an infarct of approximately 30% of
the left ventricle in a rat(2947]. Animals were randomly assigned to one of three treatment
groups: PBS (saline control), without IL-10 (composite hydrogel with high concentration of
microgels without 1L-10), and with IL-10 (composite hydrogel with high concentration of
microgels with IL-10). PBS and composite hydrogels were loaded into 27G x %2 insulin
syringes (BD) and delivered to the infarct in the border zone region in approximately 5 x 20
pL equally spaced injections. Animals were recovered and evaluated at either 1 week or 4
week timepoints. Prior to explant at 4 weeks, cardiac function was assessed using a 12-mm
pressure-volume loop catheter (Millar). Following explant at 1 or 4 weeks, hearts were
washed in PBS, and frozen in O.C.T. Compound (Tissue-Tek) at —80°C. From the apex to
above the papillary muscles, tissue sections of 10 pm thickness were obtained using a
cryostat. Animal procedures were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee.

2.5.2. Immune Response—After 1 week, immune response was assessed via
immunohistochemical staining of tissue sections at the mid-papillary level for CD68
(MCA341GA, Bio-Rad, 1:500) with goat anti-mouse AF647 secondary (ab150115, Abcam,
1:300) and DAPI (D1306, ThermoFisher Scientific, 1:1000). Images were acquired on a
Leica DM5000b fluorescent microscope using a DFC350 FX monochrome camera. At least
4 images of the border zone of the infarct, defined as one high-powered field away from the
infarct, were quantified and averaged per animal for one biological replicate.

CD68 positive area fraction was quantified using ImageJ (NIH). A region of interest was
selected for each image that included the tissue area only and excluded the composite
hydrogel if applicable to assess immune response only in the surrounding tissue. Composite
hydrogel areas were defined by large regions of sparse DAPI staining. A binary mask was
created using the default thresholding method and then the area fraction of CD68* staining
was measured for each image.

Macromol Biosci. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

2.5.3. Tissue Remodeling—After 4 weeks, tissue remodeling was evaluated by
staining tissue sections at the mid-papillary level with Masson’s Trichrome Stain Kit using
manufacturer provided instructions. Scar fraction was quantified using the freehand line tool
in ImageJ (NIH) to measure the endocardial circumference of the left ventricle, the
epicardial circumference of the left ventricle, the length of the endocardial infarct, and the
length of the epicardial infarct, with “infarct” defined by portions of the left ventricular wall
in which at least 50% of the thickness of the wall is scar. The scar fraction was calculated as
follows:

epicardial infarct endocardial infarct

. . epicardial circumference = endocardial circumference
Scar fraction = 5

For scar thickness, the same tool was used to measure the width of 5 evenly spaced points of
the infarct and averaged. At least 2 images were quantified and averaged per animal for one
biological replicate.

2.5.4. Vascular Structures—After 4 weeks, vascular structure density and size were
assessed via immunohistochemical staining of tissue sections at the mid-papillary level for
von Willebrand factor (VWF-FITC, ab8822, Abcam, 1:400) and a.-smooth muscle actin (a-
SMA-AF594, ab202368, Abcam, 1:400) with wheat germ agglutinin (WGA-AF647,
W32466, ThermoFisher Scientific, 1:300) and DAPI (D1306, ThermoFisher Scientific,
1:1000). Images were acquired on a Leica DM5000b fluorescent microscope using a
DFC350 FX monochrome camera. At least four images of the border zone of the infarct,
defined as one high-powered field away from WGA-bright scar, were quantified and
averaged per animal to represent one biological replicate.

VWF* area and VWF*a-SMA* structure size was determined using ImageJ (NIH). For vWF
* structures and a-SMA* structures, a binary mask was created via thresholding.
Thresholded images were processed with the Dilate and Erode functions to improve
connectivity. Particles greater than or equal to 3.5 pm? in area were counted and measured.
The Otsu auto-thresholding method was used unless 1) the area fraction of particles counted
was greater than 10% or 2) the number of structures counted was over 200 for VWF* or 75
for a-SMA*. These cases were empirically determined to be indications that the Otsu auto-
thresholding method was unsatisfactory; in these cases, the Triangle auto-thresholding
method was used instead. For the number and size of vWF*a-SMA* structures, the result of
using the AND operator in the Image Calculator function on the binary masks of the vVWF
and a-SMA channels was counted and measured using the parameters described above.

2.6. Statistics

All graphs and statistical analyses were completed using GraphPad Prism 7 software.
Outliers were removed using the ROUT test with Q=5% and statistical significance was
determined using a two-tailed Student’s T-test or a one-way ANOVA with post-hoc Tukey’s
multiple comparisons test.
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3. Results and Discussion

3.1.

Material Synthesis and Microgel Fabrication

A supramolecular hydrogel was first fabricated using guest-host interactions of modified
HA. Separately, HA was modified with adamantane (guest, ~20% modification) to form
AdHA and R-cyclodextrin (host, ~20% maodification) to form CDHA (Figure 1A). AdHA
and CDHA components, upon mixing, have been previously shown to assemble due to
hydrophobic interactions to form supramolecular, host-guest complexes that disassemble
upon the application of shear but also rapidly re-assemble to form a stable hydrogel after
injection (Figure 1B,C)[8l. The injectable properties of this hydrogel have been previously
explored[#7] as injectable hydrogels are particularly attractive for clinical translation because
they can improve the retention of delivered therapeutics and be delivered using minimally
invasive approaches like catheters[3%]. Variations of this bulk guest-host hydrogel have been
previously investigated in our lab to deliver cells[2%], exosomes!4%], small molecules(23],
growth factors(1921] and RNAs[38.50],

To form microgels, HA was modified with norbornene groups (~30% modification) to form
NorHA (Figure 1A). Norbornenes react to form covalent bonds via thiol-ene reactions with
thiols in the presence of UV light and a photoinitiator (Figure 1D)[5], which can be used to
form microgels (Figure 1E). There are numerous techniques that can be used to fabricate
covalently-crosslinked microgels, primarily through water-in-oil emulsion techniques(®2:53],
Here, microgels were fabricated using a recently developed microfluidic devicel% to
generate particles that were crosslinked with UV light as they flowed out of the device and
into a collection vial (Figure 2A-C). Microgels were spherical and generally uniform in size
with a diameter of 59 = 7 um (Figure 2D,E).

To encapsulate a therapeutic, such as IL-10, the therapeutic was simply added to the aqueous
phase during microgel processing. Thiolated heparin, which has a high density of negative
charge, was also incorporated into the microgels to sequester positively-charged IL-10 prior
to release. When we compared the encapsulation efficiency, or the ratio of the amount of
IL-10 detected to the amount of IL-10 expected, we found that the encapsulation efficiency
of microgels formulated with HepSH (17.3% + 7.2) was significantly higher than that of
microgels formulated without HepSH (2.6% =+ 0.3) (Supplementary Figure 2A; mean £ SD).
The remaining IL-10 could have been lost during the microgel formation process or during
ELISA analysis. The zeta potential of microgel precursor solutions of NorHA with HepSH
(-21.5 + 1.2 mV) was significantly more negative than the zeta potential of solutions of
NorHA alone (-10.0 £ 1.6 mV) (Supplementary Figure 2B; mean + SD). Thus, HepSH was
deemed important for IL-10 encapsulation and was used in all subsequent studies.

Microgels crosslinked with either a stable (DTT) or hydrolytically degradable (PETMA)
crosslinker were fabricated and assessed for degradation and IL-10 release over 2 weeks
(Figure 3A). The degradable microgels were fully degraded after 2 weeks, while stable
microgels were still largely intact (Figure 3B). Similar trends were observed for 1L-10
release (Figure 3C), with IL-10 completely released within 2 weeks from the degradable
microgels, whereas stable microgels still retained much of their IL-10 content. Thus, we
observed that microgel stability and the rate of therapeutic delivery can be tailored by
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changing the stability of the thiol crosslinker within the microgels. For more complex
growth factor cocktails and delivery profiles, microgels of varying stability could be
combined. For I1L-10 delivery in our study, we desired the steady release of IL-10 from
microgels over a few weeks to match doses from previous IL-10 delivery studies and to
correspond to detected expression patterns of IL-10 in various animal MI models; thus, for
animal studies we selected degradable microgels [4-561,

3.2. Composite Fabrication and Characterization

To combine the benefits of injectability from the bulk guest-host hydrogel and the controlled
release of microgels, they were combined to fabricate composites (Figure 4A). With this
approach, microgels can be designed with differing levels of stability and added at different
loading amounts and even with mixed compositions to control release, independent of the
design of the bulk guest-host hydrogel. Others have previously explored the use of nano-
scale particles (<1 um) for drug delivery from composites[?4571; here, we use micro-scale
particles and investigate the material properties of these composite hydrogels to learn more
about the network interactions between the bulk guest-host hydrogel and covalently-
crosslinked microgels.

Microgels were combined with the bulk guest-host hydrogel to form a composite hydrogel at
low (6.7 mg microgels/mL bulk hydrogel) or high (13.3 mg microgels/mL bulk hydrogel)
concentrations and characterized through confocal microscopy to visualize fluorescently
labeled microgels (Figure 4B). The volume fraction of microgels within the bulk hydrogel
for the low concentration was 0.08 = 0.02 and for the high concentration was significantly
higher at 0.29 + 0.05 (Figure 4C, mean + SD). This illustrates our ability to alter the loading
of microgels and encapsulated therapeutics. Although there is no specific interaction
intended between the bulk guest-host hydrogel and the covalently-crosslinked microgels,
entanglement of the bulk hydrogel within the covalent network during encapsulation or non-
specific interactions between the B-cyclodextrin and norbornene groups are possible.

The material properties of the bulk guest-host hydrogel, the low microgel composite
hydrogel, and the high microgel composite hydrogel were evaluated using oscillatory shear
rheometry. All groups behaved as hydrogels (G’ > G”) (Figure 5A) that were viscoelastic, as
indicated by changes in the moduli with variations in frequency (Figure 5B). The high
microgel composite hydrogel had the lowest crossover frequency (~0.1 Hz) and therefore the
longest relaxation time, indicating that this hydrogel flows less than the low microgel
composite hydrogel or the bulk guest-host hydrogel, which had similar crossover
frequencies (~2 Hz for bulk hydrogel, ~ 1 Hz for the low microgel composite hydrogel). The
granular nature of the composite hydrogels and the covalent-crosslinking of the microgels
likely contributes to the longer relaxation times.

All groups behaved rheologically as shear-thinning injectable materials. The strain sweeps
indicated material yielding, or a decline in storage and loss moduli at particular strains
(Figure 5C). Interestingly, the composites yielded at lower strains than the bulk hydrogel,
likely due to failure at interfaces between the supramolecular hydrogel and covalently-
crosslinked microgels. Continuous flow experiments also showed a decrease in viscosity for
all groups with increasing shear rate, indicative of shear-thinning (Figure 5D). Both
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composite hydrogels showed evidence of shear banding, a phenomenon in which portions of
the hydrogel undergo shear and are liquidized while other portions of the hydrogel remain
solid, allowing the same shear stress to be achieved at 2 or more shear ratest>8] (Figure 5E).
At high strains, the storage and loss moduli for all groups decreased, but then recovered
upon the cessation of strain, indicative of self-healing (Figure 5F).

Hydrogels with lower storage and loss moduli (at high strains relevant for injection), lower
yield strain, and lower viscosity are typically easier to inject than hydrogels with higher
storage and loss moduli, higher yield strain, and higher viscosity. Based on these criteria and
observations during handling, the composite hydrogels are easier to inject than then the bulk
guest-host hydrogel. The granular nature of these composite hydrogels potentially makes
them more prone to shear banding[®®:6% which also improves injectability. To balance
injectability and therapeutic dosage, the high microgel composite hydrogels were used in
animal studies to assess them for use in the delivery of IL-10.

Additionally, we investigated the release of IL-10 from these high microgel composite
hydrogels compared to microgels alone (Supplementary Figure 3). After 2 weeks, only
~15% of the encapsulated IL-10 was released in the composite hydrogels, whereas the
microgels alone were fully degraded at the end of 2 weeks with 100% of the encapsulated
IL-10 released. This suggests that the bulk gel can further modulate IL-10 release, and can
be engineered to further tune the release profile of encapsulated therapeutics. Encapsulation
of microgels within the bulk gel also eliminated burst release effects. However, /n vivo and
in vitro release kinetics may differ due to the contractile nature of the heart. For example, in
previous studies we have observed that the bulk hydrogel is 90% eroded at the end of 1 week
in vivo, but persists for over 3 weeks /n vitrdl38l. Ultimately, it is necessary to entrap
microgels within the bulk hydrogel to improve localization of the therapy to the injection
site and prevent the dispersion of microgels if delivered alonel>7].

3.3. Rat Ml Model

Following MI, PBS, composites without IL-10, or composites with IL-10 were injected into
the border zone region of the infarct (Figure 6A,B). IL-10 is produced by activated T cells
and monocytes after M114 and reduces inflammation by both mediating the transition of
macrophages from a pro-inflammatory M1 phenotype to an anti-inflammatory M2
phenotypel81.62] and by downregulating the production of inflammatory cytokines such as
IL-1a, IL-1B, TNF-a, IL-6, IL-8, and IL-12 by monocytes and macrophages via the STAT3
pathway[41:42:63] To better understand the influence of exogenous IL-10 delivery on treating
M, the immune response was evaluated with CD68 staining for macrophages after 1 week
and remodeling, cardiac function, and vasculature outcomes were assessed after 4 weeks
(Figure 6C).

Representative images of immunohistochemistry for CD68 after 1 week are shown (Figure
7A-F). CD68 is a marker commonly expressed by activated or inflammatory macrophages,
which play a critical role in the acute inflammatory response after Ml, but excess activity
can lead to increased tissue damagel#1.64]. CD68 staining showed the presence of
macrophages in the border zone region of the infarct for all treatment groups. When
quantified, CD68* area fraction showed that delivery of composites with I1L-10 significantly

Macromol Biosci. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 12

decreased the presence of CD68+ macrophages when compared to saline delivery, which
indicates that IL-10 delivery can mitigate inflammation near the injection site (Figure 7G).
There was a non-statistically significant decrease in CD68" staining with the composite
releasing IL-10 when compared to the composite without IL-10.

After 4 weeks, Masson’s trichrome staining was used to visualize scar tissue after the
delivery of saline, composites without IL-10, or composites with IL-10 (Figure 8A-C).
Notably, HA composite hydrogel/microgel structures were still visible (Figure 8D-E), which
was confirmed to be glycosaminoglycans (i.e., HA) through Alcian blue staining
(Supplementary Figure 4A-D). Quantification of scar fraction showed no difference among
groups (Supplementary Figure 4E); however, there was increased scar thickness with the
delivery of composites, and this improvement was significant for the delivery of composites
with IL-10 compared to saline delivery (Figure 8F).

Scar thickening in the presence of the composite hydrogels is likely due to them acting as
bulking agents. Previous work by our group has shown that the bulk guest-host hydrogel by
itself is not intact and almost completely eroded after 4 weeks[38.65]; however, the microgels
likely remain longer in the tissue. Microparticles have been introduced via biomaterials into
infarcted tissue previously and have improved functional outcomes through a bulking
response, likely through altering the inflammatory responsel®6:67]. In addition to a response
of the microgels alone, IL-10 has been found to have inhibitory effects on matrix
metalloproteinases and increase production of tissue inhibitor matrix metalloproteinases by
human macrophages in cell culture models, indicating the role of IL-10 in limiting the
adverse remodeling of native tissues[®8l. Combined, the effect of the composite hydrogel as
a bulking agent with the therapeutic delivery of anti-inflammatory IL-10 showed significant
improvements in scar thickness over the saline control, which may correspond to
improvements in cardiac function.

After 4 weeks, pressure-volume catheterization was used to assess cardiac function by
measuring hemodynamics after the delivery of saline, composites without IL-10, or
composites with IL-10 (Figure 9A-D). The delivery of composites without 1L-10 showed
significant improvements in ejection fraction and dP/dtax, @ measure of cardiac
contractility, compared to saline delivery. The delivery of composites with IL-10 showed
significant improvements in ejection fraction, cardiac output, dP/dty,«, and preload
recruitable stroke work (PRSW; another index of myocardial contractility) compared to
saline and in PRSW when compared to the composites without IL-10. For ejection fraction,
cardiac output, dP/dtnax, and PRSW, the delivery of composites with or without 1L-10 also
improved the value of these outcomes to healthy baseline levels.

The improvement of cardiac function with the delivery of composites without IL-10
indicates that the material itself has a positive effect, likely due to its ability to act as a
bulking agent and thicken the left ventricular wall. According to the Laplace’s law, wall
thickness is inversely proportional to wall stress, so thickening of the left ventricular wall
can decrease wall stress and prevent further ventricular dilation that can lead to poor cardiac
function[34:35], The additional improvements in cardiac function exhibited by the delivery of
composites with IL-10 indicate that the anti-inflammatory effect of IL-10 may help to
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mitigate the tissue damage that can be caused by excessive inflammation and initiate the
healing process[42:69].

After 4 weeks, immunohistochemistry was used to assess the density and size of vascular
structures after the delivery of saline, composites without 1L-10, or composites with 1L-10
and representative images are shown (Figure 10A-C). Von Willebrand factor, or VWF, is a
glycoprotein produced by endothelial cells and is present in the lumen of vascular structures
of all sizes, from capillaries to arteriolesl’9.71] whereas alpha-smooth muscle actin (a.-
SMA) is expressed by smooth muscle cells and is only present in more mature
vasculaturel’1]. Both vWF* and vVWF*a-SMA* vascular structures contribute to enhancing
perfusion in the border zone region after M1. Quantification of vWF* area showed that the
delivery of composites without or with IL-10 significantly increased vVWF* area compared to
the delivery of saline (Figure 10D). Quantification of VWF*a-SMA* structure sizes showed
that the delivery of composites without or with IL-10 increased structure size but only the
delivery of composites with IL-10 significantly increased structure size compared to the
delivery of saline (Figure 10E).

These results indicate that the composite hydrogel alone has a positive effect on vascular
density, and that the effects of the composite hydrogel and IL-10 can combine to have an
even greater result. Larger vessel diameters are often correlated with more mature vessels
that are more constructive for improved remodeling and functional outcomes, which makes
the influence of IL-10 delivery on vessel size importantl’2l. Systemic IL-10 has also been
shown to increase the number of vascular structures after delivery of endothelial progenitor
cells (EPCs) in MI compared to the delivery of EPCs without IL-10, further emphasizing the
role of I1L-10 in vascularization[73]. HA has also been shown to improve vascularization,
largely due to the role of HA in cell migration and proliferationl74-76],

4. Conclusions

An injectable bulk guest-host hydrogel was combined with covalently-crosslinked microgels
to create a composite hydrogel/microgel for therapeutic delivery, combining the beneficial
properties of both systems. By encapsulating therapeutics within microgels, the release of
therapeutics from this composite hydrogel was decoupled from the degradation of the bulk
hydrogel. The composite hydrogel was shear-thinning, self-healing, and injectable. As a
model therapeutic, 1L-10 was delivered using this composite hydrogel after MI. The delivery
of composites with 1L-10 significantly decreased the presence of macrophages after 1 week
and increased scar thickness, improved cardiac function, and enhanced vascular density after
4 weeks compared to saline delivery. The composite hydrogel/microgel system described
here could be tuned for the delivery of multiple therapeutics with complex release profiles
for broad applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
A) Reaction schematics for the synthesis of adamantane-modified HA (AdHA, ~20%

modification), cyclodextrin-modified HA (CDHA, ~20% modification), and norbornene-
modified HA (NorHA, ~30% maodification). B) AJHA and CDHA assemble into a hydrogel
through guest-host complexes upon mixing that disassemble upon the application of shear,
resulting in an C) injectable guest-host hydrogel (dyed blue) that can be extruded from a
syringe and rapidly self-heals after injection. D) NorHA crosslinks through a thiol-ene
reaction in the presence of a di-thiol crosslinker, photoinitiator, and UV light and can be
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processed into E) covalently-crosslinked NorHA microgels (visualized with encapsulated
FITC-dextran).
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Figure 2.
A) Schematic of high-throughput microfluidic device for water-in-oil droplet formation and

screenshots (scale bars = 100 um) of droplets B) being formed and C) flowing through the
device. After crosslinking with UV light, microgels were washed from the oil, dehydrated
for storage, and then rehydrated to form relatively uniform spherical microgels as D)
visualized with light microscopy and E) quantified as a histogram with an average microgel
diameter of 59 £ 7 um (mean = SD).
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Figure 3.
A) Schematic for microgel degradation and release studies. Microgels were fabricated with

either stable (DTT as crosslinker) or hydrolytically degradable (PETMA as crosslinker)
crosslinks, washed, and incubated in release buffer for up to 14 days. At each sample point,
microgels were centrifuged at 1200 x g for 15 minutes and then releasate was collected for
analysis of HA degradation products and IL-10 release. After 14 days, the microgels were
fully degraded in hyaluronidase for analysis of any remaining uronic acid or 1L-10. B)
Uronic acid and C) IL-10 cumulative release over 14 days (mean + SD).
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Figure4.
A) Schematic of supramolecular hydrogel/microgel composite, consisting of bulk guest-host

hydrogel (purple) with encapsulated microgels (green). B) 3D projections of microgels
(green) in bulk guest-host hydrogels (red) at low (left, 6.7 mg/mL bulk hydrogel) or high
(right, 13.3 mg/mL bulk hydrogel) concentrations. C) Volume fraction of microgels in the
bulk guest-host hydrogel at low and high concentrations (mean + SD, n=3, *p<0.05,
**p<0.01).
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Figure5.
Bulk guest-host hydrogels alone (Gel) or as microgel composites at a low (6.7 mg/mL bulk

hydrogel) or high (13.3 mg/mL bulk hydrogel) microgel concentration characterized using
oscillatory shear rheometry, including: storage (G’, closed symbols) and loss (G’’, open
symbols) moduli A) over time at 0.2% strain and 10 Hz, B) across a range of frequencies at
0.2% strain, C) across a range of % strains at 10 Hz, D) viscosity with increasing shear rate,
E) shear stress with increasing shear rate, and F) cyclic strains over time (low = 0.2% strain
at 10 Hz, high (shaded) = 500% strain at 10 Hz).
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Figure®6.
Schematic of the analysis of composite hydrogels in a rat MI model, including A) injection

sites in border zone of M1 after LAD ligation, B) treatment groups of saline control (PBS),
composites without IL-10, and composites with IL-10, C) experimental design timeline
showing injection at day 0 and outcome measures after 7 and 28 days.
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Figure7.
A-F) Immunohistochemistry for CD68™ cells (red) in the border zone and G) quantification

of area fraction of cardiac tissue outside of the composite hydrogel that is CD68* after
delivery of (A, D) PBS (n=4), (B, E) composites without IL-10 (n=4), or (C, F) composites
with I1L-10 (n=5). (mean % SD; *p<0.05).
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Figure8.

(A-E) Masson’s trichrome staining of cardiac tissue 28 days after delivery of PBS (n=11),
composites without IL-10 (n=8), or composites with IL-10 (n=10) to rat MI. F)
Quantification of scar thickness of these same treatment groups (mean + SD; *p<0.05).
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Figure.

A) Ejection fraction, B) cardiac output, C) dP/dTax, and D) preload recruitable stroke work
(PRSW) 28 days after delivery of PBS (n=15), composites without IL-10 (n=8), or
composites with IL-10 (n=10) to rat MI and measured via pressure-volume catheterization
(mean £ SD; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; healthy range in shaded
boxes).
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Figure 10.
Immunohistochemistry for vascular markers 28 days after delivery of A) PBS, (n=9), B)

composites without IL-10 (n=8), or C) composites with 1L-10 (n=10) to rat M.
Quantification of D) VWF™* area and E) size of vWF*a-SMA* structures for these same
groups (mean £ SD; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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