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ARTICLE INFO ABSTRACT

Keywords: The extracellular matrix (ECM), an integral component of all organs, is inherently tissue adhesive and plays a
BiOPOI}fmerS pivotal role in tissue regeneration and remodeling. However, man-made three-dimensional (3D) biomaterials that
Dopamine are designed to mimic ECMs do not intrinsically adhere to moisture-rich environments and often lack an open
E:Z;)gﬁlesion macroporous architecture required for facilitating cellularization and integration with the host tissue post-

implantation. Furthermore, most of these constructs usually entail invasive surgeries and potentially a risk of
infection. To address these challenges, we recently engineered biomimetic and macroporous cryogel scaffolds that
are syringe injectable while exhibiting unique physical properties, including strong bioadhesive properties to
tissues and organs. These biomimetic catechol-containing cryogels were prepared from naturally-derived poly-
mers such as gelatin and hyaluronic acid and were functionalized with mussel-inspired dopamine (DOPA) to
impart bioadhesive properties. We found that using glutathione as an antioxidant and incorporating DOPA into
cryogels via a PEG spacer arm led to the highest tissue adhesion and improved physical properties overall,
whereas DOPA-free cryogels were weakly tissue adhesive. As shown by qualitative and quantitative adhesion
tests, DOPA-containing cryogels were able to adhere strongly to several animal tissues and organs such as the
heart, small intestine, lung, kidney, and skin. Furthermore, these unoxidized (i.e., browning-free) and bioadhesive
cryogels showed negligible cytotoxicity toward murine fibroblasts and prevented the ex vivo activation of primary
bone marrow-derived dendritic cells. Finally, in vivo data suggested good tissue integration and a minimal host
inflammatory response when subcutaneously injected in rats. Collectively, these minimally invasive, browning-
free, and strongly bioadhesive mussel-inspired cryogels show great promise for various biomedical applica-
tions, potentially in wound healing, tissue engineering, and regenerative medicine.

Tissue adhesive

1. Introduction adhesion. Fibrin-based hydrogels have also been investigated but also

display limited tissue adhesion, poor tensile strength, and may cause a

Biomaterials, such as hydrogels, with bioadhesive properties are
critical to various biomedical applications including tissue-engineered
scaffolds to enhance their retention at the transplantation site and
facilitate tissue integration. However, despite substantial advances in the
design of bioadhesive hydrogels, wet tissue adhesion remains a signifi-
cant challenge [1-3]. For instance, gelatin-based hydrogels offer good
mechanical properties and biocompatibility but exhibit poor tissue

risk of blood-borne disease transmission and allergic reaction [4-7].
Additionally, most hydrogels require surgical implantation that can lead
to several complications such as infection and damage to adjacent tissues
[8]. Therefore, the need to engineer sophisticated and minimally inva-
sive hydrogels has been at the forefront of material development espe-
cially for tissue engineering and regenerative medicine. To date, the
design of a wet tissue adhesive hydrogel that can be delivered in a
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minimally invasive fashion while exhibiting suitable physical properties
such as mechanical robustness and a macroporous network to facilitate
tissue integration remains an unmet challenge.

Hydrogels with high water content fabricated from ECM-derived
proteins such as gelatin and hyaluronic acid (HA) have been widely
used in the biomedical field due to their intrinsic biological properties
and similarity to native tissues [9-15]. However, these gels typically
possess a mesoporous network, preventing suitable cellular infiltration,
neovascularization, and ultimately tissue formation or integration [16].
Cryogels, a type of hydrogel with a set of unique physical features such as
syringe-injectability and macroporous architecture (i.e., pores >10 pm),
have been gaining increasing interest in tissue engineering [17-30].
However, most injectable cryogels that have been engineered thus far do
not exhibit strong bioadhesive and cohesive properties [31], which may
impact their overall performance and utility. For instance, strong tissue
adhesion would be required for the design of cryogel-based patches to
repair internal organs, especially dynamic organs (e.g., heart) undergo-
ing large and repetitive volumetric deformations, or external organs such
as the skin.

To impart hydrogels with bioadhesive properties, mussel-inspired
dopamine (DOPA) and its polymerized version, polydopamine (PDA),
have been extensively investigated [32,33]. However, the catechol side
chain of DOPA is susceptible to oxidation to form a quinone, which ex-
hibits no adhesive properties and can decrease or even eliminate the
strong interfacial bonds of the resulting DOPA-containing biomaterials
with biological substrates [33]. Since DOPA and PDA adhere to humid
surfaces, they have been incorporated into a variety of functional bio-
polymers, including gelatin and HA. Nonetheless, when DOPA is
oxidized, dark and potentially cytotoxic pigments are formed at high
concentrations. As we previously reported, this oxidation mechanism
could be prevented when a powerful antioxidative agent such as gluta-
thione (GSH) is used [34].

In this work, we engineered minimally invasive, biomimetic, and
macroporous mussel-inspired catechol-containing cryogel scaffolds via
free radical polymerization at subzero temperature. These cryogels were
prepared from gelatin or HA and were copolymerized with mussel-
inspired DOPA derivatives to impart tunable bioadhesive properties.
Both acrylated-DOPA (AD) and acrylated-polyethylene glycol DOPA
(APD) were investigated as comonomers. We hypothesized that incor-
porating a spacer arm to DOPA when covalently anchored to the cryogel
would enhance DOPA flexibility and eventually reinforce its bioadhesive
strength to biological surfaces, specifically tissues and organs. Further-
more, we postulated that incorporating GSH could prevent DOPA
oxidation, leading to increased bioadhesion while retaining the cryogels
colorless (i.e., no black-to-dark brown pigments as a result of the
oxidative polymerization of DOPA to PDA). Next, we evaluated the
physical properties of DOPA-containing cryogels such as injectability
through a hypodermic needle, mechanical strength, and microporosity.
Additionally, we qualitatively and quantitatively tested their bio-
adhesion to animal tissues and organs and assessed their cytocompati-
bility and cell-matrix interactions with murine fibroblasts (NIH 3T3). The
in vitro biocompatibility of DOPA-containing cryogels was examined with
primary murine bone marrow-derived dendritic cells (BMDCs). Lastly,
we assessed their tissue integration and host immune response when
subcutaneously injected in rats.

2. Methods
2.1. Materials

DOPA, GSH, HA, gelatin, methacrylic anhydride (MA), glycidyl
methacrylate (GM), acrylic acid N-hydroxysuccinimide ester (ACRL-
NHS), dimethylformamide (DMF), Dulbecco's phosphate-buffered saline
(PBS), DPX mounting medium, hematoxylin and eosin (H&E) staining
kit, triethylamine, sodium bicarbonate (NaHCO3), tetramethylethylene-
diamine (TEMED), and ammonium persulfate (APS) were purchased
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from MilliporeSigma (Burlington, MA) and used without any further
purification. Acrylate-PEG-succinimidyl valerate (ACRL-PEG-NHS, MW
3400) was obtained from Laysan Bio, Inc. (Arab, AL). Ethyl 2-cyanoacry-
late glue (Krazy glue, Westerville, OH) was purchased from the local
hardware store. Dulbecco's Modified Eagle Medium (DMEM, Gibco), fetal
bovine serum (FBS), and penicillin/streptomycin (Pen-Strep) were pur-
chased from Thermo Fisher Scientific (Waltham, MA). Calcein AM/
ethidium homodimer-1 live/dead kit was purchased from Genecopeia.
Fluorescent antibodies MHC II (M5/114.15.2, Rat IgG2b, PE/Cy7), CD86
(GL1, rat IgG2a, PE), CD11c (N418, hamster IgG, APC), and CD11b (M1/
70, rat IgG2b, k, APC) were purchased from Biolegend (San Diego, CA).
CD45 (rabbit IgG), Mannose Receptor/CD206 (rabbit IgG) and anti-F4/
80 (rabbit IgG) were purchased from Abcam (Waltham, MA). Goat anti-
rabbit (IgG) Alexa Fluor 594-conjugated secondary antibody and 4',6-
diamidino-2-phenylindole (DAPI) were obtained from Invitrogen (Wal-
tham, MA). Ultrapure lipopolysaccharide (LPS: LPS-EB Ultrapure
0111:B4) was purchased from InvivoGen (San Diego, CA).

2.2. Functionalization of DOPA

To synthesize ACRL-DOPA (AD) or ACRL-PEG-DOPA (APD), vials
sealed with rubber caps and containing 2.5 mg of GSH were dissolved in
5 mL of NaHCOj; buffer (pH 8.5) and subsequently flushed with nitrogen
for 30 min to remove air. Next, DOPA and ACRL-NHS (for AD) or DOPA
and ACRL-PEG-NHS (for APD) were quickly added at a 1:1 M ratio and
nitrogen was flushed again for another 30 min. The reaction vessels were
then placed on a shaker plate to allow the reactions to proceed overnight.
The following day, the samples were frozen at —20 °C and subsequently
lyophilized to obtain the final products: AD or APD.

2.3. Functionalization of HA and gelatin

Methacrylated HA (HAGM) and methacrylated gelatin (GelMA) were
synthesized as previously described [9,35-37]. Briefly, for the prepara-
tion of HAGM, a total of 1 g of HA was dissolved in 200 mL PBS (pH 7.4)
and subsequently mixed with 67 mL of DMF, 13.3 g of GM, and 6.7 g of
triethylamine. After 10 days of reaction, the solution was precipitated in
an excess of acetone, filtered, and dried overnight at room temperature in
a vacuum oven. HAGM was then used without any further processing.
Similarly, for the preparation of GelMA, type A porcine skin gelatin
dissolved at 10% (w/v) concentration in PBS at 60 °C and stirred until
fully dissolved. A total of 10 g of MA was added dropwise under stirred
conditions at 50 °C and allowed to react for 1 h. Following a 1:5 dilution
with additional warm (40 °C) PBS to stop the reaction, the mixture was
dialyzed against diHO using 12-14 kDa cutoff dialysis tubing for 1 week
at 40 °C to remove impurities (i.e., salts and unreacted MA). Finally,
GelMA was lyophilized for 1 week to generate a white foam solid and
stored at —80 °C until further use.

2.4. Preparation of HAGM and GelMA-based bioadhesive cryogels

HAGM or GelMA were used as is or combined with AD or APD to
fabricate HAGM-co-AD (HD) and HAGM-co-APD (HPD) or GelMA-co-AD
(GD) and GelMA-co-APD cryogels (GPD), respectively. To initiate the
cryopolymerization process, 0.1% (w/v) TEMED, and 0.5% (w/v) APS
were added to the polymer precursor solutions immediately prior to use.
The polymer solutions were then pipetted into preformed cubical (4 x 4 x
10r10 x 5 x 1 mm?®) or cylindrical (height x diameter: 6 x 8 mm? or 10
x 1 mm?) Teflon molds. Next, the molds were immediately placed in a
freezer at —20 °C for 16 h to allow cryopolymerization. Finally, cryogels
were thawed at room temperature, removed from the molds, washed in
PBS, and immediately used for all subsequent experiments.

2.5. Characterization of polymers and cryogels by 'H NMR

Proton nuclear magnetic resonance (lH NMR) analysis was conducted
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to evaluate the degree of methacrylation of HAGM and GelMA and assess
qualitatively their vinyl group consumption following cryogelation using
a Varian Inova-500 NMR spectrometer. Deuterium oxide (D,O) was used
as solvent, and the concentration of the modified polymers was kept at
1% (w/v). For the chemical characterization of cryogels, cryogelation
was induced directly in an NMR tube. One milliliter of the prepolymer
solution containing the initiator system (APS/TEMED) was transferred
into the NMR tube before cryogenic treatment at —20 °C for 16 h. All 'H
NMR spectra were obtained at room temperature, 15 Hz sample spinning,
45° tip angle for the observation pulse, and a 10 s recycle delay, for 128
scans. Peak values at 5.2 and 5.5 ppm for HAGM and at 5.4 and 5.7 ppm
for GelMA were correlated to the presence of methacrylated groups. Peak
areas were integrated using ACD/Spectrus NMR analysis software and
degrees of methacrylation for each polymer type were determined as
previously described [9,37,38].

2.6. Adhesion properties of bioadhesive cryogels

To assess tissue adhesion, the wound closure strength of DOPA-free
and DOPA-containing cryogels on porcine skins was determined using
the American Society for Testing and Materials (ASTM) F2458-05 stan-
dard test method [39]. A fresh porcine skin was obtained from a local
butcher shop and cut into small fat-free strips (1 x 2 cm?). Tissues were
immersed into PBS before testing to prevent drying in the air. The tissues
were fixed onto two pre-cut poly (methyl methacrylate) slides (2 x 6
cm?) by ethyl 2-cyanoacrylate glue. Approximately 6-mm spaces were
kept between the slides using the porcine skin. The tissues were then
separated in the middle with a straight edge razor to simulate the wound.
For each formulation, a cuboidal cryogel (dimensions: 10 x 5 x 1 mm?®)
was placed onto the simulated wound site. Next, samples were then
mounted onto an Instron 5542 Mechanical Tester and the entire
construct was extended. Maximum adhesive strength of each sample was
obtained at the point of tearing at strain rate of 1 mm/min (n = 5). Data
were obtained and analyzed using the Instron's accompanying Bluehill 3
software.

The burst pressure of DOPA-free and DOPA-containing cryogels was
calculated by using the ASTM F2392-04 standard test method [40].
Evicel® and CoSeal®, two clinically available surgical sealants were used
for comparison. Freshly harvested porcine intestine tissues were obtained
from a local butcher. The intestine tissues were placed between two
stainless steel annuli from a custom-built burst-pressure apparatus, con-
sisting of a metallic base holder, pressure meter, syringe pressure setup,
and data collector. A pin-sized hole puncture was made through the in-
testine tissues and air was flowed using a syringe pump at 0.5 mL/s. The
hole made on the intestine was covered with a preformed cylindrical
cryogel (height x diameter: 1 x 20 mm?) prior to initiating the pump and
sensor. Airflow was terminated post cryogel rupture and the burst
strength (pressure) was recorded (n = 5).

2.7. Mechanical properties of bioadhesive cryogels

Cryogels were first incubated for 1 h in PBS and their dimensions
were measured using a digital caliper. Uniaxial tensile and cyclic uniaxial
compression tests were conducted using an Instron mechanical tester.
Cryogels for tensile testing were placed between two pieces of double-
sided tape within the tension grips of the instrument and extended at a
rate of 1 mm/min until failure. Elastic moduli were calculated by
obtaining the slope of the stress-strain curves. Cryogels for compressive
testing were loaded onto compression plates of the instrument under wet
conditions, by submerging the plates in PBS. Cyclic uniaxial compression
tests were conducted at a 90% strain level and 1 mm/min strain rate.
Cryogels were conditioned cyclically (loading and unloading) for 7 cy-
cles. Post-conditioning, the cryogel underwent a final cycle. Compressive
strain (mm) and load (N) were then measured at the 8th cycle using the
Instron's Bluehill 3 software. Moduli were determined by obtaining the
tangent of the slope of the linear region on the loading stress/strain
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curve. Energy loss was calculated by obtaining the area between the
loading and unloading curves (n = 5).

The swelling ratio was determined using a conventional gravimetric
procedure. Cylindrical cryogels (height x diameter: 6 x 8 mm?) were
prepared and immersed in PBS for 24 h prior to the experiment. The
equilibrated mass swelling ratio (Qy) was calculated by dividing the
mass of fully swollen by the mass of freeze-dried cryogel. The cryogels
were washed in diH,O for salt removal prior to being freeze-dried.

To quantify the degrees of pore connectivity, fully hydrated cryogels
were first weighed on an analytical scale. Next, a Kimwipe was lightly
applied to the scaffolds’ surfaces to wick away free water. The weight of
partially dehydrated cryogels was recorded again. The degree of pore
connectivity was calculated based on the weight of water wicked away
divided by the initial weight of hydrated cryogels.

To determine the pore size and pore size distribution by scanning
electron microscopy, freeze-dried cryogels (4 x 4 x 1 mm3) were
mounted on the sample holder using carbon tape and sputter-coated with
platinum/palladium up to 5 nm of thickness. Samples were then imaged
using secondary electron detection on a Hitachi S-4800 scanning electron
microscope (Hitachi High-Technology Corporation, Tokyo, Japan) while
operating at 3 kV and 10 mA. Pore sizes were quantified by measuring
pore diameters using ImageJ.

2.8. Two-dimensional (2D) cell seeding

NIH 3T3 fibroblast cells were cultured in DMEM supplemented with
10% FBS and 1% Pen-Strep. For 2D cell culture, 4% (w/v) cuboidal
cryogels (4 x 4 x 1 mm>) were used. Cells were seeded on cryogels at a
concentration of 2 x 10° cells/mL and subsequently incubated in a hu-
midified atmosphere containing 5% CO; at 37 °C.

2.9. Cell viability and proliferation assay

Cell viability was determined using a Calcein AM/ethidium
homodimer-1 live/dead kit according to the manufacturer's instructions.
The experiments were performed one day post-seeding. Fluorescence
images were acquired using a Zeiss Axio Observer Z1 inverted micro-
scope and analyzed using ImageJ software. Cell viability was determined
as the ratio of viable cells to the total number of cells.

2.10. Generation and in vitro activation assay of bone marrow-derived
dendritic cells (BMDCs)

Eight-week-old C57BL/6 mice (The Jackson Laboratory, Bar Harbor,
ME) were housed in conventional conditions according to NIH guide-
lines. All animal experiments were performed in accordance with NIH
recommendations and approved by the Division of Laboratory Animal
Medicine (DLAM) at Northeastern University. BMDCs were extracted
from C57BL/6 femur bone marrow as previously described [23,41], then
cultured for 6 days in Roswell Park Memorial Institute medium (RPMI
1640, Fisher Scientific) supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, and 20 ng/mL murine
GM-CSF (Genscript, Piscataway, NJ). To evaluate BMDC activation
induced by different types of cryogels, cuboidal cryogels (4 x 4 x 1 mm?®)
were incubated with BMDCs for 1 day in RPMI 1640 supplemented with
10% FBS and 1% penicillin-streptomycin. BMDCs maturation was then
evaluated by flow cytometry (BD FACSCalibur DxP upgraded, Cytek
Bioscience, Fremont, CA) using the following fluorescent antibodies
(Biolegend, San Diego, CA): MHC II (M5/114.15.2, Rat IgG2b, PE/Cy7),
CD86 (GL1, rat IgG2a, PE), CD11c (N418, hamster IgG, APC), and CD11b
(M1/70, rat IgG2b, k, APC). Negative and positive controls consisted of
BMDCs cultured in media alone and media supplemented with 100
ng/mL of LPS, respectively.
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2.11. In vivo subcutaneous implantation of cryogels

All animal experiments were reviewed and approved by Institutional
Animal Care and Use Committee (ICAUC, protocol 15-1248 R) at
Northeastern University. Male Wistar rats (200-250 g) were obtained
from Charles River (Boston, MA) and housed in the local animal care
facility under conditions of circadian day-night rhythm and ad libitum
feeding. Anesthesia was induced by 2.5% isoflurane inhalation, followed
by SC buprenorphine (0.02-0.05 mg/kg) administration. Next, cuboidal
4% (w/v) HAGM cryogels (dimensions: 4 x 4 x 1 mm?) were subcuta-
neously injected in rats using a sterile 16-gauge hypodermic needle.

Prior to injection, the cryogels were disinfected in 70% ethanol (v/v)
for 20 min and subsequently sterilized under UV germicidal irradiation
for 60 min a wavelength of 254 nm. Cryogels (suspended in 0.2 mL of

A
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—>
HO Buffer
(pH 8.5)
NH,
HO L >
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PBS) were loaded into sterile hypodermic 16G needles and subsequently
injected using a 1-mL syringe into subcutaneous pockets along the dor-
somedial skin of male Wistar rats. After 21 days post-implantation, ani-
mals were euthanized and the cryogels were retrieved along with the
surrounding tissues for histological assessment. Explants were thor-
oughly washed in diH,0 and excess tissues were carefully removed under
a dissection microscope.

2.12. Histological analysis and immunofluorescent staining

Following explantation, samples were fixed in 4% (v/v) para-
formaldehyde for 4 h, followed by overnight incubation in 30% (w/v)
sucrose at 4 °C. Samples were then embedded in OCT and flash-frozen in
liquid nitrogen. Frozen samples were sectioned using a Leica Biosystems

Functionalized DOPA

HO .
N
HO O
ACRL-PEG-DOPA (APD)  PEG
H
HO

HO
ACRL-DOPA (AD)

Interconnected

Cryogel + DOPA
macropores rYog

Freezin i
® _ g linkin Syringe
= B 1 —>
. Thawing Injection
Polymer
C e 2 mm
I

E cryogel +DOPA

—3

Fig. 1. Schematic depicting DOPA functionalization and fabrication of minimally invasive bioadhesive cryogels. (A) Functionalization of DOPA with either
acrylic acid N-hydroxysuccinimide ester (ACRL-NHS) or NHS-activated PEG-acrylate (ACRL-PEG-NHS) to form ACRL-DOPA (AD) and ACRL-PEG-DOPA (APD),
respectively. (B) Illustration displaying the process of cryogelation. An aqueous solution containing functionalized DOPA (AD or APD), polymerizable biopolymers
(HAGM or GelMA), and an initiator system (APS and TEMED) is incubated overnight at —20 °C. Cryogelation is a process in which gelation occurs under semi-frozen
conditions via several steps: phase separation with ice-crystal formation, crosslinking, and thawing of ice-crystals to ultimately form interconnected porous and
injectable bioadhesive cryogels. Photographs depicting the bioadhesive properties of DOPA-free (C) and DOPA-containing (D) cryogels on porcine skin tissues and

DOPA-containing cryogels on a mouse kidney (E).
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CM3050 S Research Cryostat. Cryosections (14-um thick) were obtained
and mounted on positively charged slides using DPX mounting medium.
Slides were then processed with H&E staining according to the manu-
facturer's instructions. Immunohistofluorescent staining was performed
on mounted cryosections as previously reported [42]. Anti-CD45
(Abcam, rabbit IgG), anti-Mannose Receptor/CD206 (Abcam, rabbit
IgG), and anti-F4/80 (Abcam, rabbit IgG) were used as primary anti-
bodies, and goat anti-rabbit (IgG) Alexa Fluor 594-conjugated secondary
antibody (Invitrogen) was used for detection. All sections were coun-
terstained with DAPI and imaged on an AxioObserver Z1 inverted
microscope.

2.13. Statistical analysis

All values were expressed as mean =+ standard deviation (SD). Sta-
tistical analyses were performed using GraphPad Prism Software (La
Jolla, CA). Significant differences between groups were analyzed by one-
way analysis of variance (ANOVA). Differences were considered signifi-
cant at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results
3.1. Fabrication and characterization of bioadhesive cryogels

Biomimetic and syringe-injectable cryogels were prepared from
gelatin and HA and were functionalized with DOPA, a mussel-inspired
catechol-based strategy to impart wet adhesive properties that mimic
mussel adhesive protein glues.

To prepare DOPA amenable to cryogelation, pendant acryloyl groups
were first introduced into the chemical. DOPA was functionalized with
ACRL-NHS to yield polymerizable AD (Fig. 1A). Additionally, to reduce
the steric hindrance and optimize spatial arrangement, DOPA was also
functionalized with ACRL-PEG-NHS to yield polymerizable APD. The
rationale of using a hydrophilic PEG spacer arm was to give DOPA a long
and flexible connection to minimize steric hindrance, ultimately
increasing the likelihood of binding to tissues and as a result, achieving
improved bioadhesion. To prepare HA and gelatin amenable to poly-
merization, these biopolymers were methacrylated as previously
described [9,43]. As depicted in Fig. 1B, bioadhesive cryogels were
prepared by the process of cryogelation at —20 °C using an aqueous
prepolymer solution containing methacrylated HA (HAGM) or meth-
acrylated gelatin (GelMA), AD or APD, and the initiator system. Figs. S1
and S2 confirmed that the vinylic peaks disappeared after cryopolyme-
rization across all formulations (HD, HPD, GD, and GPD), suggesting total
consumption of the reactive pendant methacrylate and acrylate groups.
As a result, unlike standard (DOPA-free) cryogels, DOPA-containing
cryogels are endowed with strong wet adhesion properties on
animal-derived tissues such as porcine skin and mouse kidney
(Fig. 1C-E).

3.2. Invitro adhesion testing of DOPA-containing cryogels

Standard wound closure and burst pressure tests were performed
across various cryogels. ASTM F2458-05, a commonly used standard test
for measuring wound closure strength of tissue adhesives [39], was used
to evaluate the adhesion properties of HAGM (DOPA-free, control),
DOPA-containing HAGM (HD, HPD), GelMA (DOPA-free, control), and
DOPA-containing GelMA (GD, GPD) cryogels. Furthermore, the bio-
adhesive properties of cryogels were compared to Evicel® and CoSeal®,
two commercially available and widely used sealants in the clinic.

As shown in Fig. 2A, wound closure tests, a technique used to
reproduce pulling or stretching forces, were performed to determine the
adhesive strength of the engineered cryogels on animal tissues (i.e.,
freshly harvested porcine skin) according to the ASTM standard. The
adhesive strength of DOPA-free HAGM or GelMA cryogels remained
relatively low and relatively constant regardless of the polymer
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concentration (Fig. 2B). Specifically, 2-10% HAGM and GelMA cryogels
displayed statistically non-significant adhesion properties varying be-
tween 3.4 £ 0.3 to 4.5 4+ 0.4 kPa and 5.5 4+ 0.3 to 7.3 & 0.8 kPa,
respectively. This data set was expected due to the lack of catechol side
chains from DOPA, crucial moieties known to play a synergetic effect for
adhesion to substrates of widely varying composition from inorganic to
organic [44]. A polymer concentration of 4% (w/v) was chosen due to its
superior handleability and processability (i.e., lower viscosity), although
a higher polymer concentration (i.e., 10%) resulted in DOPA-free Gel-
MA-based cryogels with a slightly higher bioadhesion strength.

Next, we evaluated the incorporation of DOPA into 4% (w/v) cryogels
(AD and APD) and its effect on tissue adhesion with and without the
presence of GSH. The tripeptide (cysteine, glycine, and glutamic acid), a
naturally occurring and powerful antioxidant, was used to mitigate
overoxidation and maintain enough free catechol groups during DOPA
functionalization, polymerization/cryogelation, and the adhesion pro-
cess [33]. DOPA is susceptible to oxidation to form quinones, potentially
leading to weak and unstable bioadhesion of catechol moieties.

As depicted in Fig. 2C, the adhesion strengths of cryogels, namely HD
(4% HAGM + 1 mM AD) and HPD (4% HAGM + 1 mM APD) were 5.3 +
0.2 kPa and 7.3 + 0.7 kPa, respectively, compared to 4.4 + 0.2 kPa for
DOPA-free HAGM (control). Similarly, the adhesion strengths of GD (4%
GelMA + 1 mM AD) and GPD (4% GelMA + 1 mM APD) cryogels were
6.8 + 0.5 kPa and 7.6 + 0.3 kPa, respectively, compared to 6.5 + 0.8 kPa
for DOPA-free GelMA cryogels (control). As we previously reported, GSH
reduces DOPA oxidation [34], potentially improving adhesion properties
while preventing oxidative browning (Fig. S3). Therefore, with the
addition of GSH, increased adhesion strengths were achieved for all
DOPA-containing formulations, especially for cryogels formulated with
APD. Specifically, HD, HPD, GD, and GPD cryogels exhibited adhesion
strengths of 5.5 + 1.1 kPa, 14.7 + 0.98 kPa, 6.1 4+ 1.8 kPa, and 15.5 +
0.4 kPa, respectively. Compared to HD and GD, the significant increase in
adhesion strengths for HPD and GPD is likely due to the introduction of a
PEG spacer arm, minimizing the steric hindrance of DOPA and ultimately
increasing binding to tissues. Accordingly, APD was preferred for the
formulation of bioadhesive cryogels. Our third optimization was based
on varying the ratio of the highest adhesion strength yielding polymer
formulations (HPD and GPD) with GSH to fine-tune the amount of APD
required for reaching maximum bioadhesion forces. APD at 2 mM
resulted in the highest adhesion strengths when formulated with HAGM
or GelMA (Fig. 2D). Specifically, HPD and GPD (4% polymer + 2 mM
APD) cryogels displayed adhesion strengths of 15.7 + 1.2 kPaand 18.5 +
0.8 kPa, respectively. Surprisingly, at higher concentrations (>2 mM),
APD led to decreased adhesion strength. For instance, at 5 mM APD, the
adhesion strength for HPD and GPD dropped to 13.4 + 0.8 kPa and 11.2
=+ 0.8 kPa, respectively. Our results further showed that our bioadhesive
cryogels displayed either higher or similar adhesion properties when
compared to commercially available surgical adhesives such as Evicel®
(13.2 & 2.3 kPa) and CoSeal® (9.6 & 8.7 kPa). Therefore, concentrations
of 4% (w/v) polymer and 2 mM APD were selected for subsequent
studies. In addition, in vitro burst pressure testing based on the ASTM
F2392-04 standard was performed using a wet collagen sheet to deter-
mine the ability of the engineered cryogels to seal tissues under air or
liquid pressures. An illustration depicting the adhesive peal test is shown
in Fig. 2E. The burst pressure of APD (up to 5 mM)-containing HAGM and
GelMA cryogels resulted in a similar trend to the wound closure data
(Figs. 2F and S4). Specifically, HPD and GPD (formulated with 2 mM
APD) displayed a burst pressure of 5.0 + 0.4 kPa and 6.1 + 0.8 kPa,
respectively.

Unlike HPD cryogels, GPD cryogels did not exhibit consistent burst
pressure and adhesion strength behaviors. At 5 mM APD, the burst
pressure for GelMA-based cryogels displayed a lower flexural strength
compared to the adhesion strength, whereas the HAGM-based cryogels
displayed a more consistent pattern. This may be due to the high con-
centration of ADP within GelMA-based cryogels, resulting in a more
brittle construct.
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Fig. 2. Adhesion properties of DOPA-containing cryogels. (A) Schematic illustration depicting sample preparation and wound closure testing to characterize the
tensile strength of DOPA-containing cryogels as a topical adhesive on porcine skin tissues. A tensile tester was used to pull the samples apart and record each wound
closure maximum disruption forces (i.e., adhesion strengths). Adhesion strength measurements of DOPA-free HAGM and GelMA-based cryogels as a function of
polymer concentration (B) and DOPA (i.e., AD or APD)-containing HAGM and GelMA-based cryogels supplemented without (C) and with (D) GSH. (E) Left: overview
of the adhesive interactions between the catechol group and biological tissues. Right: illustration depicting an adhesive peal test. (F) Adhesion burst measurements of
GSH-supplemented DOPA-containing HAGM and GelMA-based cryogels. (G) Photographs depicting the strong bioadhesive strengths of DOPA-containing cryogels
across various adult mouse internal organs (small intestine, kidney, spleen, heart, and stomach) when picked up with a tweezer. Scale bars = 1 cm. Values represent
the mean + SD and data were analyzed using one-way ANOVA (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Additionally, HPD and GPD cryogels containing 5 mM APD resulted
in a slight decrease in burst pressures, 4.5 + 1.8 kPa and 6.0 + 1.4 kPa,
respectively. Comparatively, Evicel® and CoSeal® resulted in lower
burst pressures of 2.2 4+ 1.2 kPa and 2.2 + 0.2 kPa, respectively. Overall,
HPD and GPD cryogels outperformed commercially available sealants,
with increased burst pressure values up to 277%. Lastly, cuboidal (4 x 4
x 1 mm®) bioadhesive HPD cryogels (4% polymer + 2 mM APD) were
tested for their ability to adhere to various adult mouse internal organs
(small intestine, kidney, spleen, heart, and stomach) of different sizes and
weights (Fig. 2G, Video S1). Strikingly, DOPA-containing cryogels were
able to adhere strongly to all organs, lifting up to ~60 times their own
weights (cryogel: ~17 mg, small intestine: ~1100 mg) [45].

Both properties, wound-bursting and wound closure strengths, are
particularly beneficial for injectable tissue adhesives to fully adhere to
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tissue defect surfaces and improve tissue integration and eventually
healing. As an example, these properties show the ability to withstand
high pressures occasionally exerted on pulmonary tissue during invasive
mechanical ventilation such as by recruitment maneuvers. In this sce-
nario, pressure values can reach up to 40 cm HO of intra-alveolar peak
pressure (3.9 kPa) [46], which is typically not attainable by commer-
cially available products [47-49].

3.3. Physical characterization of bioadhesive cryogels

The physical properties of spacer-containing DOPA-containing cry-
ogels, namely HPD and GPD, were evaluated and compared to spacer-free
DOPA-containing (HD and GD) and DOPA-free (HAGM and GelMA)
cryogels (Fig. 3). Specifically, key physical properties such as mechanical
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Fig. 3. Physical characterization of bioadhesive cryogels. Compressive modulus (A), Young's modulus (B), swelling ratio (C), and degree of pore connectivity (D)
of GSH-supplemented DOPA (i.e., AD or APD)-containing HAGM and GelMA-based cryogels. (E) Photographs depicting the successful syringe injection of bioadhesive
cryogels using a 16-gauge hypodermic needle. HAGM: DOPA-free HAGM, GelMA: DOPA-free GelMA, HD: AD-containing HAGM, HPD (APD-containing HAGM), GD
(AD-containing GelMA), GPD (APD-containing GelMA). Values represent the mean + SD and data were analyzed using one-way ANOVA (n = 5). ****p < 0.0001.
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compression (Fig. 3A), extensibility (Fig. 3B), swelling (Fig. 3C), and the
degree of pore connectivity (Fig. 3D) were measured. Optimized pa-
rameters previously defined were utilized for the comparison: 4% poly-
mer concentration with GSH (20 mM) in the prepolymer solution using 2
mM AD or APD. As such, compressive moduli of HAGM, HD, and HPD
resulted in 1.5 + 0.8 kPa, 1.3 + 0.8 kPa, and 1.1 + 0.8 kPa, respectively.

Similarly, GelMA, GD, and GPD displayed compressive moduli of 5.6
+ 1.9 kPa, 6.0 &+ 1.5 kPa, and 6.4 + 1.2 kPa, respectively (Fig. 3A).
Regardless of the incorporation of polymerizable DOPA (AD or APD)
prior to cryogelation, the compressive moduli were unaltered for both
HAGM and GelMA-based cryogels. However, the Young's moduli
increased by one order of magnitude when AD or APD were added
(Fig. 3B). Notably, HAGM, HD, and HPD had Young's moduli of 2.3 4 0.8
kPa, 23.6 + 1.0 kPa, and 41.6 + 0.8 kPa, respectively. Similarly, GeIMA,
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GD, and GPD exhibited Young's moduli of 8.3 4+ 1.9 kPa, 32.4 + 2.3 kPa,
and 65.6 + 1.2 kPa, respectively. This highlights the advantages of
adding AD or APD in the prepolymer formulation to improve the tensile
strength and elasticity of HAGM and GelMA-based cryogels. Our set of
data agrees with the literature as DOPA-containing biomaterials are
known to display super stretchability and self-healing properties [50],
most likely due to reversible noncovalent bonds formed between the
catechol groups of pendant DOPA moieties along the polymer network,
including n-7 stacking and hydrogen bonds.

Next, we evaluated the swelling behavior at equilibrium since bio-
adhesive cryogels can retain a significant fraction of water within their
structures. Overall, HAGM and GelMA-based cryogels exhibited similar
swelling ratios regardless of AD or APD incorporation. Specifically,
HAGM, HD, and HPD cryogels resulted in Qy = 42.5 + 5.1, 29.9 + 3.4,
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Fig. 4. Microstructural features of bioadhesive HAGM and GelMA-based cryogels. Representative SEM images (A), pore size (B), and pore size distribution (C) of
HAGM and GelMA-based DOPA-containing (i.e., AD or APD) cryogels. HAGM: DOPA-free HAGM, GelMA: DOPA-free GelMA, HD: AD-containing HAGM, HPD (APD-
containing HAGM), GD (AD-containing GelMA), GPD (APD-containing GelMA). Values represent the mean + SD (n = 5).
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and 40.9 + 3.9, respectively. Similarly, GelMA, GD, and GPD cryogels
displayed Qy = 45.3 + 8.8, 34.5 £+ 8.5, and 47.6 + 8.4, respectively
(Fig. 3C). The consistent swelling rates may suggest the fine control over
pore size formation during cryogelation and similar hydrophilicity,
regardless of the biopolymer used. Additionally, the degree of pore
connectivity, another important physical property, was evaluated for
each cryogels fabricated in this study and is shown in Fig. 3D. HAGM and
GelMA cryogels demonstrated high pore connectivity of 77.9 + 0.1% and
75.4 £+ 0.1%, respectively. Similarly, DOPA-containing HAGM and
GelMA (HD, HPD, GD, and GPD) cryogels exhibited similar degrees of
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pore connectivity ranging from 70.8 + 0.05% to 78.9 + 0.08%, high-
lighting the integrity of cryogels (Fig. 3D).

The ability of spherical and cuboidal bioadhesive cryogels (Fig. S5) to
be injected through conventional hypodermic needles and regain their
original shapes once delivered was also evaluated. Due to their inherent
properties, DOPA-containing cryogels can be reversibly collapsed (up to
90% of their volume), owing to their highly macroporous structure and
mechanical robustness, and be pushed through the needle with no visible
fracture or damage (Fig. 3E). After injection, the deformed bioadhesive
cryogels rapidly returned to their original, undeformed configurations
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Fig. 5. Evaluating the cytocompatibility of bioadhesive HAGM and GelMA-based cryogels. (A) Confocal images showing mouse embryonic fibroblast NIH/3T3
cells cultured for 24 h in DOPA-free and DOPA-containing (i.e., AD and APD) HAGM and GelMA-based cryogels. (B) Green and red colors depict viable and dead cells,
respectively. Quantification of cell viability of NIH 3T3 cells. (C) Fractions of activated CD11c™ CD86" MHCII" BMDCs after 24 h of incubation in the different
conditions: HAGM (DOPA-free) cryogels, HAGM + RGD (DOPA-free, APR-containing) cryogels, HAGM + DOPA (HD: APD-containing HAGM) cryogels, HAGM +
DOPA/RGD (HD + APR: RGD-containing, APD-containing HAGM) cryogels, GelMA (DOPA-free) cryogels, GelMA + DOPA (GDP: APD-containing GelMA) cryogels, cell
culture media (RPMI 1640, negative control), and cell culture media + lipopolysaccharide (RPMI 1640 + LPS, negative control). Values represent the mean + SD and

data were analyzed using one-way ANOVA (n = 5). *p < 0.05, *
the reader is referred to the Web version of this article.)
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(Videos S2 and S3), reabsorbing surrounding water into the gels. This is
a critical property for minimally invasive procedures.

Cryogels are 3D hydrogels consisting of a network of interconnected
macropores. As shown in Figs. 4A and S6, all cryogels (HAGM, HD, HPD,
GelMA, GD, and GPD) displayed an interconnected macroporous network
with thick polymer walls. SEM imaging demonstrated average pore sizes
in the range of ~50 pm (Fig. 4B). Although not statistically significant,
the incorporation of AD and APD in the cryogels led to a slight increase in
pore size diameter. Comparatively, the overall pore size distribution
revealed pore sizes ranging from 1 to over 100 pm, with most pores in the
range of 30-70 pm (Fig. 4C). It should be noted that confocal microscopy
depicted slightly smaller pore sizes, most likely due to partial dehydra-
tion of the cryogel samples throughout the imaging process.

3.4. In vitro cytocompatibility of bioadhesive cryogels

Our cryogels with optimized formulations for high bioadhesion were
tested for their cytocompatibility with mouse embryonic fibroblast NIH/
3T3 cells. Specifically, 4% (w/v) RGD-bearing HAGM and GelMA-based
DOPA-containing cryogels (i.e., 2 mM AD or APD) prepared with GSH
were evaluated for cytotoxicity.

As shown in Fig. 5A, the bioadhesive cryogels provided an appro-
priate microenvironment for cell attachment and survival leading to
~80% viability after 1 day of incubation (Fig. 5B). The formation of a
monolayer of cells on the surface of all cryogels, especially on GelMA-
based cryogels, suggests uniform seeding and retention of cells through
the open-pore structure of the constructs. Furthermore, cells exhibited an
elongated and stretched morphology as depicted in the confocal images.

Another simple method for evaluating the cytocompatibility of bio-
materials is to perform in vitro assay with immune cells such as DCs. DCs
play a critical role in the regulation of the adaptive immunity, as they are
known to secrete various proinflammatory cytokines upon maturation
[51]. As an alternative in vitro technique for biocompatibility studies,
cryogels were assessed for their immunogenicity with BMDCs. The
fraction of activated CD11c™ CD86" MHCIIT BMDCs was detected by
immunostaining in conjunction with flow cytometry after 1 day of cul-
ture with the cryogels. Overall, all cryogels tested induced
low-expression profiles of CD11c, CD86, and MHCII receptors when
compared to LPS, our positive control (Fig. 5C). Unlike HA-based cry-
ogels, GelMA-based cryogels induced a slightly higher stimulation of
DCs, most likely due to partial degradation and release of small fragments
[17]. These results collectively demonstrate the capacity of bioadhesive
cryogels to serve as a cell-friendly and biomimetic scaffold.

3.5. In vivo injectability and immunohistological analysis of bioadhesive
cryogels

As an essential component of implant performance, we examined the
host immune response to HAGM-based DOPA-containing cryogels, a
selected bioadhesive cryogel candidate with high performance and in
vitro biocompatibility. Specifically, we characterized the in vivo perfor-
mance of HPD cryogels, including their integration with native tissues,
eventual biodegradation, and potential inflammation following their
subcutaneous implantation in an animal model. As shown in Fig. 6A,
sterile cuboidal cryogels (dimensions: 4 x 4 x 1 mm?>) were subcutane-
ously injected using a 16-gauge needle in the backs of Wistar rats. At day
21 post-implantation, cryogels which appeared to remain partially intact
were explanted with adjacent tissues for analysis. H&E staining showed a
mild inflammatory reaction. As depicted in Fig. 6B, the cryogel scaffold
exhibit a highly porous network surrounded by a layer of fibrin and few
cells. Furthermore, an immunocytochemistry analysis further confirmed
a negligible leukocyte infiltration as demonstrated by a relatively low
number of CD45" cells (Fig. 6C). In contrast, although minimal, we
observed some infiltration of CD206" and F4/80" macrophages within
the cryogel constructs (Figs. 6D and E). This slight inflammatory response
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is most likely due to the subcutaneous administration [52]. As with any
injection, this mode of administration can be associated with local pain
and irritation from the needle puncture. Overall, in agreement with our in
vitro assay with primary immune cells (Fig. 5C), these preclinical data
indicate that the bioadhesive cryogels induce a minimal immune reaction
at the implantation site, indicating biocompatibility.

4. Discussion

A minimally invasive approach can be implemented to deliver bio-
adhesive and preformed shape-memory macroporous cryogels via
needle-syringe injection into the body. These adhesive cryogels could be
readily injected into the subcutaneous layer of the skin to potentially fill
in vivo tissue defects and cavities or used as injectable patches on internal
or external organs, while their adhesiveness could hold biological tissues
in place. Our in vivo study was primarily conducted to assess the
biocompatibility rather than the bioadhesive properties of DOPA-
containing cryogels. While we observed good integration of DOPA-
containing cryogels with the surrounding tissues, further preclinical
studies would be required to test their in vivo bioadhesive properties to a
dynamic organ such as the heart which undergoes large and repetitive
volumetric deformations. For instance, to treat myocardial infarction, T.
Wu et al. have engineered an injectable and bioadhesive gelatin
hydrogel-based patch for heart repair, resulting in improved cardiac
function [53].

Cryogels exhibit an interconnected macroporous network, which is
advantageous for a scaffold system with respect to their ability to pro-
mote cellular adhesion and infiltration, increase vascularization, facili-
tate diffusion of nutrients and oxygen, and ultimately enhance tissue
regeneration. Furthermore, these biomaterials also offer the potential for
carrying payloads (i.e., cells, drugs, nanoparticles) after being manufac-
tured [18] and would be of interest in future studies in conjunction with
their strong adhesive properties. The most important requirement for
cryogels for minimally invasive delivery is their ability to be compressed
up to 90% of their original volume. Due to their shape memory proper-
ties, cryogels can reliably and quickly recover their original size and
shape once placed in the body via the uptake of exudate and injection of
saline. Furthermore, the ability of these materials to reassume specific,
predefined shapes after injection is likely to be useful in applications such
as tissue patches (i.e., cardiac patches), ulcers, cartilage replacement,
plastic surgery, fat replacement, oral surgeries, and voids left behind
from tumor and tissue removals. Specifically, this is of interest where one
desires a specific volume defect site to be filled with a biomaterial that
can pull the adjacent tissue walls together. Alternatively, multiple
smaller and packable adhesive cryogels can be used for large defects
while allowing diffusional transport and vascularization [54,55].
Because of the ability to tune the adhesive properties by controlling the
amount of AD or APD used as comonomers during cryopolymerization,
this can be achieved with fine control. Furthermore, the elastic properties
of cryogels enhance their attachment to tissues while the adhesive
strength may support tissue contraction and facilitate tissue regeneration
— similar to the function of sutures or staples. Additionally, the use of
biodegradable polymers such as HA and gelatin, no secondary surgical
procedure is needed to remove the cryogels [23]. Although previous
work has shown that HAGM and GelMA-based cryogels are susceptible to
biodegradation [23,56], more research is required to better understand
the degradation profiles of these bioadhesive cryogels and how they
correlate with tissue repair in an in vivo context.

Cryogels display soft tissue-like mechanical properties due to their
inherent porous structure in combination with a highly crosslinked
polymer network due to methacrylated biopolymers, nearly complete
reactivity of methacryoyl groups during cryogelation, sterically entan-
gled polymer chains, and the extent of phase separation during cry-
opolymerization. Unlike their mesoporous hydrogel counterpart, the
unique macrostructure of cryogels allows them to be highly



D. Rana et al.

Materials Today Bio 19 (2023) 100572

Subcutaneous Injection of Cryogel Explantation
Cryogels in Rats for Histological Analysis
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Fig. 6. Evaluating the biocompatibility of bioadhesive HAGM-based cryogels. (A) Illustration depicting the subcutaneous injection and explantation of bio-
adhesive HAGM-based DOPA-containing (i.e., APD) cryogels in the dorsal flanks of Wistar rats. (B) Representative H&E staining of cryogel sections explanted 21 days
following injections. Fluorescent immunohistochemical analysis of stained cryogels to assess the infiltration of CD45" leukocytes (C) and CD206" (D) and F4/80" (E)

macrophages.
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compressible, resulting in injectable scaffolds. As previously stated, free
water contained within the pores of the cryogel can be expunged upon
compression and then reabsorbed upon reversal of compression. This
compression and release can be conducted without any physical damage
to the walls of cryogels. However, it was noticed that beyond 90%
compression, each incremental further compressive force applied creates
an inverse vacuum or suction effect which forces cryogel walls to “stick”
together. Thereby taking a longer time to reuptake liquid once sub-
merged. Furthermore, once all cryogel walls are fully collapsed, further
compressive strain results in wall failure.

The cryogels can be created in any desired shape and size. These
locked-in features, resulting in shape memory, are retained through the
process of syringe injection without being compromised [18,41,57,58].
Furthermore, the bioadhesive cryogels were fabricated with HA and
gelatin but can potentially be fabricated with various synthetic and
naturally derived polymers, as highlighted in Table S1. One could further
tune the performance of cryogels by altering their composition, formu-
lation, and chemistry. The ability of these cryogels to be syringe deliv-
ered at a specific location without the need for an invasive surgery may
decrease scarring, lessen the risk of infections, and reduce recovery times
compared with traditional procedures, which typically require a sec-
ondary surgery or the use of secondary sealants, staples, or sutures [26,
28,30]. As depicted in Table S1 the cryogels reported here possess higher
adhesion strengths than previously published DOPA-containing hydro-
gels and cryogels. This highlights a significant decrease in adhesion
strength just by incorporating DOPA without functionalization. As pre-
viously reported, the simple addition of DOPA causes autooxidation and
formation of PDA, resulting in the depletion of potential binding sites
(i.e., catechol residues) and reduction of tissue adhesion [26]. This is in
stark contrast to the readily accepted notion that adding DOPA would
readily increase adhesion.

These bioadhesive cryogels could act as delivery vehicles for thera-
peutics and cells over a sustained period [18,41]. By providing a protein
drug depot at the injection site, cryogels can potentially achieve high
local protein concentrations without systemic exposure. Biomolecules
can be physically entrapped during the cryopolymerization and later
released in sustained fashion [21,23,44].

The chemical modification of DOPA and use of a PEG spacer are
techniques that can be scaled up and applied to other non-catechol-based
wet adhesives that adhere via electrostatic interactions, hydrogen
bonding, dynamic covalent bonding, as well topological entanglement.
Herein, we described a method in which amine-bearing DOPA was
functionalized, thereby limiting its reactivity (autoxidative power) in
aqueous solutions. This enabled DOPA to be copolymerized with func-
tionalized biopolymers (HAGM and GelMA) to enhance adhesion in wet
environments. However, it was observed that the adhesion strength de-
creases at high APD concentration. This could be attributable to a “brush
conformation” resulting from higher PEG-linker concentrations, which
may lead to steric hinderances from an overcrowded network [59]. The
PEG-linkers, originally used to reduce steric hindrance, due to “short”
DOPA molecules, could themselves be an impediment at high density,
potentially compromising the bioadhesion strength [56]. However, more
research is required to be better understand the surface topography of
DOPA-containing cryogels and confirm whether the brush conformation
effect induces weaker bioadhesion. Furthermore, we believe that adhe-
sion was improved due to retaining catechol residues intact in an
oxidation-free environment. These binding sites are typically consumed
during the unwanted oxidation-mediated polymerization of DOPA into
PDA [60-63]. It has previously been reported that decreasing or pre-
venting DOPA oxidation resulted in greater adhesion of DOPA-containing
hydrogels [64]. Therefore, we incorporated GSH into our formulation to
prevent or reduce the oxidation of DOPA [34]. Preventing DOPA
oxidation resulting in the non-browning of the resulting cryogels,
increased viability of cells known to be sensitive to oxidized DOPA.
Overall, these strategies led to the design of DOPA-containing cryogels
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with very strong adhesion properties to several organs and tissues, lifting
up to ~60 times their own weights.

DOPA-containing cryogels offer various unique advantages over
existing biomaterials with similar or higher bioadhesive strength. DOPA-
containing cryogels achieved a lap sheer strength of 15.5 + 0.4 kPa,
surpassing commercially available bioadhesives such as Evicel® (13.2 +
2.3 kPa) and CoSeal® (9.6 + 8.7 kPa). While a number of mussel-inspired
catechol-based hydrogels such as DOPA-conjugated tendon extracellular
matrix [65], DOPA-conjugated poly (y-glutamic acid) [66], and a
glucose-based 3-O-methyl-DOPA-containing bioadhesive have been re-
ported to exhibit higher lap sheer strengths, DOPA-containing cryogels
offer several advantages such as syringe-injectability [67], a preformed
gel system, shape-memory features, a macroporous and interconnected
network, and/or unoxidized (i.e., browning-free) environment.

A challenge in the design of bioadhesive cryogels is specificity as non-
specific tissue adhesions could potentially lead to complications in a
clinical setting. DOPA-containing cryogels are designed to adhere to any
biological tissues or organs. However, it would be advantageous when
required to have cryogels or any biomaterials for that matter that can
controllably and adhere to a target tissue in vivo without simultaneously
adhering to surrounding tissues. Engineering cryogels with gradient
adhesion or defined adhesive areas could potentially achieve such
adhesion to a target tissue or organs.

When transitioning from preclinical research to clinical practice,
where larger constructs are frequently needed for human use, the size of
injectable cryogels could be a challenge. To overcome this limitation,
several strategies are currently being investigated, including examining
various crosslinking methods and cryogel geometries as well as opti-
mizing the macrostructural characteristics of cryogels (e.g., pore size,
pore connectivity, pore orientation, toughness, and flexibility). Future
cryogel development should increase their biological utility and improve
clinical translation by creating cryogels with well-defined macrostruc-
tural features, smart cryogels sensitive to environmental stimuli, and
more compressible or self-healing cryogels.

5. Conclusion

In this study, we developed injectable and highly bioadhesive mussel-
inspired cryogels to serve as biomimetic scaffolds for tissue engineering
and regenerative medicine. These cryogels were prepared from HA and
gelatin and were functionalized with DOPA to impart bioadhesive
properties. These minimally invasive catechol-containing cryogels
demonstrated high adhesion to wet surfaces and excellent elasticity and
mechanical properties to support the stretching or bending of tissues.
Additionally, we described a strategy to prevent the oxidation of DOPA,
mitigating browning while increasing the bioadhesive strength of cate-
chol residues as shown with the striking adhesion tests on large animal
tissues and organs such as the heart, small intestine, lung, kidney, and
skin. In vitro and in vivo studies confirmed high cytocompatibility as well
as good tissue integration and a minimal host inflammatory response
when cryogels were subcutaneously injected in rats. Overall, these bio-
adhesive and minimally invasive cryogels have great potential and could
potentially be used as scaffolds for wound closure and sealing while
restoring, maintaining, or improving impaired tissues and organs.
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