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Tissue Tapes—Phenolic Hyaluronic Acid Hydrogel Patches

for Off-the-Shelf Therapy

Jisoo Shin, Soojeong Choi, Jung Hyun Kim, Jung Ho Cho, Yoonhee Jin, Suran Kim,
Sungjin Min, Su Kyeom Kim, Donghoon Choi,* and Seung-Woo Cho*

Hydrogels have been applied to improve stem cell therapy and drug delivery,
but current hydrogel-based delivery methods are inefficient in clinical settings
due to difficulty in handling and treatment processes, and low off-the-shelf
availability. To overcome these limitations, an adhesive hyaluronic acid (HA)
hydrogel patch is developed that acts as a ready-to-use tissue tape for thera-
peutic application. The HA hydrogel patches functionalized with phenolic
moieties (e.g., catechol, pyrogallol) exhibit stronger tissue adhesiveness,
greater elastic modulus, and increased off-the-shelf availability, compared
with their bulk solution gel form. With this strategy, stem cells are effi-

ciently engrafted onto beating ischemic hearts without injection, resulting in
enhanced angiogenesis in ischemic regions and improving cardiac functions.
HA hydrogel patches facilitate the in vivo engraftment of stem cell-derived
organoids. The off-the-shelf availability of the hydrogel patch is also demon-
strated as a drug-loaded ready-made tissue tape for topical drug delivery to
promote wound healing. Importantly, the applicability of the cross-linker-free
HA patch is validated for therapeutic cell and drug delivery. The study sug-
gests that bioinspired phenolic adhesive hydrogel patches can provide an innova-
tive method for simple but highly effective cell and drug delivery, increasing the
off-the-shelf availability—a critically important component for translation to

clinical settings.

1. Introduction

Injectable hydrogels have been actively tested for improving
delivery of stem cells and drugs into defective tissues for the
treatment of ischemic diseases and wounds.l!] Prepared from

various polymers, they can protect admin-
istered cells from harsh conditions (e.g.,
inflammation, hypoxia) in injured tissues
and facilitate cell localization to the target
regions.'™? Hydrogels can also protect
labile drugs in vivo and enable sustained
and controlled drug release to extend
their effectiveness.l’] Despite these ben-
efits, concerns about unfavorable events
induced by needle stabbing, such as sec-
ondary tissue damage and hemorrhage,
remain.l In addition, because the volume
of hydrogel that can be injected into
dynamic tissues, such as myocardium, is
limited due to hydrogel-induced pressure
stress on the tissue, the amount of trans-
plantable cells and loaded drugs is also
limited. Accordingly, stem cell therapy
and drug delivery systems using hydro-
gels typically cover only a limited area of
the defective region.! Because of the com-
plicated processes for hydrogel prepara-
tion, handling, and cell/drug loading into
hydrogels, most of the current injectable
hydrogel systems lack off-the-shelf avail-
ability, which hinders their translation to
clinical settings.*® Thus, there have been
few commercialized hydrogel products ready-to-use for clinical
cell therapy and drug delivery to address ischemic diseases and
wounds.

To overcome these limitations, our group developed a
bioinspired, tissue-adhesive hyaluronic acid (HA) hydrogels
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for injection-free therapy.”! The catechol-modified HA (HA-
CA) hydrogel was confirmed to be highly biocompatible and
tissue adhesive and improved survival and functionality of
stem cells compared with conventional photopolymerized HA
hydrogels,78] which enhanced regenerative efficacy of stem
cell therapy in animal models with several types of tissue
injuries.’*#% Likewise, the pyrogallol-modified HA (HA-PG)
hydrogel exhibited excellent biocompatibility and tissue adhe-
siveness enabling noninvasive cell therapy.”? Because of the
presence of the catechol or pyrogallol functional group with
high binding affinity to various nucleophiles (e.g., amines,
thiol, imidazole, etc.), bioinspired HA-CA/PG hydrogels sig-
nificantly reduce the initial burst of loaded growth factors
and improve drug release profiles for sustained delivery.”>8bl
Furthermore, because of their excellent tissue adhesiveness,
HA-CA/PG hydrogels can mediate safe and efficient delivery of
stem cells/growth factors into defective tissue in an injection-
free manner by simply depositing the stem cell/growth factor-
laden HA hydrogel onto the tissue surface./-8>]
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Despite the advantages of our HA-CA/PG hydrogels, the
injection-free HA hydrogel system still requires technical
improvement to advance to the clinical trial stage owing to the
technical difficulty in gelation and handling. Clinicians and
surgeons—the final users of hydrogels for stem cell therapy
and drug treatment—may have difficulty in finding optimal
hydrogel loading time owing to its rather tricky oxidation-
dependent gelation process. Because the viscosity of HA-CA/
PG hydrogels gradually increases after initiating gelation,”! it
is also critical to determine the optimal viscosity that will facil-
itate tight adherence to target tissue while not sliding off the
tissue before being completely gelled. The HA-CA/PG hydro-
gels need to be transformed into an off-the-shelf format ready
for clinicians.

Herein we developed a novel hydrogel system to facilitate
clinically relevant stem cell and drug therapies by changing the
format of our HA-CA/PG hydrogels from a solution-based gel
to a lyophilized patch (Scheme 1). With the patch, we simply
engraft stem cells onto a beating ischemic heart by placing the

Freeze-drying

Adhesive HA patch
(Tissue tape)

Adhesive tape

Taping the organs with cells and organoids

iii) Artificial tissue construct

Sheet multi-layer structure

Skin
Vessel multi-layer structure Blood vessel

Scheme 1. Adhesive HA patch platform for versatile biomedical applications. a) Fabrication of HA-CA and HA-PG patches as a tissue tape. b) Various appli-
cations of oxidant-dependent HA-CA patch and oxidant-free HA-PG patch; i) transplantation of single cells and massive cell clusters (organoids) to various
types of organ, ii) sustained drug delivery system for wound healing, and iii) construction of multilayered tissue structures such as skin and blood vessel.
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adhesive HA patches on the surface of the myocardium wall
and then pouring cells on top of the adhered patches. Most
importantly, the procedure for stem cell transplantation using
this system is much easier and faster than for the HA hydrogel
solution, because it does not require cell resuspension in the
hydrogel and the critical determination of the optimal loading
time and viscosity of HA hydrogel. Interestingly, the HA patch
form exhibited greater tissue adhesiveness (HA-CA; approxi-
mately fourfold, HA-PG; approximately twofold) and elastic
modulus (HA-CA; =40-fold, HA-PG; =12-fold) than the HA
gel form, which enabled the stem cell-holding HA patches to
adhere tightly and stably onto the dynamic tissue surface without
any additional fixation methods. The therapeutic effectiveness of
stem cell transplantation using this off-the-shelf adhesive HA
hydrogel patch was proven in a rat model of myocardial infarc-
tion. We also tested the HA hydrogel patches for cell transplan-
tation to other tissues, including with cell types that are difficult
to transplant with conventional injectable hydrogels (e.g., stem
cell-derived organoids). In addition to its application for stem
cell therapy, the feasibility of the HA hydrogel patch as an effec-
tive drug delivery system with off-the-shelf availability was vali-
dated in a skin wound healing model. Finally, the platform of
cross-liker-free HA hydrogel patch was tested for cell transplan-
tation and drug delivery to completely remove potential safety
issues originating from the use of cross-linking agents.

2. Results and Discussion

2.1. HA-CA Patch Preparation for Stem Cell Therapy

Stem cell transplantation and drug delivery are much easier,
faster, and safer using HA-CA patches than conventional
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methods. Tissue adhesive HA-CA patches were prepared
by freezing and lyophilizing the HA-CA solution on a plate
(Figure 1a and Figure Sla, Supporting Information). The patch
could then be cut into desired shapes and sizes before use
(Figure S1b, Supporting Information). HA-CA patches strongly
bound to the tissue surface owing to their high tissue adhesive-
ness. Then, cell-containing medium was added to the patch
(Figure S1c and Movie S1, Supporting Information). Because of
its high water absorption capacity, lyophilized HA-CA efficiently
soaked up the cell solution. Lastly, oxidizing agent (sodium peri-
odate; NalO,) was sprayed onto the cell-loaded HA-CA patch to
induce cross-linking of the HA-CA (Figure Slc and Movie S1,
Supporting Information). Thus, the lyophilized HA-CA patch
was transformed into a highly adhesive three-dimensional (3D)
hydrogel loaded with cells, enabling facile cell delivery without
tissue damage or bleeding. Human adipose-derived stem cells
(hADSCs) were mostly viable on the HA-CA patches, similar
to those encapsulated in HA-CA hydrogel, confirming that the
HA-CA hydrogel patch is biocompatible for cell transplantation
(Figure S2, Supporting Information). These characteristics—
simple, fast and biocompatible—suggest that HA-CA hydrogel
patches can be a user-friendly scaffold for clinicians, surgeons,
and researchers.

HA-CA patch fabrication is simple and cost-effective. Fur-
thermore, their dimensions are dependent on the mold size and
volume of the HA-CA solution; thus, there is no theoretical limit
to their size and shape, which would be highly advantageous
for scale-up and mass production. Herein, the large HA-CA
patch (100 mm diameter) was prepared on a 100 mm plate
and applied onto porcine heart ex vivo (Figure S1d, Supporting
Information). The left ventricular wall of the porcine heart
was fully covered by the HA-CA hydrogel patch (Figure S1d,

Supporting Information), which indicates the scale-up
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Figure 1. Comparison of the physical and structural characteristics of HA-CA patches and bulk solution hydrogel. a) Chemical structure of HA-CA conju-
gate. b) Photos of the patch and bulk solution types of HA-CA hydrogels before (day 0) and after (day 7) swelling in PBS at 37 °C. c) The swelling ratios
of HA-CA bulk gels and patches upon incubation in PBS at 37 °C (n = 3). d) The water contents in HA-CA bulk gels and HA-CA patches at day 0 and 7
in PBS at 37 °C (n = 3). e) The degradation profiles of HA-CA bulk gels and HA-CA patches after hyaluronidase (100 U mL™") treatment (n = 3). f) SEM
images showing internal structures of HA-CA patches and bulk hydrogels. Scale bars = 10 um (left panel), 5 um (middle panel), and 5 um (right panel).
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feasibility of HA-CA patches for clinical settings that require
covering large areas of defective tissue with cell- or drug-based
therapies. Thus, HA-CA hydrogel patches could provide sub-
stantial technical advantages for increasing the effectiveness of
stem cell- and drug-based therapies for human applications.

2.2. Comparison of the Physical Properties of the HA-CA Patch
and Gel

Changing the HA-CA from a bulk hydrogel solution to a solid
patch considerably altered its physical and structural character-
istics. The swelling properties of each form were determined
by measuring their wet weights during 7 d of incubation under
physiological conditions (phosphate buffered saline (PBS) at
37 °C) (Figure 1b). Both HA-CA constructs reached swelling
equilibrium after 3 d of incubation (Figure 1c) and remained
stable without weight loss or structural deformation up to 7 d
(Figure 1b,c). The volume and water content of fully swollen
HA-CA patches were less than the fully swollen HA-CA
hydrogel (Figure 1b,d). However, the HA-CA patch showed
greater swelling capacity (day 7- Patch: 423.5 *+ 48.5%; Gel:
141.5 £ 22.5%) (Figure 1c). Because swelling ratio is the ratio
of the dried weight on day 0 (W;) to the swollen weight (W), the
greater swelling ratio of the HA-CA patch was probably due to
having lower water content in its lyophilized state at day 0 com-
pared to the hydrogel (Figure 1d).

The HA-CA patch showed an improved degradation profile
compared to the bulk gel. When exposed to enzymatic deg-
radation with hyaluronidase (100 U per sample), the weight
loss of the patch was much slower than that of the hydrogel
(Figure 1e). The HA-CA hydrogel completely degraded after 6 h
while the patch persisted during the 24 h incubation with hya-
luronidase (Figure 1e). This result may be due to differences
in their internal structures. The scanning electron microscopy
(SEM) images indicate that the HA-CA hydrogel is micro-
porous, while the patch possesses nanofibrous structures that
are much denser and tighter HA networks (Figure 1f). The
additional freezing step during fabrication may also contribute
to the structural features of the HA-CA patch. Because oxygen
dissolution is usually inversely proportional to solution tem-
perature,!% the catechol group of the HA-CA solution might
be exposed to mild oxidation during freezing, leading to partial
cross-linking between catechol groups and subsequent genera-
tion of highly dense nanofibrous structures.

To compare more accurately the porosity and porous struc-
tures of HA-CA patch and bulk hydrogel, the diffusion profiles
of fluorescein isothiocyanate (FITC)-conjugated dextran (FITC-
dextran) across the hydrogels were examined. To this end, dif-
fusion test of FITC-dextran molecules (20 and 70 kDa) was con-
ducted in a Transwell system with membrane insert with HA-CA
patch and bulk hydrogels as diffusion barriers (Figure S3a,
Supporting Information). We found that FITC-dextran (20 kDa)
with a lower molecular weight diffused much faster and in
larger quantities through the HA-CA barriers than FITC-
dextran (70 kDa) with a higher molecular weight (Figure S3b,
Supporting Information). The amount of diffused FITC-dex-
tran molecules (20 and 70 kDa) across the HA-CA patch bar-
riers was significantly less than that of FITC-dextran across the
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HA-CA bulk gel barriers (Figure S3b, Supporting Information).
This result may suggest again that HA-CA hydrogel in a form
of lyophilized patch possesses much denser internal polymer
networks comprising nanofibrillar structures compared to
HA-CA hydrogel prepared with bulk solution.

Such structural features of HA-CA patch could increase
the exposure of functional groups and adhesive moieties on
the surface of the patch. The surface compositions of HA-CA
patch and bulk hydrogel were analyzed using X-ray photo-
electron spectroscopy (XPS). In XPS analysis, the C1s spectrum
of HA-CA patch and bulk hydrogel presented five common
peaks associated with C=C, C—C, C—OH, C=0, and O—C=0
bonds (Figure S4a, Supporting Information). The HA-CA
patch showed a relatively higher content of C—OH and C=0
bonds and a lower content of C—C bond, compared with the
bulk HA-CA hydrogel, indicating that catechol groups and
their oxidized quinone state were more abundant on the sur-
face of HA-CA patch than on that of bulk hydrogel. Moreover,
the O1ls spectrum presenting two typical peaks corresponding
to C—OH and C=0 denoted that the fraction of C=0 bond,
representing quinone formation, and the fraction of C—OH
bond, representing catechol moiety, were relatively larger and
smaller in HA-CA patch, respectively, compared with HA-CA
bulk hydrogel (Figure S4b, Supporting Information). Taken
together, these observations indicate that functional groups and
chemical moieties (e.g., oxidized catechols, quinone) for cross-
linking and interaction with nucleophiles exist more abun-
dantly on the surface of HA-CA patch than on that of HA-CA
bulk gel, probably due to much larger surface area resulting
from highly dense nanofibrillar internal structures in the patch.
Increased surface exposure of functional groups and adhesive
moieties by lyophilization process to prepare HA-CA patch can
induce more robust cross-linking and promote interaction with
proteins/peptides, thereby improving mechanical properties
and tissue adhesiveness of the patch.

2.3. Improved Tissue Adhesiveness and Elastic Modulus of
HA-CA Hydrogel Patch

The HA-CA patches exhibited improved tissue adhesiveness
compared to the bulk gel. As we demonstrated previously, the
HA-CA hydrogel is highly adherent via oxidized catechol-medi-
ated binding to nucleophiles (e.g., amines, thiol, and imidazole)
in peptides/proteins on tissue surfaces.’! To compare the
tissue adhesion strengths of the HA-CA patch and bulk gel, we
measured the force required to detach the HA-CA adhesives
from porcine heart tissues using a tack test method (Figure 2a).
The tissue-adhesive strength of the patch (5.5 £ 0.2 N) was
more than threefold greater than that of the gel (1.5 + 0.7 N)
(Figure 2b,c). Once the lyophilized HA-CA patch contacted wet
tissue, it soaked up water on the tissue surface, which facili-
tated a tight wet adhesion between the HA-CA patch and the
tissue surface.l'’l’ Compared to the microporous structure
of the hydrogel, the highly dense nanofibrous polymer net-
works of the patch may increase the adhesive surface area
(Figure 1f), which would also improve adhesiveness. The adhe-
sive strength of the patch overwhelmed the acrylic glue used to
fix the tissue to the probe, as evidenced by tissue detachment

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Gel (CA)

Patch (CA)

Adhesion force (N) T

Modulus (kPa)

o

»

L

Work (mJ)

~ Patch (Fibrin)
~ Gel (CA)

Adhesion force (N)

&

10°

— Patch (CA)
1 2 3
Extension (mm)

® G Patch (Fibrin) O G" Patch (Fibrin)
® G' Gel (CA) O G' Gel (CA)
® G Patch(CA) O G" Patch (CA)

©

o

=,

eee =
...::32888"!00 %
oocooooooo@@@@B E
®%00cc000ccccne =
b7

i}

w

oooooooooo

oOOOO

1
Frequency (Hz)

10

Figure 2. Comparison of tissue adhesion and mechanical properties of HA-CA patches, bulk hydrogels, and commercial fibrin sealant patches.
a) Photos showing tack test processes for measuring adhesion strength of HA-CA bulk solution- and patch-type hydrogels to porcine heart tissue.
b) The adhesion strength curves of HA-CA patches, bulk gels, and fibrin patches to porcine heart tissue measured by a rheometer in tack test mode.
c) Average adhesion strengths of HA-CA patches, bulk gels, and fibrin patches to porcine heart tissue (n =3, **p < 0.01 vs Gel, ##p < 0.01 vs Fibrin
patch). d) The average work for the adhesion of HA-CA patches, bulk gels, and fibrin patches on porcine heart tissue (n = 3, **p < 0.01 vs Gel,
##p < 0.01 vs Fibrin patch). e) Rheological analysis of the elastic moduli of HA-CA patches, bulk gels, and fibrin patches performed in frequency sweep
mode. f) The average elastic moduli of HA-CA patches, bulk gels, and fibrin patches at 1 Hz (n = 3, **p < 0.01 vs Gel).

from the probe prior to cohesive and adhesive failure of the
patch (Figure 2a). The energy necessary to detach the adhesive
HA-CA patch from heart tissue was determined by calculating
the area under the force-extension length curve (Figure 2b).
Much more energy (approximately sevenfold) was needed to
detach the patch (7.1 + 1.3 m]) from heart tissue than the bulk
hydrogel (0.9 £ 0.6 m]) (Figure 2d), indicating stronger adhe-
sion between the patch and tissue. When we compared the
adhesiveness of two types of HA-CA hydrogels (patch and bulk
gel) to stainless metal substrate, the results showed a similar
tendency to those from tissue-adhesion test (Figure S5, Sup-
porting Information). The HA-CA patch hydrogel also showed
significant improvement in mechanical properties compared
with the bulk hydrogel. Similar to the bulk hydrogel, the patch
hydrogel possessed stable internal networks of cross-linked
HA polymers. The patch had a greater storage modulus (G')
than loss modulus (G”) at all tested frequency (Figure 2e).
The average elastic modulus of the patch (11.12 + 2.71 kPa)
was much greater (=40-fold) than that of the bulk hydrogel
(0.26 = 0.11 kPa) (Figure 2f).

Interestingly, tissue adhesive property of HA-CA patches
was even better than that of commercial patch products.
Mechanical properties and adhesion strength of our HA-CA
patch system were compared with those of commercial fibrin
sealant patch for clinical use. HA-CA patch (11.12 + 2.71 kPa)
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was found to have higher elastic modulus than fibrin patch
(7.75 £ 0.80 kPa), but there was no significant difference
(p > 0.05) between two patch groups (Figure 2e,f). In terms of
tissue adhesiveness, however, HA-CA patch was superior to the
fibrin patch (Figure 2b—d). The tissue-adhesion force of fibrin
patch (1.1 £ 0.2 N) was similar to that of HA-CA bulk hydrogel
(1.5 £ 0.7 N), which was much weaker than that of HA-CA
patch (5.5 £ 0.2 N) (Figure 2c). These results support our claim
that the developed HA-CA patch system can provide advanced
therapeutic platform for clinical application. Given the marked
improvement in tissue adhesiveness and elastic modulus of
the HA-CA patch over the bulk gel and commercially available
patch, we anticipate our patch will be better retained on dynam-
ically beating heart tissue without hydrogel deformation and
graft failure, and would accordingly be a more suitable scaf-
fold for cell therapy with enhanced and prolonged regenerative
efficacy.

2.4. Stem Cell Therapy Using HA-CA Hydrogel Patch
for Myocardial Infarction
Next, we tested the feasibility of the HA-CA patch for stem cell

therapy in ischemic diseases. Rat bone marrow-derived mesen-
chymal stem cells (BM-MSCs), which can induce therapeutic

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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angiogenesis and tissue regeneration via paracrine secretion
of multiple angiogenic factors,!'¥l were transplanted into the
ischemic myocardium of a rat myocardial infarction model
using the HA-CA patch or by direct intramyocardial injection.
Mpyocardial infarction in a rat heart was induced by ligating left
anterior descending coronary artery (LAD), followed by reper-
fusion."l Animal experiments included four groups: i) saline,
ii) HA-CA patch only (patch only), iii) direct intramyocardial
injection of BM-MSCs (MSC-injection), and iv) BM-MSC-
loaded HA-CA patch (MSC-patch). Equal numbers of cells
(2.0 x 10°) were administered in the experimental groups
during BM-MSC transplantation.

The HA-CA patch mediated successful engraftment of BM-
MSCs onto the ischemic hearts as shown in Movie S1 (Sup-
porting Information). Hematoxylin and eosin (H&E) staining
of the retrieved hearts 3 d after transplantation showed that the
MSC-laden HA-CA patches tightly adhered onto the surface of
the ischemic hearts (Figure 3a). Thus, the adhesion strength
of the patch was strong enough to support wet adhesion to a
dynamically beating heart. To track the transplanted stem cells,
BM-MSCs were labeled with the fluorescent cell tracer, Paul
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Karl Horan 26 (PKH26), before transplantation. PKH26-labeled
BM-MSCs were detected in the ischemic myocardium by
2 weeks after cell transplantation using the patch, indicating
efficient migration of the BM-MSCs from the patch on the
outer heart wall into the ischemic region (Figure 3b). A larger
number of PKH26-labeled cells were observed in the MSC-
patch group than the MSC-injection group (Figure 3c), con-
firming that the hydrogel patch is a functional scaffold for
supporting cell survival and improving engraftment of trans-
planted cells.

To investigate the therapeutic effects of HA-CA patch-
mediated transplantation of BM-MSCs on improving cardiac
function of ischemic heart, echocardiography was performed
4 weeks after transplantation. After myocardial infarction
by LAD occlusion, left ventricle (LV) hypertrophy and dete-
rioration of cardiac function are usually observed.'”! Four
weeks after BM-MSC transplantation using the patch, the
LV internal dimension during systole (LVIDs) was notably
decreased (4.1 £ 0.5 mm) compared to other control groups
(saline injection; 6.1 = 1.8 mm, patch only; 6.0 £ 1.4 mm, and
MSC-injection; 5.4 + 1.4 mm) (Figure 3d). The LV internal
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Figure 3. Stem cell therapy using tissue adhesive HA-CA hydrogel patches in a rat myocardial infarction model. a) H&E staining of BM-MSC-laden
HA-CA patches adhered onto the ischemic heart wall 3 d after transplantation. Scale bars =5 mm (left) and 1 mm (right). b) Immunofluorescence
images of PKH26-labeled BM-MSCs in the infarcted region of the myocardium of MSC-injection and MSC-patch groups 2 weeks post-transplantation.
Scale bar = 200 pm. c) Quantification of PKH26-positive cells in infarcted myocardium 2 weeks after treatment (n = 3, *p < 0.05 vs MSC-injection).
Echocardiographic analysis to evaluate LV functions 4 weeks post-treatment; d) LV inner diameter at end diastole (LVIDd) (left) and LV inner diameter
at end systole (LVIDs) (right) (n = 4-6, *p < 0.05 vs Patch only), e) ejection fraction (EF) (left) and fractional shortening (FS) (right) (n = 5-6). f) TTC
staining images of heart slices retrieved 4 weeks after treatments to detect infarcted area (yellow—white colored region). g) Average infarcted size
quantified from the TTC-stained heart slice images (n =5, **p < 0.01 vs Saline, ##p < 0.01 vs Patch only, and $p < 0.05 vs MSC-injection). h) Masson’s
trichrome staining images of sectioned heart tissues 4 weeks post-treatment. Scale bar =1 cm. i) Quantification of fibrotic area in infarcted myocardium
based on Masson’s trichrome-stained images (n =5, *p < 0.05 and **p < 0.01 vs Saline, #p < 0.05 and ##p < 0.01 vs Patch only). j) Images showing
immunofluorescence staining for 0-SMA (arterioles; upper) and CD31 (capillaries; bottom) in ischemic region 4 weeks after treatments Scale bar =
100 um. k) Quantification of a-SMA-positive arterioles (left) and CD31-positive capillaries (right) in infarcted myocardium (n = 7-15, **p < 0.01 vs
Saline, #p < 0.05 and ##p < 0.01 vs Patch only, and $p < 0.05 and $$p < 0.01 vs MSC-injection).
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dimension at diastole (LVIDd) was also decreased by BM-MSC
transplantation with the patch (Figure 3d). Ejection fraction
(EF) and fractional shortening (FS) of the ischemic hearts were
also improved (Figure 3e). These results demonstrate that the
noninvasive HA-CA patch-mediated stem cell therapy could
prevent LV dilatation and cardiac hypertrophy following myo-
cardial infarction and restore cardiac function.

Stem cell therapy with adhesive HA-CA hydrogel patch sig-
nificantly reduced fibrosis and infarct size in ischemic myo-
cardium. The infarcted region in the LV was visualized and
quantified by triphenyltetrazolium chloride (TTC) staining.
Infarct size was significantly smaller in the MSC-patch group
than the control groups (6.1 £ 3.4% vs 50.3 £ 10.7% (saline),
21.6 £ 4.1% (patch only), and 17.6 + 9.4% (MSC-injection))
(Figure 3f,g), indicating that infarct spreading could be attenu-
ated by HA-CA patch-mediated MSC transplantation. Mas-
son's trichrome (MT) staining of infarcted hearts revealed that
fibrotic scar tissue formation in the ischemic myocardium was
significantly reduced in the MSC-patch group (2.3 + 1.4%),
while other control groups exhibited relatively larger fibrotic
areas (saline injection, 21.2 £ 8.4%; patch only, 11.3 £ 3.5%;
and MSC-injection, 5.7 £ 2.9%) (Figure 3h,i). This significant
improvement in therapeutic efficacy of BM-MSCs was attrib-
uted to the enhanced angiogenesis facilitated by use of the
HA-CA patch. MSCs promote angiogenesis by secreting many
angiogenic growth factors.’ Thus, angiogenesis in the infarct
region after treatments was assessed by immunohistochemical
staining of the arteriole and capillary markers, alpha-smooth
muscle actin (o-SMA) and CD31, respectively (Figure 3j).
Numbers of o-SMA- and CD31-positive blood vessels were
markedly increased in the MSC-patch group compared to the
other groups (Figure 3k), suggesting that use of the patch may
have increased paracrine secretion of angiogenic factors by
BM-MSCs.

Our HA-CA hydrogel patch platform possesses several tech-
nical advantages over conventional methods for stem cell trans-
plantation into ischemic hearts. Stem cell therapy using cardiac
patches prepared from biocompatible polymers is an important
strategy.'’) Polymeric patch-mediated methods deliver larger
numbers of cells and cover much larger areas of ischemic
regions compared to injection-based methods. Although stem
cell therapy using patch scaffolds has shown promising out-
comes in preclinical studies, technical limitations still remain.
Most patch scaffolds made of synthetic polymers (e.g., poly(e-
caprolactone), polyurethane, and polyethylene glycol) require
additional procedures that are technically challenging to stably
fix the patches onto the myocardium surface.”!® Attachment
of the patches using sutures or glues onto dynamically beating
hearts often did not result in tight integration of the patch onto
damaged myocardium due to a lack of tissue adhesiveness.[*"]
Moreover, sutures may cause tissue damage and hemorrhage,
and glues may hinder cell migration from the patch to defected
tissue.?% Natural polymer-based cardiac patches (e.g., collagen,
gelatin, and fibrin) usually have poor mechanical properties and
fast degradation rate, which can inhibit long-term therapeutic
effects.?!] Cell sheet transplantation is another important stem
cell-based technique for treating myocardial infarction. This
scaffold-free cell therapy has been widely applied to deliver
diverse types of stem cells onto infarcted heart.?2l However,
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cell death often occurs immediately after transplantation into
ischemic myocardium with intensive inflammation and tissue
necrosis, leading to graft failure.?!! More critically, cell sheets
do not possess high enough mechanical stability to with-
stand the contractile forces of a beating heart.??! In contrast,
our HA-CA hydrogel patch exhibited high elasticity and tissue
adhesiveness enough to withstand the pressure and dynamic
force exerted by a beating heart, leading to its stable adhesion
and integration onto ischemic myocardium and successful cell
delivery and engraftment (Figure 3a—c). Therefore, the HA-CA
patch provides a novel strategy to replace conventional trans-
plantation methods.

2.5. Organoid Transplantation Using HA-CA Patch to Various
Organs

Due to their excellent tissue adhesiveness, HA-CA hydrogel
patches can also be applied to other organs or tissues using
the same process as was used to apply them to hearts (patch
attachment, cell seeding, and oxidizing agent spraying). HA-CA
patches loaded with Dil-labeled hADSCs were easily depos-
ited and firmly fixed onto the surface of various other organs,
including the liver, intestine, and kidney (Figure 4a). Large
cell clusters, such as organoids and spheroids, were also trans-
planted onto organs using HA-CA patches without injection,
infusion, or any invasive procedures. Conventional injection-
based methods may be inappropriate for ensuring efficient
engraftment of large cell clusters onto target organs due to dif-
ficulty in retaining intact structures and viability of cell clusters
during injection and possible occlusion by cell clusters after
infusion into vessels.?l In particular, organoid technology
represents a powerful resource for regenerative medicine,
but efficient grafting is challenging due to the lack of proper
methods and materials for transplantation.’>) Many studies
have tried to transplant organoids using various methods.
For instance, intestinal and colon organoids were instilled
into colonic lumen as a cell suspension with diluted Matrigel
in PBS solution?®! or directly administered by colonoscopy-
guided intramucosal injection.””] Although these strategies do
not require extensive surgical intervention, engraftment rates
were substantially low.25?] Liver organoids were resuspended
in cold Matrigel solution and transplanted via injection into the
kidney subcapsular space?® or intrasplenically for orthotopic
transplantation.?’l All of these methods were unable to deliver
the organoids directly to the target tissue or organ, leading to
low engraftment and limited regenerative effect*® In addi-
tion, xenogeneic matrices derived from animal sources, such
as Matrigel, cannot be applied to clinical settings, because of
safety issues pertaining to animal pathogen transmission and
immunogenicity.?%

Thus, we tested HA-CA patch-mediated transplantation of
organoids generated from stem cells or reprogrammed cells.
Liver organoids derived from reprogrammed hepatocyte-like
cells were transplanted using the patch onto the liver of an
athymic mouse. Because organoids may not migrate efficiently
into liver tissue due to their large size, liver organoids were first
placed onto the liver surface, the HA-CA patch was deposited
on top, and then oxidizing agent was sprayed on the cell-patch
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Figure 4. Stem cell and organoid transplantation using HA-CA patches to various organs. a) Gross view images of HA-CA patches containing Dil-
labeled hADSCs stably fixed on the tissue surface of various organs in mouse (kidney, liver, and intestine) right after transplantation (left) and the day
after transplantation (right). b) Procedures for HA-CA patch-mediated transplantation of liver organoids into the liver of mouse. Fluorescence images
to confirm the engraftment of c) Dil-labeled liver organoids onto the mouse liver lobe 7 d after transplantation. Scale bar =1 mm, d) Dil-labeled gastric
organoids onto the surface of mouse stomach 3 d after transplantation. Scale bars =1 mm, and e) Dil-labeled intestinal organoids onto the surface
of mouse intestine 3 d after transplantation. Scale bars =1 mm (left) and 200 um (right).

implants (Figure 4b). Seven days after transplantation, a large
mass of Dil-labeled liver organoids was clearly visualized on the
liver lobe, indicating successful engraftment of massive orga-
noids into the liver without invasive procedures (Figure 4c).
Similarly, gastric and intestinal organoids derived from pri-
mary gastric and intestinal stem cells (Figure S6, Supporting
Information) were successfully transplanted to target organs
of an athymic mouse using the patch. Dil-labeled gastric and
intestinal organoids were efficiently engrafted onto the surface
of the stomach and small intestine, respectively (Figure 4d,e).
As a result, we confirmed that HA-CA hydrogel patch is quite
biocompatible and facilitates efficient engraftment of trans-
planted organoids into different organs, such as liver, intestine,
and stomach, without any loss or deformation of organoids in a
simple and noninvasive manner (Figure 4c—e). Together, these
results suggest that the HA-CA hydrogel patch is a versatile
platform for cell therapy regardless of target organ or cell type.

2.6. Topical Growth Factor Therapy Using HA-CA Hydrogel
Patches for Wound Healing

HA-CA hydrogel patch could also be applicable for drug delivery
system with off-the-shelf availability for clinical setting. Thus,
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HA-CA patch was tested for local delivery of vascular endothe-
lial growth factor (VEGF), one of the most potent growth
factors for angiogenesis and wound healing processB! to deter-
mine its applicability for drug delivery. Catechol-based hydrogel
systems rarely release encapsulated protein drugs in vitro (in
the absence of enzymatic treatment for biodegradation) due to
strong covalent interactions between the catechol and various
nucleophiles within the proteins.®»32 In contrast to the HA-CA
bulk gel, which exhibits a low drug release profile, the patch
may facilitate the release of protein drugs in vivo, because the
nanofibrous structures of the patch provide a much larger sur-
face area for drug release to external environments (Figure 1f).
The enzyme-linked immunosorbent assay (ELISA) analysis
indicated that VEGF in the HA-CA patch was hardly released
from the patch during incubation at physiological conditions
(in PBS at 37 °C) without hyaluronidase treatment (Figure 5a).
In the presence of hyaluronidase (5 U per sample), VEGF was
sustainably released from the patch for 9 d due to degradation
of the HA hydrogel network (Figure 5a). This result suggests
that the sustained and controlled release of the encapsulated
growth factor within the patch can be triggered by hyaluroni-
dase activity in vivo. Further, to test the HA-CA patch system for
ready-to-use, long-lasting VEGF therapy, HA-CA solution con-
taining VEGF was frozen and then lyophilized into the patch
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Figure 5. Topical VEGF delivery using HA-CA patches in a skin wound mouse model. a) Release profiles of VEGF from HA-CA hydrogel patches with
or without hyaluronidase treatment (n = 3). b) Procedures for drug delivery using HA-CA patches on skin wounds. c) Fluorescence image showing
tight adhesion of the HA-CA patch carrying FITC-BSA to the wound region. Scale bar =1 mm. d) Representative gross images of wound closure at day
0, 6, and 12. Scale bar =5 mm. e) The wound closure rate measured up to day 12 after treatment (n = 5-6, *p < 0.05 and **p < 0.01 vs No treatment,
#p < 0.05 and ##p < 0.01 vs Patch only at each time point). f) H&E-stained images of the treated wounds at day 12. Yellow arrowheads in the right
columns indicate regeneration of hair follicles. Scale bars =1 mm (left column) and 100 um (right column). g) Masson'’s trichrome staining images
of the treated wounds at 12 d. Collagen is stained blue. Scale bars =1 mm (left column) and 100 um (right column). h) Quantification of regenerated
hair follicles in wound regions based on H&E-stained images (n = 3—4, *p < 0.05 vs No treatment and #p < 0.05 vs Patch only). i) Quantification of
collagen deposition in wound regions based on Masson'’s trichrome-stained images (n = 10-12, **p < 0.01 vs No treatment and ##p < 0.01 vs Patch
only). j) Images showing immunofluorescence stammg for CD31 in wound region 12 d after treatments. Scale bar = 500 um. k) Quantification of

CD31-possitive vessels in wound site (n = 4-5, *p < 0.05 vs No treatment and ##p < 0.01 vs Patch only).

(Patch-VEGF/FD group). These patches preloaded with VEGF
showed a similar release profile of VEGF to the HA-CA patch
loaded with VEGF after lyophilization (Patch-VEGF group)
(Figure 5a), indicating that lyophilization did not affect release
of growth factors from the patch.

Using the same process, we also applied HA-CA patches
loaded with fluorescently labeled proteins in a mouse model of
full-thickness skin wound. The HA-CA patch was placed on the
wounded region, FITC-conjugated bovine serum albumin (BSA)
(FITC-BSA) was loaded, and then oxidizing agent (NalO,) was
sprayed to induce gelation (Figure 5b). Fluorescence micros-
copy images of skin tissues at day 3 confirmed that the FITC-
BSA-loaded HA-CA patch adhered tightly to the wounded tissue
region and that the FITC-BSA began to diffuse into the wound
(Figure 5c¢). Because of the tight and direct contact between the
HA-CA patch and wounded tissue, the loaded drugs were effi-
ciently delivered to the wound, which accelerated healing.
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The therapeutic efficacy of the VEGF-loaded HA-CA patch
was evaluated in a full-thickness skin wound mouse model.
HA-CA patch groups for VEGF delivery included: 1) HA-CA
patch preloaded with VEGF before lyophilization (Patch-
VEGF/FD group) and 2) HA-CA patch loaded with VEGF after
attaching the patch onto the cutaneous wound of mice (Patch-
VEGF group). As mentioned above, VEGF encapsulated within
HA-CA patch was not released efficiently in in vitro condi-
tions due to covalent binding of the catechol group of HA-CA
to the protein. However, in wounded skin tissue, which has
increased hyaluronidase activity,*®! encapsulated VEGF might
be effectively released via enzymatic degradation as simulated
in Figure 5a. Thus, treatments with the HA-CA patch carrying
VEGF (Patch-VEGF group and Patch-VEGF/FD group) induced
significantly faster wound closure compared to the no treat-
ment or empty HA-CA patch (Patch only) groups (Figure 5d,e).
Histological analysis of the wounded tissues retrieved at day
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12 after treatment indicated more functional and later stage
wound healing in the groups treated with the VEGF-loaded
HA-CA patches (Patch-VEGF group and Patch-VEGF/FD
group). H&E staining also indicated skin regeneration with
larger numbers of newly formed hair follicles in the wound
region (Figure 5fh). MT staining confirmed more extensive
collagen deposition in the VEGF-HA-CA patch groups com-
pared to the no treatment and patch only groups (Figure 5g,i).
In addition, compared to the no treatment and HA-CA patch
only groups, in the VEGF-HA-CA patch groups (Patch-VEGF
group and Patch-VEGF/FD group), microvessel formation sig-
nificantly increased in the wound region as demonstrated by
immunohistochemical staining for the capillary marker, CD31,
and quantification of CD31" vessels (Figure 5j,k). Importantly,
there was no difference in wound healing efficacy between the
Patch-VEGF and Patch-VEGF/FD groups. In terms of conveni-
ence and off-the-shelf availability for their therapeutic appli-
cation in human patients, the Patch-VEGF/FD formulation
shows greater clinical utility than the Patch-VEGF, because it
can be directly applied like a wound dressing without requiring
a drug loading step. In addition, the Patch-VEGF/FD formula-
tion showed enhanced therapeutic efficacy in comparison to
the conventional drug delivery approach using solution-based
HA-CA bulk hydrogel. In a mouse model of full-thickness skin
wound, VEGF delivery using HA-CA hydrogel patch acceler-
ated wound closure and induced better healing process, com-
pared to VEGF delivery using HA-CA bulk hydrogel applied
through pipetting (Figure S7, Supporting Information). This
probably resulted from improved drug delivery efficiency owing
to improved tissue adhesion ability and sustained drug release
caused by slower degradation of HA-CA patch.

2.7. Transformation of HA-CA Patches for Multicellular
Constructs

In addition to their feasibility for noninvasive cell therapy and
drug delivery, HA-CA patches can provide technical advan-
tages in preparing multicellular constructs for tissue engi-
neering applications. The multilayered architecture of several
tissues (e.g., skin, blood vessel, etc.) can be recapitulated via
layer-by-layer stacking of HA-CA patches due to their high
adhesive strength. The generation of three- or five-layered
HA constructs was shown by loading two different color inks
(red and green) on each patch layer (Figure S8a, Supporting
Information). Fluorescently labeled hADSCs with two dif-
ferent dyes (Dil; red and CFDA; green) were alternatively
seeded onto each layer of HA-CA patch, demonstrating 3D
multicellular layer structure (Figure S8b, Supporting Infor-
mation). HA-CA patches can also be transformed into multi-
layered tubular (3D vessel-like) structures by wrapping each
patch layer onto mandrels (Figure S8c, Supporting Informa-
tion). The diameter of these blood vessel-like structures is dic-
tated by the size of mandrels. Thus, there is no limit to their
dimensions. Using two different color inks (red and green), we
confirmed that two-layered vessel-like structures were easily
generated without any additional equipment (Figure S8c,
Supporting Information). Multilayered tubular structures
were mechanically stable and also highly elastic, similar to
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blood vessels (Figure S8d, Supporting Information) due to the
improved elastic modulus of the HA-CA patch (Figure 2e,f). To
reconstitute blood vessel structures with cellular components,
human umbilical vein endothelial cells (HUVECs) were loaded
onto the inner patch as an intimal layer, and hADSCs were
loaded onto the outer patch as a medial layer (Figure S8e, Sup-
porting Information). CFDA-labeled HUVECs were retained
along the luminal structures and Dil-labeled hADSCs formed
the medial part supporting blood vessel structures (Figure S8e,
Supporting Information). Together, these results demonstrate
that simple transformations of HA-CA patches can be used to
construct tissue-mimicking multilayered structures (e.g., multi-
layered sheets for skin tissue and multilayered tubes for blood
vessel).

2.8. Comparison of Characteristics of the HA-PG Patch and Gel

Through a series of in vitro and in vivo experiments, we showed
a great promise for the clinical use of HA-CA patches, but limi-
tations remain to further improve HA-CA patch platform. Oxi-
dative cross-linking of the HA-CA patches requires spraying of
an oxidizing agent (sodium periodate; NalO,). Previous studies,
including ours, have reported that NalO, does not affect cell
viability, proliferation, and differentiation in a range of con-
centrations used to induce oxidative cross-linking for hydrogel
formation.’*#32] In addition, no adverse events, such as tissue
damage and inflammation, were observed during whole experi-
mental periods. However, some concerns associated with safety
and technical handling may remain due to the use of oxidants
in clinical situations. Therefore, modification of the HA with
functional moieties capable of generating a hydrogel without
oxidants via auto-oxidation in vivo (e.g., pyrogallol (PG) group)
could be considered for advanced clinical translation. In our
study, to get rid of any safety concerns by oxidants, we tested
the PG-modified HA (HA-PG) for oxidant-free hydrogel patch.
Since HA-PG has greater oxidation potential than HA-CA
does due to additional hydroxyl group of PG group (3 hydroxyl
groups in PG vs 2 hydroxyl groups in CA) (Figure 6a and
Figure 1a), HA-PG patch would be cross-linked through auto-
oxidation by in vivo oxidative environment (e.g., endogenous
oxygen species, peroxidase in tissue) even without additional
oxidant treatment.

For the experiments under in vitro ambient air condi-
tion which does not provide oxidation environment sufficient
for auto-oxidation, HA-PG patch and bulk gel were formed
by oxidant NalO, (4.5 mg mL™!) treatment (Figure 6b). The
patch and bulk gel form of HA-PG showed similar swelling
properties under physiological condition (in PBS at 37 °C)
(Figure 6¢). The HA-PG patch showed much slower enzymatic
degradation profile upon hyaluronidase treatment (500 U per
sample), compared to the HA-PG bulk gel (Figure 6d). Similar
to HA-CA patch, the HA-PG patch also showed significantly
improved mechanical properties. Both patch and gel form of
HA-PG had a greater storage modulus (G’) than loss modulus
(G”) at all tested frequency, indicating stable hydrogel forma-
tion (Figure 6e). The average elastic modulus of the patch
(18.17 + 4.28 kPa) was much greater (=12-fold) than that of the
bulk hydrogel (1.48 £ 0.09 kPa) (Figure 6f). The improvement
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Figure 6. Comparison of the physical, structural, and mechanical characteristics of HA-PG patch and bulk solution hydrogel. a) Chemical structure of
HA-PG conjugate. b) Photos of the patch and bulk solution types of HA-PG hydrogels before and after gelation. c) The swelling ratios of HA-PG bulk
gels and patches upon incubation in PBS at 37 °C (n = 4-5). d) The enzymatic degradation profiles of HA-PG bulk gels and HA-PG patches under
500 U mL™" of hyaluronidase treatment (n = 5-6). e) Rheometric analysis of HA-PG bulk gels and patches in a frequency sweep mode. f) The average
elastic moduli of HA-PG bulk gels and patches at 1 Hz (n = 4, **p < 0.01 vs Gel). g) SEM images for investigating internal structures of HA-PG bulk
gels and patches. Scale bars =5 um. h) Schematic illustration of the tissue-adhesion force measurement setup in a tack test mode. i) The adhesion
force curves of HA-PG bulk gels and patches to mouse skin. j) Average adhesion strengths of HA-PG bulk gels and patches to mouse skin (n = 3,

*p < 0.05 vs Gel). k) Average adhesion work of HA-PG bulk gels and patches on mouse skin (n =3, **p < 0.01 vs Gel).

in mechanical and degradation properties might be attributed
to much denser fibrillary internal structure of HA-PG patch
compared to HA-PG bulk gel, as observed in SEM analysis
(Figure 6g). XPS analysis of HA-PG patch and bulk gel indi-
cated that surface exposure of functional groups and chemical
moieties (e.g., oxidized catechols, quinone) for cross-linking
and interaction with nucleophiles was increased on the HA-PG
patch compared with HA-PG bulk gel (Figure S9, Supporting
Information), due to highly dense nanofibrillar internal struc-
tures in the patch. Therefore, the HA-PG patch exhibited signif-
icantly improved tissue adhesion compared to the HA-PG bulk
gel. The tissue adhesiveness of the HA-PG patch and gel was
compared with the samples cross-linked in vivo by auto-oxida-
tion after administration into subcutaneous pocket of mouse.
Rheometric analysis in a tack test mode of the HA-PG samples
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adhered to skin tissues (Figure 6h) indicated that the adhesion
force of the patch (3.9 £ 0.5 N) to skin tissue was more than
twofold greater than that of the bulk gel (1.4 £ 0.3 N) (Figure 6i,
j) and the work required to detach HA-PG construct from skin
tissue was much larger in the case of patch (2.6 = 0.3 mJ) than
the bulk gel (1.0 £ 0.3 m]) (Figure 6k). Together, these results
demonstrate that the change from bulk gel to patch improved
physical, mechanical, and adhesive properties of HA-PG
hydrogel, which is similar to HA-CA hydrogel.

2.9. Oxidant-Free HA-PG Patch for Biomedical Applications
Finally, the off-the-shelf availability of oxidant-free HA-PG

hydrogel patch was tested for cell transplantation and drug
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delivery. The HA-PG patch did not show cytotoxicity when it was
applied for hADSC culture (Figure S10, Supporting Information).
HA-PG patch could readily form 3D hydrogel on the tissues via
auto-oxidation reaction by in vivo oxidative condition even without
the use of an oxidant agent (NalO,) for cross-linking. Using its
great tissue adhesiveness and ability to in vivo auto-oxidation,
HA-PG patch was able to efficiently deliver stem cell-derived
organoids to wet tissues in a noninvasive manner through simple
two-step processes; organoid loading and taping with HA-PG
patch without oxidant cross-linker (Figure 7a). The successful
engraftment of Dil-labeled intestinal and liver organoids using
oxidant-free HA-PG patch was visualized onto the surface of the
small intestine and liver lobe, respectively (Figure 7b,c). Thus, our
HA-PG hydrogel patch platform can improve the regenerative
potential of organoid technology for cell therapy and tissue engi-
neering. In addition to massive organoids, single cell type of Dil-
labeled hADSCs were also efficiently transplanted to various wet
tissues including intestine, liver, kidney, and stomach by attaching
the patch onto tissue surface and then seeding cells on the patch
in an oxidant-free manner (Figure S11, Supporting Information).
These results indicate that the HA-PG hydrogel patch can provide
a versatile biomaterial platform for cell therapy regardless of
target organs or cell types like HA-CA hydrogel patch.
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As another biomedical application, the HA-PG patch-based
drug delivery system was tested for diabetic wound healing.
Platelet-derived growth factor (PDGF), one of the growth factors
that play an important role in all phases of wound healing,*4
was loaded to HA-PG patch and bulk gel for topical delivery. Due
to strong binding of PDGF to gallol moiety of HA-PG, PDGF
was hardly released from both HA-PG patch and bulk gel in the
absence of hyaluronidase under physiological condition (in PBS
at 37 °C) (Figure 7d). In the presence of hyaluronidase (20 U per
sample), PDGF was sustainably released from the patches for
5 d as HA network gradually degraded, while burst release of
PDGF from bulk gel was observed within 6 h likely due to rapid
degradation of HA network (Figures 6d and 7d). This result sug-
gests that HA-PG patch-mediated drug delivery would be more
efficient than bulk gel-mediated drug delivery for therapeutic
approaches. To evaluate therapeutic efficacy of the PDGF-loaded
HA-PG patch in a full-thickness skin wound model of strepto-
zotocin-induced diabetic mouse with impaired healing capacity
owing to constant tissue damage and chronic inflammation,*’!
the HA-PG patch containing PDGF was topically applied by
attaching drug-loaded patch onto the wounded region of skin
without oxidant treatment (Figure 7e). The application of PDGF-
loaded HA-PG patches (patch loaded with PDGF in situ after
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Figure 7. Biomedical applications of oxidant-free HA-PG patches. a) Procedures for HA-PG patch-mediated transplantation of intestinal organoids
onto the mouse intestine. Fluorescence images to confirm the engraftment of b) Dil-labeled intestinal organoids onto the mouse intestine (scale bar =
500 um) and c) Dil-labeled liver organoids onto the mouse liver lobe one day after transplantation (scale bar =1 mm). d) Comparison of PDGF release
profiles of HA-PG patch and bulk solution hydrogel with or without hyaluronidase treatment (n = 4). e) Procedures for drug delivery using HA-PG patch
on skin wound in an oxidant-free manner. f) Representative photos of skin wound closure in diabetic mice at day 0, 4, 8, and 10. Scale bar =5 mm.
g) The wound closure rate in diabetic mice up to day 10 after treatments (n = 5-7). h) H&E-stained images of the treated diabetic skin wounds at day
10. Scale bars = 500 um (left column) and 200 um (right column). i) Collagen deposition in the treated diabetic skin wounds at day 10, as confirmed
by Masson’s trichrome staining. Scale bars = 500 um (left column) and 200 um (right column).
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attaching the patch onto the wound site; Patch-PDGF group and
patch preloaded with PDGF before lyophilization; Patch-PDGF/FD
group) accelerated wound healing compared to other control
groups including HA-PG bulk gel loaded with PDGF (Gel-PDGF
group) (Figure 7f,g). H&E and MT staining revealed later stages
of wound healing process containing regenerated hair fol-
licles and extensive collagen deposition in Patch-PDGF and
Patch-PDGF/FD groups (Figure 7h,i). Like the HA-CA patch
experiments for VEGF delivery, we confirmed the equivalency
of patches preloaded with PDGF to patches with in situ PDGF
loading in terms of therapeutic efficacy for wound healing
(Figure 7f-i). Together, these results from diabetic wound model
support that oxidant-free HA-PG patches with preloaded growth
factors could be developed as an off-the-shelf drug delivery
product for therapeutic applications, providing a great conveni-
ence for medical institutes and hospitals.

2.10. Verification of the Stability and Biosafety of Phenolic HA
Patches

We verified the long-term stability of phenolic HA materials
because catechol- and gallol-modified materials are prone to be
oxidized during synthesis and storage due to the presence of
phenolic hydroxyl groups. To verify the stability of HA-CA and
HA-PG conjugates, chemical analysis using Fourier transform
infrared (FT-IR) spectroscopy was performed with different
batches of the conjugates (new batch: the samples right after
synthesis, old batch: the samples synthesized one year ago),
and the FT-IR spectrum of those batches was compared with
that of the oxidized samples by oxidizing reagent. HA-CA syn-
thesized one year ago (old batch) and newly synthesized HA-CA
(new batch) exhibited similar FT-IR spectra each other in the
whole wavelength ranges (Figure S12a, Supporting Informa-
tion), indicating that there was no change in chemical structure
of HA-CA over a long period of storage. On the other hand,
the FT-IR spectrum of fully oxidized HA-CA samples by oxi-
dant (NalO,) treatment was quite different from those of non-
oxidized HA-CA conjugate samples from new and old batches
(Figure S12a, Supporting Information). The peak at 792 cm™,
indicating the formation of biphenols,3%l was detected only in
the oxidized HA-CA sample and the peak related to the C—C
stretching vibration of the aromatic ring in the oxidized HA-CA
slightly shifted from 1410 (old batch)/1416 cm™ (new batch) to
1384 cm™!, which demonstrated the deformation of the aromatic
ring induced by oxidation of catechol groups of HA-CA conju-
gate.3”] Likewise, FT-IR spectra of HA-PG samples showed the
same trends as HA-CA samples. There was no significant dif-
ference between the FT-IR spectra of HA-PG conjugates right
after synthesis (new batch) and synthesized one year ago (old
batch) (Figure S12b, Supporting Information). In contrast, new
peak appearance at 790 cm™! and peak shift from 1416/1417 to
1412 cm™! were observed in the oxidant-treated HA-PG sample,
indicating changes in chemical structure triggered by oxidation
of gallol groups. Actually, both new and old batches of HA-CA/
PG conjugates formed hydrogels upon exposure to oxidant
(NalIO,) (Figure S12c,d, Supporting Information). All together,
these results demonstrate that our synthesis protocol can gen-
erate HA-CA/PG conjugates with marginal oxidation and the
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conjugates are highly stable without any changes in chemical
structure during long-term storage.

In addition, we further verified the biosafety of our phenolic
HA patches in vitro and in vivo. We previously demonstrated
that various primary cells and stem cells including hepatocytes,
endothelial cells, neural stem cells, and mesenchymal stem cells
were highly viable in HA-CA hydrogels during culture.”#38 We
also reported that hADSCs grown within gallol-modified HA
hydrogel showed good viability more than 95%.7" In the current
study, the viability of organoids derived from different organs
(liver, intestine, and stomach) was examined using Live/Dead
staining assay. There were few dead cells in all types of orga-
noids encapsulated within HA-CA/PG patches (Figure S13a,b,
Supporting Information), indicating excellent biocompatibility
of the phenolic HA patches again. The degradation products
from HA-CA/PG hydrogels (e.g., catechol/gallol fragments,
benzoquinone) may cause potential toxicity in vivo. However,
HA hydrogels usually undergo enzymatic degradation of HA
backbone in vivo, and thus the degradation products from
HA-CA/PG hydrogels seem to mostly exist as forms of mole-
cules bound to cleaved HA fragments rather than as single
molecules. Therefore, such adjunct forms of degradation prod-
ucts may show much less toxicity than single molecules of oxi-
dized catechol, gallol, and quinone. To verify the biosafety of
our hydrogel patches in vivo, we implanted HA-CA/PG patches
into mouse subcutaneous space and conducted histological
analyses with skin tissues adjacent to hydrogel patches har-
vested at 1 and 2 weeks after implantation. H&E and toluidine
blue staining revealed that both HA-CA and HA-PG patches did
not induce any detectable inflammatory responses and tissue
necrosis in surrounding tissues at all experimental time points
(Figure S14a,b, Supporting Information). Actually, several pre-
vious studies including ours have also reported marginal tox-
icity of catechol- or gallol-modified hydrogels in vivo when they
were applied to various tissues and organs including liver, heart,
kidney, and skin.”"l More recently, Shin et al. evaluated toxicity
of materials modified with tannic acid, a highly branched poly-
phenol with five gallol groups and five catechol groups, over 29 d
by injecting them to rats biweekly, and observed that there
was no evidence of significant toxicity for the whole period of
test.*?] Together, we speculate that our HA-CA/PG hydrogel
patches may provide safe biomaterials for cell therapy and drug
delivery though long-term toxicity, carcinogenic potential, and
adverse effects such as chronic inflammation and foreign body
reaction need to be further monitored.

3. Conclusions

Here, we demonstrate a novel concept to utilize tissue-adhesive
HA hydrogel patches capable of working as tissue tape which
are easy to fabricate and handle, allowing for highly reliable,
noninvasive stem cell therapy and drug delivery. Bioinspired
HA-CA/PG hydrogel patches were prepared into lyophilized
hydrogels, which are ready-to-use for cell transplantation and
drug delivery irrespective of cell type or target tissue, providing
off-the-shelf availability. The HA-CA/PG hydrogel patches
exhibit much stronger tissue adhesiveness and greater elastic
modulus than the bulk solution gel form and, accordingly, can
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be easily applied for effective cell delivery onto several target
organs, including dynamically beating hearts, without any inva-
sive or complicated procedures. Large cell clusters, which are
difficult to transplant with conventional injection methods and
delivery materials, such as organoids, can also be easily admin-
istered into target organs using these patches. The HA-CA/PG
patches also showed excellent performance as a drug-loaded
tissue tape ready-made for topical drug delivery to promote
would healing. Based on the proof-of-concept described here,
further preclinical studies using large animal models, including
pigs and nonhuman primates, are required for successful trans-
lation of our approach to clinics. Although further improvement
is needed for its clinical translation, our HA hydrogel patch plat-
forms offer a novel, innovative, and versatile strategy for stem
cell therapy, drug delivery, and tissue engineering. Considering
recent highlights on development of functional hydrogels for
translational biomedicine,*! the application of our HA hydrogel
patches could be extended to a wide variety of translational bio-
medicine such as sensors, actuators, and bioelectronics.
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