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(57) Abstract: Naturally-derived biopolymers, such as proteins and polysac-
charides are a promising platform for developing materials that readily adhere
to tissues upon chemical crosslinking and provide a regenerative microenviron-
ment. Here, we show that the sealing properties of a model biopoiymer sealant,
gelatin methacryloyl (GeIMA), can be precisely controlled by adding a small
amount of a synthetic polymer with identically reactive moieties, i.e., poly (eth-
ylene glycol) diacrylate (PEG DA). For example, we have discovered a more
than 300% improvement in tissue sealing capability of 20% (w/v) GelMA ad-
hesive canbe obtained by adding only 2- 3% (v/v) PEGDA, without any signif-
icant effect on the sealant degradation time scale. These hybrid hydrogels with
improved sealing properties are suitable for sealing stretchable organs, such as
bladder, as well as for the anastomosis of tubular tissues/organs.
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METHODS FOR IMPROVING THE TISSUE SEALING PROPERTIES OF
BYDROGELS AND THE USE THEREQF

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 33 U.S.C. Section 119(e} of co-
pending and commonly-assigned U5, Provisional Patent Application Serial No
62/850,368, filed on May 20, 2019 and cntitled “METHODS FOR IMPROVING THE
TISSUE SEALING PROPERTIES OF HYDROGELS AND THE USE THEREOF”

which application is incorporated by reference herein.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under Grant Numbers
EBO23052 and HL140618, awarded by the National Institiies of Health. The

government has certamn rights in the imvendion.

TECHNICAL FIELD
The present disclosure relates to hydrogel materials usetid in medical
procedures such as tissue sealing.

BACKGROUND OF THE INVENTION

Bio- and nanomaterial-assisted suturcless sealing (1-6) of tissues post-surgery
provides tmmense advantages over conventional mcthods. Such materials reduce
operation time and fissue damages, minimize post-operation complications (7.8},
suppress mflammatory response and scar formation (9), and mmprove healing and
regeneration {10). Tissue adhesive hydrogels are promising platforras (11) for
providing a porous, moist barner to block air or body fluids, seal leakage, mhibit
bacterial infection, and permit cell infiltration to the lesion, thus facihitating wound
closure and tissue regencration. To this end, numerous adhesive materials have been

cxplored as surgical scalants that can provide on-demand phase transition from an
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meision gap-filling liquid to a solid, which can seal external or intemal lesions under
physical and/or chemical stimuh (12-17).

Miumally invasive surgical sealants are typically prepared from synthetic
polymers, natural biopolvmers, or a combination of both. Synthetic polymers, such as
cyanoacrylates {a clinical example: Omnex®, Ethicon, I & J} (18) and PEG (CoSeal®,
{Cohesion Technologies Baxtery {19} typically benefit from a precisely controllable
chemical structure and robust mechanical propertics. However, they do not support
tissue regeneration and contribute minimally to the healing process. Naturally-derived
scalants {eg., collagen (203, gelatin (21), fibrin (22-24}, albumin (253, and
polysaccharides (26-29)) provide more biccompatible and biodegradable platforms,
vet are affected by the heterogeneity of the matenial sources as well as weak
mechanical and adhesive properties. Accordingly, several efforts have been devoted
to developing mechanically-resilient biocadhesive hydrogel systems by using the
combination of natural and svnthetic polymers (30},

Typically, physical interactions are hamessed to form hydrogel tissue
adhesives, including hvdrogen bond formation (31,32}, = stacking (32),
onic/electrostatic interactions (33), hvdrophobic interactions (34), metal coordination
(35-37), and host-guest complex formation (38,39). Common chemical modifications
of macromolecules to impart stimuli-responsive propertics for sealing  tissues
encompass functionalization with acrvlate {e.g., FocalSeal from Genzyme Crop.),
aldchvde (Bioglue® from Cryolife and GRF® from Cardial), phosphate, thiol, and
mtrogen-containing moieties (ReSure from Ocular Therapeutix, Inc., Progel from
Neomend, Inc, and Adherus from HyperBranch Medical Technology, Inc) (40).
These modifications have enabled chemical binding and interlocking with connective
¢.g., carfilage, bone, fai, and dense fibrous), epithelial (e.g.. skin)., neural, and
muscular (skeletal, smooth, and cardiac) tissues (38,413 Light (visible or UV)-
sensitive chemical moicties {(42) 1n combination with adhesive moieties, such as

aldchvde groups (43) and catechol {44}, have been commonly used to bencfit from
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photo-mediated on-demand radical polvmenzation while inducing interfacial
adhesion to wet tissues.

Despite the progress so far on common hydrogel-based adhesive moieties,
challenges associated with their toxicity (¢ g., aldehyde-modified materials) and low

5 mechanical properties have limited their climcal applications. For example, even
though the tussue adhesion strength of mussel-inspired DOPA-functionalized GelMA
{15%) increased by a factor of 4, its crosshinking cfficiency and therctore the
mechanical stiffness (compression modulus) decreased around eight fold (10,453).
Accordingly, in the past fow vears, there has been a noticeable interest in developing

16 highly adhesive mechanically resilient surgical sealants, especially for treating the
myuries of streichable organs, such as bladder, which must withstand abdominal
pressure of up to 25 N during infense activities such as running and coughing (46).
Another important application of sealants is the anastomosis of delicate tubes (47-54),
such as blood vessels, colon, and ureter, for which sutures, staples, and adhesive tapes

15  are all challenging to use.

Several biomatenials have recently emerged to provide non-cvtotoxic wet
adhesive platforms to scal injured organs. Li et al. developed stretchable adhesive
patches based on pre-made dual-network polymers that were able to firmly adhere to
wet organs and dissipate encrgy rendenng the adhesive patch tough and stretchable

20 (33}, Several other efforts have also been devoted to developing adhesive patches
mspired by nature (55-57). However, all of these platforms are pre-made and cannot
completely fill the wound gap with irregular shapes and promote healing. GelMA has
recently been used as a Hguid sealant with tunable adbesion, mechanical stiffness, and

degradation (10,58}, Typicallv, increasing the conceniration of prepolymer solution,

]

5 increases the tensile and adhesion strength. However, high polymer concentrations
lead to increased viscosity and often temperature sensitivity, significantly limiting the

handling and jection of pre-gel solutions m narrow incisions. One of the unmet

43
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challenges of surgical sealants 1s to improve the sealing properties without
compromising the native, desirable properties of pre- and post-crosslinked polvmers.
Accordingly, there is a need for improved materials and methods that can be

used to facilitate tissue engineering.

SUMMARY OF THE INVENTION

The invention disclosed herein provides facile methods and materials that can
be used to enhance the properiies of naturallyv-derived tissue adhesive hvdrogels
without significantly changing their orginal desirable properties, soach  as

16 biodegradation, swelling, and mjectability. The technology involves adding a selected
amount of a crosshinkable polymer {synthetic, semi-synthetic, and/or natural), such as
polvethviene glyveol diacrylate (e.g. PEGDA) to a crosslinkable naturally-derived
biopolymer (such as gelatin methacrylovl, GelMA) pre-gel sclution, followed by
crosslinking the hybrid polymer solution on a tissue using chemical and/or

15 photochemical reactions. The methods and matenials disclosed herein can be used to
modulate the material properties of a variety of medically useful hydrogels, for
example to increase the sealing propertics {e.g., burst pressure and wound closure
strength).  Consequently, the material properties of the hvbnd hydrogels disclosed
herein can be precisely tatlored for use in a mynad of ficlds, imcluding tissue sealants,

20 hemostatic tissue adhesives, regenerative bicadhesives, and localized drug/gence/RNA
delivery platforms. In addition, these hybrid bioadhesives can be used n the
minmmally-invasive delivery of tissue sealants through needles and/or catheters for
treating internal injuries, such as bleeding.

To iHustrate the applicability of the invention disclosed hercin, in the sections

]

5 below we detail procedures to prepare hvbnd hvdrogels that can be photocrossiinked
{e.z. by UV or visible light} so as to form a tissue adhesive gel that can scal the
defects in tissues, preventing the leakage of body fluids. These methods mix a

naturally-derived biopolymer such as GelMA with a small amount of a synthetic
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polymer, such as PEGDA, bearing smmilarly reactive functional groups {e.g., vinyl).
Depending on the desired reaction tvpe {(e.g., photomitiation or chemical initiation),
initiators {e.g., Eosin Y, trethanolamme (TEA}Y, and N-vinylcaprolactam (V) for
visible light crosslinking) are added to the polymer mixture. The polymer mixture can
then be disposed (e.g. pipetted/imjected) on tissue in situ and/or in vivo and then
crosslinked {g.g., by visible light exposure for 4 mun}. In iHustrative embodiments of
the invention, the pre-gel solution forms a solid cast adhering to the tissuc as a result
of the crosslhinking.

Ag discussed in detail below, embodiments of the invention include the hybrid
hvdroge! compositions disclosed herein as well as methods for making and using
them. Briefly, embodiments of the mvention include for example, compositions of
matter comprising a crosslinkable biopolymer, a crosslinkable synthetic or
semisynthetic polymer, polvmeric monomers; and a crossiinking agent. Tvpically in
these compositions, amounts of the crosslinkable biopolymer and amounts of the
crosstinkable svnthetic or semi-synthetic polyvmer are selected so that a hybnd
hvdrogel formed by crosshinking the reagents in this composition produces a hvbrid
biopolymer coupled to from 0.5-8% of the synthetic or semi-~synthetic polymer, and
the hybnid polymer hvdrogel further exhibits sclected matenial properties such as a
tensile modulus of at feast 130-350 kPa, a compression modulus of at least 150-350
kPa; and/or a storage modulus of at least 5-10 kPa. Related embodiments of the
mvention include, for example, methods of adhering a first wet tissue to a second wet
tissue, these methods comprising forming a composition of matier comprising a
crosslinkable biopolymer {c.g. GelMA), a crosslinkable synthetic polymer {e.g.
PEGDA), and a crosslinking agent; and then disposing this composition of at a site
where the composition is in contact with the first wet tissue and the second wet tissue;
and then crosslinking this composition of at the site wherg the composition is in
contact with the first wet tissue and the second wet tissue so that the crosslinked

composition forms a hyvbrid polymer hydroge! consisting of the biopolymer covalently

93}
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coupled to from 0.5-8% of the synthetic polymer; and the crosslinked composition
adheres the first wet tissue to the second wet tissue.

The technology disclosed herein can be used with a wide variety biopolymer
materials in order to increase the sealing propertics of the resultant crosslinked
hydrogels, for example by improving their cohesion. The applications of this
technology span (but are not limited to} the sealing and/or regencration of muscle,
bone, cartilage, eve, lung, cardiac, and other tissues. These hybrid hydrogels can also
perform as hemostatic biomatenals. Hybnd hydrogels (i.e. biopolymers coupled to a
small amount of a crosshinkable synthetic polymer} can also be used as cell-friendly
microenvironments for healing and regeneration apphications. In this context, the
mvention disclosed herein enables biopolymer biomatenals to benefit from a minor
chemical modification that has been discovered to mmpart highly desirable physical
and chemical properties, for example, strength and adhesion.

The methods of hybridizing natural biopolymers with a small amount of a
synthetic polvmer that are disclosed herein are also useful for fabricating micro- and
nano-gngineered tfissue adhesive hydrogels with controlled adhesion, stiffness,
biodegradation, and swelling. These properties are mmportant for example m cell
culture, bioprinting, and tissue regeneration applications. One exemplary application
is creating tissue adhesive bioinks that can be readily extruded through a needle,
catheter, or other sunimally-invasive equipment, reach different tissues, and then be
crosslinked and adhered to the target site for sealing, hemostatic applications,
regeneration, and/or drug/gene/protem/cell delivery. In this way, one can manmufacture
highly adhesive, mechanically robust, vet biodegradable hybrid hydrogels with
desired micro- and/or nano-features for a broad range of applications, including
localized cargo depots. The well-controlled adhesive and cohesive properties of
hybrid hyvdrogels allow them to be used in a wide variety of medical applications such
as using these tissue adhesive biomaterials for hemostatic applications, drug delivery

vehicles, and injectable cell carners.
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Other objects, features and advantages of the present invention will become
apparent to those skilled in the art from the following detailed description. It is to be
understood, however, that the detailed description and specific examples, while
mdicating some cmbodiments of the prescnt invention, are given by way of
illustration and not limitation. Many changes and modifications within the scope of
the present invention may be made without departing from the spirit thereof, and the

mvention includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1{A}1{F) provide data showing the synergistic chemical and
structural behavior of hybrid hydrogels. Figure 1{A): 'THNMR spectra of GelMA
and GelMA-PEGDA before and after photocrosslinking. Upon the visible-light
mediated crosslinking of GelMA and/or GelMA-PEGDA solations, the vinyl proton
peaks (highlighted m grey) shrnk, indicating the reaction of C=C mn GelMA. Figure
1{B): Schematic showing the functional groups of GelMA and PEGDA . Figure 1(C):
Percentage of MA crosshinking in GelMA and GelMA-PEGDA afier 4 mn of
photocrosshinking. The scattering intensity g} versus wave vector ¢ for hybrid
hydrogels containing varving concentrations of Figure 1{(D}) PEGDA and Figure 1{(E)
PEG, from which Figure H{F} § and [ are obtained, which correspond to the
correlation length {average mesh size) and the length scale of density fluctuations
{spatial mhomogeneitics), respectively.

Figures 2{A}-2{I} provide data showing the mechanical, physical, and
rheological properties of bybrid hydregels. Figure 2{A): Schematic and real setup
for evaluating the compression modulus of hydrogels. Figure 2(B): Representative
compression stress/strain curves for hybnd GelMA hydrogels containing 0-53%
PEGDA. Figure 2({}): Compression moduli of hyvbrid hydrogels obtained from a
linear it to the stress-stain curves. Increasing the PEGDA concentration increases the

compression modulus. Figure 2{D): Schematic and real setup for evaluating tensile
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modulus. Figure 2{E): Representative tensile stress/strain curves for hybnd hydrogels
containing 0-3% PEGDA. Figure 2(F): Tensile moduli obtained from a linear fit to
the tensile stress-stain curves. Similar to the compression moduli, increasing the
PEGDA concentration mcreases the tensile moduli of hybrid hyvdrogels. Figure 2(G):
Swelling ratios of hybrid hydrogels tormed by adding varicus concentrations of
PEGDA within 24 b, showing that increasing the PEGDA concentration decreases the
swelling ratio of hybrid hvdrogels. Figure 2{H): Degradation dynamics of bvbnd
hvdrogels m DPBS containing collagenase at 37 °C. Figure 2(I): The cffect of
PEGDA additive on the storage modulus of hybrid hydrogels at oscillatory shear
strain ~ 0.1 % and angular frequency ~ 10 rad/s. Statistically significant differences
were identified when p-values were lower than 0.05 (Fp<0.03), 0.01 (**p<0.01),
0.001 (***p<0.001}, and 0.0001 (F***p<0.0001).

Figures 3{A)}-3{D) provide data showing the wound closure and burst
pressure evaluation of hybrid hydrogels. Figure 3(A): Schematic of wound closure
experiments, showing the artificial wound formation m porcime skin, followed by
scaling 1t with the visible-light-curable hvdrogel. Figure 3(B): Adhesion strength of
hybrid hydrogels containing 20% GelMA and various PEGDA  concentrations
obtained from the wound closure experiments. The adhesion strength ncreased up to
a PEGDA concentration ~ 2-3%, followed by a decrease when the PEGDA
concentration increased beyond 3%. Figure M) Schematic of burst pressure
experiments, showing the perforation of a wet collagen sheet, followed by sealing it
with the hybnd hydrogel. Figure 3(B): The burst pressure of hybnd hvdrogels
containing 20% GelMA and various PEGDA concentrations. All the hydrogels were
crosslinked via vistble light exposure for 4 nun. Statistically significant differences
were identified when p-values were lower than 0.05 (Fp<0.05), 0.01 (**p<0.01),
0.001 (***p<0.001}, and 0.0001 (F***p<0.0001).

Figures 4{A}-4E provide data showing £x vive sealing capability of hybrid
hydrogels. Figures 4(A): A porcine bladder is perforated, and the scalant 1s applied

¢2s]
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to the wound, followed by munimally ivasive wistble hight wmediated
photocrosshinking (1-vi}. Figures 4(B): The bladder is connected to a flow system, and
the butldup pressure by adding PBS was measured in real time. Figures 4(C); The
pressure at which the sealant fails, i.¢., burst pressure, versus PEGDA concentration.
A maximum resistance against PBS leakage is observed at 2% PEGDA, which is in
accordance with the optimuwm PEGDA concentration fo achieve best scaling
propertics, obtained from wound closure and mechanical tests. Figures 4(8). The
anastomosis capability of hybrid hvdrogels was assessed by bringing two pieces of
completelv-torn ureter tissues together and applying the sealant, followed by hight-
activated crosslinking and measuring the adhesion strength using a mechanical tester
(i-tv}. Figures 4(E). The adhesion strength of hybrid hydrogels anastomosing ureter
versus the concentration of additive (PEGDA)Y. The madamum adhesion strength is
obtained at 2% PEGDA, which 15 in accordance with the standard adhesion tests
{Figure 3). Statistically signiticant differences were identified when p-values were
fower than 0.05 {(*p<0.05), 0.01 (**p<0.01), 0.001 (***p<0.001), and 0.0001
(FFFFp<0.0001).

Figures S5{A}-5(C) provide data showing the mechanical and adhesion
properties of hybrid GelMA-PEG (Mp = 400} hydrogels. Figure 3(A)
Compression modulus, Figure 5(B) tensile modulus, and Figure 5(C) adhesion
strength of hybnd hydrogels containing a varving PEG concentration. Increasing the
PEG content to 2% does not significantly affect the mechanical and adhbesion
propertics, showing that the presence of crosslinkable moieties, such as DA, is
essential in developing superior hvbrid GelMA sealants.

Figures 6{A}-6{C} provide data showing the properties of hybrid GeiMA-
PEG. Figure 6{A): Swelling ratio of GelMA hvdrogels including varying PEGDA
concentrations after 24 h incubation in PBS at 37°C. Figure 6(B): Hydrogel mass

rematned after 30 days of collagenase (0.5 U/mb}-mediated degradation at 37°C.
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Figure 6(C): Images of hyvbrid hydrogels undergomg collagenase (0.5 U/mb)-
mediated degradation at 37°C.

Figures 7(a)-7(I}} provide data showing the rheological properties of
hybrid sealants. Figure 7(A) storage and Figure 7(B) show loss moduli versus
oscillatory shear strain. The strain sweep established the LVR, showing that up to at
least 1% strain, the hydrogels behave lincardy at an angular frequency ~ 10 rad/s.
Figure 7(C) show storage and Figure 7(B) loss moduli versus angular frequency.
The storage modulus of hydrogels remains almost unchanged in a wide range of
angular frequency (0.1-100 rad/s), a typical solid-like behavior. Increasing the
PEGDA concentration increases the storage modulus, which i3 1n accordance with the
synergistic effect of PEGDA m forming a stronger network with GelMA compared to
the PEGDA-free system.

Figure 8 provides data showiag the buildup pressure versus time obtained
from the burst pressure experiments conducted with hybrid hydrogels
containing varying concentrations of PEGDA. The maximum (burst) pressure was
obtained when the PEGDA concentration was 2%.

Figure 9 shows a schematic summarizing aspects of the invention. The left
panel shows a graph of hvbnd polymer scaling performance versus PEGDA
concentration. The apper middie and upper right panels show cartoon schematics of
the reaction components {top middle panel} and sites for use (top right panel). The
lower three panels on the right show photographs of illustrative useful applications in

tissues.

DETAILED DESCRIPTION OF THE INVENTION

In the description of emboduments, reference may be made to the
accompanying figures which form a part hereof, and in which is shown by way of
ilfastration a specific embodiment in which the invention may be practiced. Htisto be

understood that other embodiments may be utilized, and structural changes may be

10
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made without departing from the scope of the present wvention. Many of the
technigues and procedures described or referenced herein are well understood and
commonly employed by those skilled in the art. Unless ctherwise defined, all terms
of art, notations and other sciendific terms or terminology used herein are ntended to
have the meanings commonly understood by those of skill in the art to which this
mvention pertains. In some cases, terms with commonly understood meanings arc
defined herein for clarity and/or for ready reference, and the inclusion of such
definitions herein should not necessanly be construed to represent a substantial
difference over what is gencrally understood in the art.

Maturally-derived biopolymers with tissue adhesion properties are an
emerging class of tissue sealants, which have gained tremendous importance due to
thetr biocompatibility, biodegradability, bicadhesion, and cost-effectiveness. Despite
their advantages, they typically lack mechanical robustness, rendering them weak
fissue sealants.

As discussed below, we have developed a class of injectable or spravable
adhesives, crosshinkable composite hvdrogels with improved sealing properties o
promote tissuc adhesion in cases such as imternal and external injunes, surgical
mterventions, and defects {cosmetic, regenerative, and anatomical). The mmproved
hydrogels disclosed herein can be employed m circulatory, respiratory, digestive,
ex¢retory, nervous, endocring, immune, mtegumentary, skeletal, and muscular
systems for surgical, pelvic, ncurological, abdominal, thoracic, vascular and
cardiovascular, ophthalmic, orthopedic, demmal, and cosmetic applications. Gther
apphications cncompass wound closure in open or muimmally-invasive medical
procedures such as the surgery of access lines (central or peripheral), catheter and
drain wounds, and direct replacement for suture or staples. This composite hydrogel
formulation may be used to promote tissue adhesion, tissue regeneration, and blood

coagulation and fibrous formations in tissues and organs. Further applications

I
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encompass filhng various defects, tissues, and/or organs, e.g., in case of comeal or
stromal thinning.

The invention disclosed hercin has a number of embodiments. Oune
embaodiment of the mmvention 1s a method of making a hybrid hvdroge! by combining
together a crosshinkable biopolymer, a crosslinkable synthetic polvmer and a
crosshinking agent {o.g. an agent that facilitates a photochemical reaction); and then
crosslinking the biopolymer to the synthetic polymer, so that the hybrid bydrogel is
formed. Biopolvmers useful in aspects of the mvention include FDA approved
biopolvmers known in the art {e.g. gelating). Similarly, synthetic polymers useful in
aspects of the invention include FDA approved synthetic polymers known i the art
¢.g. polvethvlene glveols).

In certain embodiments of the mvention, the biopolymer comprises at lfeast
one of a gelatin, an albumin, an algioate, a chitosan, a pectin, a celhulose, any other
polysaccharide, a fibrin, a collagen, or the like, and this biopolymer has a first moiety
that 1s crosshinkable to a second moiety on another biopolymer, or on the synthetic or
semi-synthetic polymer.  In certain embodiments of the invention, the synthetic
polvmer comprises a polyethyvlene glyeol, a polvpropviene glveol, a cvanoacrylate, a
poly{N-isopropviacryvlamide) or the like having chemical groups that allow them to be
coupled to the biopolymers {e.g. vinyl moieties). The hybnd hvdrogel 1s typically
designed to include sciected amounts of synthetic polymer, amounts which
significantly mmprove its cohesive properties without compromising other properties,
such as biodegradation. As disclosed herein, there exists a non-trivial, never-reported
optimum concentration of polymer additive (e.g., PEGDA) beyond which the sealing
capability of hyvbrid hvdrogels drops. In this context, in some embodiments of the
mvention, amounts of synthetic polvmer are selected so that the hybnd polyvmer
comprises about 0.5-8% of the hybnd hydrogel {¢.g. about 1%-4%, about 29-3%,

about 2% and the like). In addition, embodiments of the mvention can further
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comprise combining a bicactive agent such as a drug, a polypeptide, a polynucleotide
or a cell with the crosslinkable biopolymer and the crosslinkable synthetic polymer.
Typically, in embodiments of the invention, the hvbrid hvdrogel is crosslinked

in sitit ot in vivo such that the hybrid hyvdrogel forms a solid cast that adheres to wet

L

tissues contacting the hyvbrid hydrogel. Optionally, amounts of synthetic polyvmer are
selected to modulate a material property of the biopolymer, for example so that the
hvbrid polymer exhibits an adhesion strength to tissues that is at lcast two fold greater
than adhesion to tissues observed with the biopolymer not crosslinked to the synthetic
polymer. In certain embodiments of the imvention, amounts of synthetic polymer are
16 selected so that the hybnd polymer exhibits a compression modulus that is at least 2
fold greater than the compression modulus of the biopolvmer not crosslinked to the
svnthetic polymer.
Embodiments of the invention include compositions of matter comprising a
crosslinkable biopolvmer, a crosshinkable syothetic or semisvmthetic polvmer,
15 polvmeric monomers {¢.g. a methacrvlic anhydride and/or a vinyl caprolactam), and a
crosslinking agent. Typically in such compositions, amounts of the crosslinkable
biopolymer, the crosslinkable synthetic polvmer, the polvmeric monomers and the
crosshinking agent m the composition are such that so that, upon crossiimking, a
hybrid hydrogel polymer is formed that comprises the biopolymer covalently
20 crosslinked to 0.5-8% of the synthetic polymer. Typically in such compositions,
following crosslinking, a hybrid polvmer hvdrogel is formed that cxhibits a
compression modulus that is at least 2-fold greater than the compression modulus
exhibited by a hvdrogel formed from the biopolvimer not crosslinked to the synthetic

polymer. o cortain embodiments of the invention, upon crosshinking the composttion

b2
N

forms a sohd cast adhered to in vivo wet tissues contacting the hybnd hydrogel.
(Other embodiments of the invention mehude compositions of matter including
a hybrid hydroge! comprising a biopclymer coupled to a syathetic polymer. In typical

embodiments of the invention, the synthetic polyvmer comprises 0.5-8% of the hybnd
3 poty i ¥
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hvdrogel {e.g. about 196-4%, about 2%-3%, about 2% and the like}. The biopolvmers
can comprise polysaccharides and polvpeptides and denvatives thereof having
chemical groups that allow them to be coupled to synthetic polymers. o some
embodiments of the invention, the biopolymer comprises at least one of an albumin,
an algmate, a chitosan, a pectin, a celiulose, a fibrin, a collagen and a gelatin, said
biopolymer having a first moiety/group that is couplable to a second moiety/eroup on
the synthetic polymer. In some embodiments of the mvention, the synthetic polymer
comprises at least one of a polyethviene glveol, a polypropviene glveol or a
cvanoacrvlate having chemical groups that allow them to be coupled o biopolymers.
In some embodiments of the invention, the hybrid hydrogel composition is in the form
of a solid cast that is adbered to in vivo wet tissues contacting the hyvbrid hydrogel.
Typically, amounts of synthetic polymer in the hybrid hydrogel are controlled so that
hybrid polvmer exhibits an adhesion strength to in vive wet tissues that is at least two
fold greater than adhesion strength fo im vivo wet tissues observed with the
biopolymer not crosshinked to the synthetic polvmer. In certain embodiments of the
mvention, the hyvbrid polymer exhibits a compression modulus that is at least 2-fold
greater than the compression modulus exhibited by the biopolvmer not crosshinked to
the synthetic polymer.

Embodiments of the invention also include methods of using the compositions
disclosed herein. In one illustration of this, these methods comprise adbering a
composition disclosed herein to a wet tissue (e.g. a lesion or site of trauma in viva),
Such methods inciude disposing a combination of materials disclosed herein {e.g. a
crosslinkable biopolvmer, a crosslinkable synthetic polymer, a crosslinking agent, a
bioactive agent and the like) on the wet tissue and then crosslinking the materials in
the combination so that the composition forms a solid cast that is adhered to in vivo
wet tissues contacting the hvbrid hydrogel.

Embodiments of the invention include, for example, methods of adhering a

first tissuc interface to a second tissuc interface. In typical embodiments of the
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mvention, at least one of these tissue interfaces is a wet tissue interface (e.g. a wet
dynamic tissue surface present on surfaces of anatomical features found, for example,
in vasculature, heart, Hiver, lung and the like}. These methods comprise forming a
composition of matter comprnsing a crosshinkable biopolymer, a crosslinkable
synthetic polymer, and a crosshinking agent (and optionally other ingredicnts such as
pharmaceutical excipients, polymeric monomers, or bioactive agents), disposing this
composition at a site where the composition 1s in contact with the first tissuc mterface
and the second tissue mierface; and then crosshinking this composition of at the site
where the composition is tn contact with the first tissue interface and the second tissue
interface such that the crosslinked composition forms a hybrid polymer hydrogel
comprising the biopolymer covalently coupled to from 0.5-8% of the synthetic
polymer; and the crosslinked composition of adheres the first tissuc mterface to the
second tissue interface. In tHustrative embodiments of the invention, the biopolymer
comprses gelatin methacrylate (GelMA) in amounts from 10% (w/v) to 30% (w/iv);
and the crosstinkable synthetic polvmer comprises a polv{ethylene giveol) diacrviate
(PEGDA}Y.  In certamm embodiments of the invention, the composition further
comprises a bioactive agent. Typically m these methods, the reagents and reaction
conditions are selected so that the hybrid polymer hydrogel extubits selected material
properties such as an adhesion strength between the first tissue interface and the
second tissue interface of at least 50 kPa, at least 75 kPa or at least 100 kPa. In
certain embodiments of the invention, the hvbrid polymer hvdrogel exhibits a tensile
modulus of at least 150 kPa, at least 200 kPa, at least 250 kPa, at least 300kPA or at
least 350 kPa; and/or a compression modulus of at least 150 kPa, at least 200 kPa, at
least 250 kPa, at least 300kP A or at feast 350 kPa; and/or a storage modulus of at least
5kPaoraticast 10 kPa.

Embodiments of the invention include hydrogels designed to include
pharmaceutically acceptable excitpients. "Pharmaceutically acceptable” means that

which 1s uscful in preparing a pharmmaceutical composition that is generally safe, non-
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toxic, and netther biologically nor otherwise undesirable and mcludes that which is
acceptable for vetermary as well as human pharmaceutical use. For example,
“pharmaceutically acceptable salts” of a compound means salts that are
pharmaceutically acceptable, as defined hercin, and that posscss the desired
pharmacological activity of the parent compound. The hydrogel compositions of the
mvention may contain preservatives and/or antimicrobial agents as well as
pharmaceutically  acceptable awiliary substances as required to  approximate
physiclogical conditions, such as pH adjusting and buffening agents, tonicity adjusting
agents, wetting agents, detergents and the like.  For compositions suitable for
administration to humans, the torm "excipient” is meant to include, but is not limited
to, those ingredicnts described 1 Remington: The Science and Practice of Phammacy,
Lippincott Wilhams & Wilkans, 2 st ed. (2006} (hereinafier Remington's).

Using the methods and matenals disclosed herem, artisans can optimize the
tissue scaling propertics of naturally-derived biopolvmers without significantly
altering their other properties, such as biodegradation and swelling. Instead of further
chemical modification of crosslinkable naturallv-derived biopolvmers, we added a
small amount of a synthetic, biocompatible {(and in many cases FDA-approved)
polvmers, such as PEGDA, to enhance the cohesion of hybrid hvdrogels. We obtained
the optimum concentration of the additive polvmer (PEGDA) in which the tissue
sealing capabibity of the gel was maximized. This optimum concentration of PEGDA
is typically 2-3%, which may vary for other polymers than GelMA. Further increase
m the additive concentration decreases the sealing properties of the bioadhesive gels.
Hybrid hydrogels with improved sealing properties find applications in a broad
spectrum of industrics, including but not hmited to pharmaceutical companies,
hygienc and personal care industrics, pamt ndusiry, biomedical companies
{regenerative hyvdrogels, drug delivery systems, peptide and protein stabilization,
mmunomodulating  implants, etc.), and hydrogel probes (imaging, sensing,

diagnostics}. As an examople, sealing highlv-stretchable tissues is not trivial. Our
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enginecred hybrid hydrogels are able to well seal these tissues and provide am
adhesive barrier against fluid leakage. The performance of the sealants produced
using our technology is several times better than the commercially available sealants.
The disclosure below provides evidence that this technology will provide artisans

5 with a newly-emerged family of highly adhesive biodegradable hvdrogels for
advanced biomedical applications worldwide.

The hybnd hydrogels disclosed herein provide a number of advantages over
conventional matenals and methods. For example, the hybnd hyvdrogels disclose
herein provide a noticeably higher {up to more than one order of magnitude} adhesion

16 strength than single-component hvdrogels. In addition, the bybnd hydrogels
disclosed heremn can be enginecred to promote cell adhesion/mmfiltration or prevent
cell adhesion; can be engmecred to provide desirable in vive degradation; can be
engincered to promote tissue regencration; can provide blood clotting action; can be
used to substitute suture in the anastomosis procedure without further adhesion to the

15 supporting medical devices, such as stents; can be applied to the lesion on demand
and be crosslinked within any desirable time scale upon visible light exposure; can be
castly removed from the tissue in case of an unwanted application (non-adhesive pre-
gel solution); and can be casily njected and crossiinked 1in mimmally-invasive
medical procedures.

20 Embodiments of the technology disclosed hercin provide tissue adhesive
hvdrogels useful for a broad range of applications, such as localized cargo/cell

delivery. Embodiments of the technology disclosed herein also enable the fine tuning
of secaling propertics of hydrogels without significantly changing their biodegradation,

swelling, and other physical propertics pertinent to successful chinical transiation.

]

5 Embodiments of the technology disclosed herein can also enhance the fissue scaling
52 5

properties of naturally-derived hydrogels bevond the commercially available sealants
using a facile hybridization. Embodiments of the technology disclosed herein can

also preserve the suitable propertics of naturally-derived hydrogels {(cg..

s
=
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biodegradation} while improving the scaling properties. Further aspects and elements
of the mvention arg described in the following sections.
EXAMPLES
EXAMPLE 1; ASPECTS AND ELEMENTS OF THE INVENTION

As shown below, we have developed a facile method to promote the sealing
propertics of photocrosshinkable hydrogel-based sealants while preserving their
original propertics. Benefiting from identicallv-crosslinkable chemical moicties, m an
ilustrative working embodiment of the invention, we combine GelMA, one of the
most promising sealant hydrogels, with a small amount of a synthetic polvmer,
polv(ethylene glvcol} diacryviate (PEGDA), a widely-used biocompatible polvmer. We
show how the addition of PEGDA has significant effects on the scaling properties of

GelMA by studying the cohesive and adhesive properties of composite hydrogels.

1. Brief Summary of Hlustrative Embodiments of the Invention

Despite the  advanmtages of  naturally-derived  scalants, including
biocompatibility and biodegradability, their relatively weak sealing capabilities,
particularly for highly-stretchable organs, has impaired their wide-spread use. Here,
we show that the sealing properties of a model biopolymer sealant, gelatin
methacryvloyl (GelMA}, can be precisely controlied by adding a small amount of a
synthetic polymer with identically reactive moieties, 1.e., poly (ethylene glycol)
diacrviate (PEGDA). We report on more than 300% improvement in the tissue sealing
capability of 20% (w/v) GelMA adhesive by adding only 2-3% (v/v) PEGDA without
any significant effect on the scalant degradation time scale. We show these hvbiid
hvdrogels with improved sealing properties are suitable for sealing stretchable organs,
such as bladder, as well as for the anastomosis of tubular tissues, ¢.g., ureter.

Bio- and nanomaterial-assisted suturcless sealing of tissues post-surgery
provides immense advantages over conventional methods. Such materials reduce

operation time and tissue damages, mminize postoperation complications, suppress

18
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mflammatory response and scar formation, and improve healing and regeneration.
Despite the progress so far on common hvdrogel-based adhesive moicties, challenges
associated with their toxicity {¢.g., aldehyde-modified matenals) and low mechanical
properties have limited their clinical applications. Here, we aim 1o develop a facile
method to enhance the scaling properties of photocrosshinkable hydrogel-based
sealants while preserving their original properties, such as biodegradation.

GelMA was synthesized according to conventional methods. Hybrid hydrogels
were prepared by visible-light mediated crosshinking of GelMA-PEGDA solutions,
and their physical, adhesive, and chemical propertics were thoroughly analvzed.

A suitable bladder sealant must resist pressure >> 2 kPa. In the absence of
PEGDA, the hybnd scalant could withstand ~ 2 kPa, and with 2% PEGDA, the
resistance against liquid pressure increased more than 300%, a very suitable property
for scaling elastic, highly stretchable tissues and organs {(Figure 4A-4({) In
accordance with the wound closure and standard burst pressure tests (not shown here),
mereasing the PEGDA concentration beyond 3% decreased the sealing capability of
the hybrid hydrogels. Note that PHGDA hvdrogels (20%) were not able to seal the
organs. The adhcsion strength of hybrid anastomotic hydrogels increased from ~ 40
kPa to ~ 100 kPa by increasing the PEGDA content from 0 to 2% (Figure 4D-4E).
While PEGDA mcreased the cohesion of hybrid hydrogels, 1t decreases the tissue
adhesion. PEGDA may partially consume the MA groups of GelMA, inhibiting their
reaction with the tissue. Accordingly, we have unexpeciedly discovered that there
exists an optimum PEGDA concentration range at which the sealing capability of
hvbrid hydrogels is maximized, and further identified this PEGDA concentration
range.

The nountrivial synergistic contribution of a photocrosslinkable synthetic
polymer {(PEGDA) to the sealing propertics of GelMA renders it suitable for advanced
scaling applications, particularly for highly stretchable tissues and organs, such as

bladder and tubular architecturcs. Our facile approach for enhancing the scaling

19
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properties of naturallv-denived hydrogels may set the stage for the next generation

translational hybrid tissue sealants based on low-cost biopolvmers.

2. Materials and methods

2.1. Materials

Type-A gelatin from porcine skin {(~300 bloom), methacrvlic anhvdride {(MA, 94%;.
tmethanolamine (TEA, MW=149.19) vinyl caprolactam {(VC, MW=139.19), Eosin Y
(Mw=647.89), poly {(cthylenc glvcol) diacrvlate (PEGDA, Mn=230), and poly
(ethylene glycol) (PEG, Mn=400) were provided by Sigma-Aldnich (MO, USA).
Dialysis membrane with 12-14 kDa molecular weight cutoff (MWCO) was purchased
from Spectrum Lab fnc (CA, USA). Milli-Q water, with an electrical resistivity of ~
182 ML cm at 25 °C, was from Millipore Corporation. Polydimethylsiloxane
{PDMS) base and the curing agent (SYLGARD™ 184 Elastomer Kit, Dow Corning,
MI, USA} were used to construct the compression and tensile testing molds.
Microscope glass slides (25 mm x 75 mm x 1 mm}, collagenase type Il and Parafilm
M™ laboratory wrapping film were bought from Fisher Scientific (PA, USA). Biopsy
punch was from Integra Miltex (NJ, USA). Cyanoacrylate-based adhesive was Krazy
glue (Elmer's Products, NC, USA). Collagen sheet {(Collagen Sausage Casing) was
procured from Weston (NC, USA), and the Dhidbecco's phosphate-buffered saline
{DPBS, 1X) was purchased from Gibeco (NY, USA}.

2.2, Methods

2.2.1. Synthesis of GelMA biopolymer

GelMA was synthesized according to our previcusly published articles (59,60).
Briefly, porcine gelatin (10% w/v) was dissolved in DPBS at 50 °C for ~1 h
Methacryvlic anhydride (MA, 8% v/v} was then added dropwise to the solution and
stirred 10 dark at 50 °C for 2 h. The reaction was stopped by adding an equal volume

of DPBS, followed by dialysis against deionized water using 12-14 ka cutoff
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dralysis wbing at 40 °C for 7 davs. The final nuxture was filtered (0.22 pm, VWR
International, PA, USA), deep frozen at -80 °C for 24 h, Iyophilized at 0.001 mbar
using a freeze-drier {Free zone, 4.5 L bench top freeze drier, Labconco, MO, USA),
and stored at room temperature unttl use. The GelMA had a high degree of
methacrvloyl substitution of ~80% as confirmed by proton nuclear magnetic

resonance {{HNMR).

2.2.2. Preparation and crosslinking of hybrid sealants
Freeze-dried GelMA was added to DPBS, containing 1.5 % (w/v) TEA {co-initiator),
% {w/vy VC {co-monomer), and 0.1 mM cosin Y {type 2 nitiator), vielding a 20%
(w/v) GelMA solution. The mixture was covering with aluminum foil and maintained
at 80 °C for less than 30 mun until the GelMA was completely dissolved. PEGDA (Mn
= 250) or PEG (Mn=400} was added to the mixtures at concentrations ranging from 0
to 7% (v/v). pulse-vortexed, and maintained at 37 °C for 30 min before crosslinking,
To form hydrogels, the mixtures were exposed to visible light (wavelength of 450-350
nm) at an intensity of ~ 100 mW/em® for 4 min using a LS1000 Focal Seal Xenon

Light Source (Genzyme Corporation, MA, USA).

2.2.3. Hydrogel sample preparation for physical and rheological characterizations

To prepare the hydrogel samples for physical characterizations, 2530 pl of the pre-gel
mixtures were transferred to cylindrical PDMS molds {diameter ~ 1 om, height ~ 3
mm) and crosslinked using visible light at an intensity of -~ 100 mW/em® for 4 min.
The crosslinked samples were characterized for swelling ratio and degradation rate.
The results were reported as the average of minimum 4 replicates. For the rheological
characterization, hydrogels discs (diameter ~ & mm and height ~ 3 mm) were

similarly prepared.

2.2.4. Proton nuclear magnetic resonance ({HNMR) spectroscopy

21
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For 'THNMR spectroscopy, pre-gel solution and hydrogel samples were dissolved in
dimethyl sulfoxide-d6 (BMS(-d6) and analyzed using Bruker ARX400 NMR. The
crosslinked samples were partially solubilized in BMSO. The 'HNMR chemical shifis
were registered in parts per nullion {8} with respect to an internal standard, ic.,
tetramethylisilane.

2.2.5 Small angle X-ray scattering (SAXS) measurements

SAXS measurements were performed with beamling 12-ID-B (the Advanced Photon
Source, Argonne National Laboratory) at 13 keV Xerays and a 4 m sample-detector
distance {g-range = 0.002-0.5 A}, The samples were loaded into 1 mm holes in
aluminum plates and sandwiched between adhesive Kapton films (BuPont, USA).
The samples were exposed to the beam at 25 °C for 0.1 5. The conversion of two-
dimensional data to one-dimensional /{g) profiles was performed using the SAXSlee

package. All further data analvsis was conducted in Igor Pro.

2.2.6. Evaluation of swelling ratio

To determine the water absorption capacity of sealants, the hybnd hydrogels were
lyophilized after crosslinking and their dry weight was recorded. Dry samples (n > 3)
were then placed in DPBS (pH=7 4} and meubated at 37 °Cfor 0.5, 1,2, 4, & 12, and
24 h. At each time point, the samples were removed from DPBS, excess liquid was
gently blotted with a tissuc paper, and the wet weight was measured. The swelling
ratio was calculated based on the following equation:

Swelling ratic (%) = 100 x {mw, - mo} / mio

where, me and m. ¢ are the initial dry weight of hvdrogel and its weight at a given time

point, respectively.

2.2.7. Invitro degradation analysis
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Freshly-crosshinked hydrogels were frecze-dried and weighed. Drv samples were
placed in 4 mL of DPBS containing collagenase type I (0.5 UinL) and incubated at
37 °C for varying periods (1,3, 6, and 12 h, as wellas 1, 2, 7, 14, 21, 30, and 60 days).
The collagenase solution was replaced every 3 days to refresh the enzyme activity. At
cach time pownt, the collagenase solution was removed, samples were washed
thoroughly with deionized water, lvophilized, and weighed. The shape of samples was
also monitored at cach time point. The degradation rate of at least three samples was
determined using the following equation:
Degradation rate (96) = 100 x {mo — ma}/ma:
where, mo and migs are the nitial dry weight of hydroge! and its dry weight at a given

time point, respectively.

2.2.8. Rheological characterization

Freshly-prepared hvdrogels were soaked in DPBS for 24 h at room temperature to
reach equilibrium swelling. The swollen hyvdrogels were cut using an 8 nun biopsy
punch. A modular compact rheometer (MUCR 302, Anton Paar, Graz, Austria)
equipped with a parallel stainless-steel sandblasted plate (PPO8/S, diameter ~ 8 mm)
was used to analvze the rheological properties of hydrogels. Uscillatory strains were
mposed on the samples, and the storage modulus (&) and the loss modulus (G')
were measured at varicus angular frequeney and oscillatory shear strain values, All
measurements were conducted at room temperature with a solvent trap installed on
the rheometer to ensure minimal evaporation of the solvent. The linear viscoclastic
region {LYR, i.¢., the region that & does not significantly decrease by increasing the
oscillatory strain} was determined by conducting the oscillatory strain sweeps over the
strain range of 0.01-100% at an angular frequency of 10 rad/s. Afier defiming the LVR
for the hvdrogels, the angular frequency dependence of viscoelastic modult was

recorded over a range of 8.1 to 100 rad/s at an osciliatory strain of 0.1%. DPBS was
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added onto the samples to maintain them hydrated inside the enclosed chamber during

the measurements.

2.2.9. Mechanical propertics

The umaxial compression and tensile tests were carned out using an Instron
mechanical tester (Instron 5542, Norwood, MA, USA). For compression tests, 250 ub
of the scalant pre-gel solutions were pipeticd into a cylindrical PDMS mold (diameter
~ 1 cm, height ~ 5 mm) and crosslinked with visible light for 4 min. The crosslinked
hvdrogels were then mcaobated in DPBS at room temperatire overnight and their
dimensions were measured using a digital cabiper prior to the compression tests.
Compression tests were performed at a stram rate ~ 1 mm/min up o a strain jevel ~
30%. Compression moduli were caleulated from the slope of lincar stress-strain
curves up to a stratn ~ 15%. For the tensile tests, 100 ul. of the sealant pre-gel
solution was transferred to a cuboid PDMS mold (5 mm x 10 mm x 1 nmum),
crosslinked, mcubated 1 DPBS at room temperature for a day, tollowed by size
measurement prior to testing. The tensile test was conducted at a strain rate ~ 10
movmin, and samples were stretched up to fatlure. Tensile modulus was calculated
from the slope of linear stress-strain curve up to strain ~ 15%. All data were reported

as the mean + standard deviation of at least 5 measurements per condition.

2.2.10. Assessment of scaling propertics

In vitro burst pressure test

The burst pressures of the hybrid hydrogels were determined using the ASTM
{Amernican Society for Testing and Materials) F2392-04 standard protocol (61) with a
slight modification. Briefly, collagen sheets were cut into round picces (diameter ~ 30
mm} and soaked in DPBS for 1 h at room temperatare. A circular defect (diameter ~ 1
mm) was created in the center of collagen sheets using a 1 mny biopsy punch. The wet

collagen sheet was then placed on a picce of Parafifm, and 20 pL of a desired sealant
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pre-gel mixture was pipetted onto the defect and photocrosslinked by visible light for
4 min, The sealed collagen sheet was then placed into a custom-built burst pressure
device, and a syringe pump was used to apply pressure by pumping air at a constant
rate ~ 30 mi/min. The burst pressure device was connected {0 a prossure sensor
{Pasco Scientific, CA, USA) and the pressure was constantly recorded versus fime
using the SPARKvue software (version 3.2.1.3, Pasco Scientific, CA, USA). The
maximum pressure at the point of rupture was recorded as the burst pressure. A
mimimum of 3 samples were tested for each condition, and the data were reported as

the mean + standard deviation.

Wound closure test

The adhesion strength of hybrid hvdrogels was evaluated following the ASTM
2458-05 standard protocol {62) with some wmodifications. Porcine skin was
purchased from a local slanghterhouse, cut 1nto rectangular picces (10 mm x 40 mm),
and soaked in DPBS for 1 h prior to the experiment. The tissue was then removed
from DPBS, blotted using a tissue paper, and glued at cach end on a glass shide (25
mot x 75 mm) using cthyl 2-cyanoacrviate glue (Krazy glue). About 20 mm of skin
remained non-giued between the two shides. The skin stripe was then cut apart from
the middle of non-glued section using a razor blade to mimic a wound model. The
desired sealant pre-gel mixture (50 ul) was pipetted on the incision arga (} mum = 10
mm), followed by visible light-mediated crosslinking for 4 min. Finally, the two glass
slides were gripped with the Instron mechanical tester and stretched at a constant
strain rate ~ 10 mm/min. The stress at the pomt of tearing was registered as the
adhesion strength of scalants. A mudowum of 6 replicates were tested for cach

hydrogel sample, and the data were veported as the mean + standard deviation.

£x vivo burst pressure and anastomosis
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The burst pressure of hyvbrid hydrogels was evaluated using an ex vive porcine bladder.
Freshly dissected bladders were purchased from a local slaughterhouse or obtained
from otherwise discarded animals provided by UCLA animal facility and used for the
experiments within 24 h of resection to mininize necrosis-induced heterogencity in
the tissue. Duning the experiments, bladders were mamtained moist using a wet gauze
frequently soaked in DPBS. Prior to the burst pressure iests, the bladder was
examined for detects by connecting it to a penstaltic pump (BT100-1}, Longer Pump,
NI, USA) and pumping water at a constant rate ~ 20 mL/min for 10 min to ensurc
there was no leakage. Thereafter, each bladder was emptied, dnied with a tissue paper,
and a circular incision {diameter ~ 8 mm) was created on its surface by a razor blade.
A desived pre-gel muxture (500 pb) was pipetted onto the mcision and
photocrosshinked by exposure to visible light for 4 min. Next, water was constantly
pumped into the bladder using the peristaltic pump {rate ~ 20 mL/min}, and pressure
was monitored using the wircless pressure scnsor connected to the SPARKvue
software. The pressure at the point of water jeakage due to hyvdrogel rupture was
recorded as the burst pressure. A mimimum of 5 replicates were tested for cach
hydrogel, and the data were reported as the mean + standard deviation. For the
anastomosis tests, porcing ureter was cut into two pieces of 4 cm long with an inner
diameter of 2.5 mm. The pieces where placed together and a plastic tube (2 mm 1nner
diameter) was inserted through the two picces to mimic a supporting substraie during
surgery. Fhe hybrid hydrogel (30 ul) was pipetted onto the connecting arca and
subsequently crosshinked for 4 min using visible light. Afierward, the procedure was
repeated for the opposite side of the wureter. Subsequently, the tube was removed
successtully without any problem, i.¢., the sealant did not adhere to it. The adhesion

strength was measured using the same protocol as the wound closure experiments,

2.2.11. Statistical analysis
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The one-way analysis of vanance (ANOVA) was conducted followed by Tukey’s
muoltiple comparisons. Statistically sigmficant differences were noted with p-values
fower than 0.05 (*p<0.05), 001 (**p<0.01), 0.001 (***p<0.001), and 0.0001
(F*F**p<(.0001).

Results and discussion

We evaluated the chemical, mechanical, and adhesive properties of the bybnd
hvdrogel secalants. The chemical structure of GelMA-based adhesives crosslinked
under visible light was studied by conducting "HNMR spectroscopy on the pre-gel
solutions as well ag the crosslinked hydrogels partially dissolved in deuterated DMSO
{Figure 1A). The chemical structures of GelMA and PEGDA are shown in Figure 1B,
In the pre-crosshinked form of hybrid scalants, GelMA had two significant peaks
between 5.25-5.75 ppm, representing the vinyl protons of MA groups. As the
photocrosslinking reaction proceeded, the intensity of these two peaks normalized
with the unchanged aromatic amino acid peak decreased, attesting 1o the MA covalent
binding. After 4 min of visible light exposure, approximately 70-86 9% of the MA
groups in the hvdrogels were reacted, showing a high but not complete conversion of
the reactive groups of GelMA (Figure 1C).

To investigate the cffect of PEGDA on the multiscale featores of hybnd
hyvdrogels, small angle X-ray scattering (SAXS) spectroscopy was conducted. Figures
1D and 1E present the scattering intensity f{g) versus wave vector g for hvbrd
hvdrogels containing varving concentrations of PEGDA and PEG, respectively.
SAXS measuroments provide structural information at  length  scales (L)
corresponding to the molecular architecture of polvmer networks, with scattering
mtensities at larger g values corresponding to network structure at smalier length
scales and vice-versa; . ~ 1/g. The scattering intensities from GelMA gels resembled

scattering from polymer networks, with contributions both from the fliguid-like

2
~3
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concentration fluctuations with a characteristic thermal comelation length & that
typically ts observed i polvmer solutions and networks and sfafic density fhuctuations
arising from spatial inhomogeneities, with an inhomogeneity correlation length {, that

1s observed only in polvmer networks (63-66). The overall scattering from polymer
networks can thus be descnbed as a summation of the two contributions as follows:

&)

in the absence of the reactive additive (PEGDA), GelMA s partially crosslinked
(~86% of MA rcacted based on the NMR spectra), forming a network of both
aggregated {triple helical structure} and crosshinked (mediated by MA reaction}

polymers (67} The density tluctuations with the corrclation length { deduced from

the SAXS intensity patterns were atirtbuted to these aggregates. The scattering for the
GelMA hyvdrogels with no additive was fit well with the model described above in Eq.
(1) except for the low ¢ region, wherein the weak power law scattering was ascribed
to the large scale inhomogeneities in the hvdrogels. With increasing the amount of

PEGDA, the large scale inhomogeneities as well as { dimimshed. This led to a
decrease in { with increasing additive concentration and the flattening of scattering

curves at low ¢. These trends persisted ap to 2-3 % addition of PEGDA, attesting to
the formation of a more homogencous hvbrid polvmer network than the additive-free
system. Bevond 3 %, while increasing crosshinking led to a contimued decrease n the

mesh size § with increasing PEGDA | 1t also possibly induced significant denstfication

of the network. This vielded mgnificant inhomogencities i the material and
consequently the cmergence of a strong, power law scattering at low ¢, Such

phenomenon corresponds to large-scale inhomogeneities as well as an increase in {

with increasing PEGDIA. In comparison, when uncrosshinkable PEG was added to

28
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GelMA (Figure 1E), § and { remained nearly constant upon the addition of PEG
mdicating negligible effect of PEG on the network structure. The trends in § and {are

summarized in Figure 1F, which highlight the differences of the structure of PEGDA
and PEG containing GelMA hydrogels. While the addition of PEG did not affect the
hydrogels in a significant manner, the addition of crosshinkable PEGDA lead initially

to a homogenizing effect on the GelMA network, resulting in modest decrease in §
and a pronounced reduction in { untd PEGDA ~ 2-3 %. Further mcreasmg PEGDA

resulied in the increased inhomogeneities due to the mhomogeneous nature of

crosslinked PEGDA network, resulting in an increase of { with mcreasing PEGDA

concentrations {68).

The effect of PEGDA on the crosslinking of GelMA was investigated by studying the
mechanical properties of hybrid hvdrogels. Compression tests were performed on the
swollen GelMA hydrogel discs containing varving concentrations of PEGDA. Figure
2A shows a schematic of compression test setup and a real sample placed on the
lower (fixed) jaw of Instron rcady to be compressed with a constant rate. The
compression stress-strain curves of the hyvbrid hvdrogels are shown in Figure 2B. Ata
given strain, the compression stress was higher for hybnd hydrogels as compared to
the GelMA hydrogel, and the stress values increased with increasing PEGDA content
n the range of 0% to 5%. The comesponding compression moduli are presented m
Figure 2C, which demonstrated a four-fold enhancement in the compression modulus
of hybrid gels from ~100 kPa for pure GelMA hydrogel to ~400 kPa, for GelMA
hydrogel containing 5 % PEGDA. Further increase in PEGDA concentrations (5-7%)
had no sigmificant effect on the compression moduli. A similar trend was observed for
the tensile properties of hybrid hydrogels (Figure 2ZB-F). The tensile (Young's)
modulus of hybrid hydrogels increased with increasing PEGDA concentrations up to

5%, and then plateaved for the hydrogels with 5-7% PEGDA . The tensiie modulus of

29
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hyvbrd hyvdrogels containmg 2% PEGDA was more than 300% higher than pure
GelMA  hydrogels. The favorable contribution of PEGDA m the mechanical
properties of macromolecular systems have been reported in the hiterature (59,69,70).
As a control, to study the cffect of PEG mcorporation in the GelMA network, non-
reactive PEG (Mn = 400) was used. Lacking DA groups, PEG did not react with
GelMA and was not covalently incorporated in the hvdrogel network. Figure 5
presents the compression modulus, tensile modulus, and adhesion strength of GelMA-
PEG hvbnd hydrogels. Increasing the PEG concentration up to 3% did not affect the
compression moduhus of hybrid hydrogels (Figure 5-A). Similarly, up to 3% PEGDA
addition had no significant effect on the tensile modulus of composite hydrogels
(Figure 5-B).

The ability to hold a large amount of water 1s essential for hydrogels to host
cells and support their adhesion, migration, proliferation, and infiltration, alf of which
arc pertinent to wound healing post injury. At the same tume, the bvdrogels should
wdeally degrade over time to support tissue remodeling. The swelling kinetics of dnied
hvbrid hydrogels onder the physiclogical condition (37 °C, BPBS) over 24 h are
presented in Figure 2G. All the hydrogels almost equilibrated within the first 24 h of
meubation, reaching swelling ratios between ~ 300-400%. Increasing the PEGDA
concentration up to 5% PEGDA monctonically decreased the swelling ratio up to
25% (Figure 5-A). Such effects have been reported in the literature (71} and can be
attributed to the increased crosslinking density upon addition of PEGDA to GelMA
hvdrogel networks.

The biodegradation of hydrogels is an cssential property in developing self-
removable tissue scalants. Figure ZH shows the dynamics of hydroge! degradation in
the presence of collagenase (0.5 U/mL), the enzyme mainly responsible to degrade
collagen in vivo. Within 30 days, the hybrid hvdrogels contaiming up to 2% PEGDA
degraded with a simlar rate as PEGDA-free hydrogels (Figure 6-B), aod all

hvdrogels containing up to 2% PEGDA degraded completely in 60 davs. At high

30



CA 03142923 2021-12-07

WO 2020/236917 PCT/US2020/033775

L

16

b2
N

PEGDA concentrations, ¢.2., 3% or 5%, more than 60% {(Figure 6-B) and 30% of the
hvdrogels remained within 30 and 60 davs, respectively. Optical images of hybrd
hvdrogels undergoing degradation are presented in Figare 6-C. Accordingly, while a
low PEGDA content plays a sigmiticant role i moditving the mechanical properties
of the hvbrid hvdrogel, it does not compromise the degradation rate governed by the
natural biopolymer, GelMA.

The rheological properties of hybrid hvdrogels were asscssed using small
amplitude oscillatory theology. The storage and loss moduli of hyvbrid hvdrogels
versus oscillatory shear strain and angular frequency are shown m Figare 7. The
storage and loss modol of hydrogels were first measured across a wide range of
oscillatory shear strain v = 0.01-100 % to obtain the linear viscoelastic region (LVR)
at a small angular frequency @ ~ 10 rad/s. Regardless of the PEGDA content, the
storage modulus was not dependent on the strain when strain < 1%, mdicating that for
all the gels, the stress correlated lincarly with the strain up to at least 19 strain. In the
LVR {y = 0.1 %) the storage modulus of hybrd hvdrogels remained nearly constant
with @ ranging from 0.1 to 100 ra/s (Figure 7-C}. A companison of the shear response
of the hybrid gels was carried out by comparing the storage and loss moduli of the
gels measured at o = 10 rad/s and v = 0.1 % and 15 shown in Figure ZI. Similar to the
mechanical properties (Figare 2A-F), the storage modulus of GelMA hydrogels
mereased monotonically from ~ 4 kPa to ~ 12 kPa with increasing PEGDA content

-1
I
i

from 0 to 7% as a result of tmproved crosslinking efficiency, accompanied with an
merease m the loss moduius from ~ 60 Pa to ~ 200 Pa (Figure 7-8). The plateau
storage modulus can be associated with the characteristic mesh size & of an ideal
network using a simplistic scaling formalism as & ~ (G '/ ks7¥'? . Thus, for the hybrid
hydrogels with PEGDA content ranging from 0-7%, & varnes from ~ 10 nm to ~ 7 nm.
These correlation length estimates agree with the cstimates from SAXS measurements

{Figure 1F), especially when accounting for the imhomogeneity in the system which
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lead to multiple length scales as identified by SAXS n these hvbnd gels. Here, ke
denotes the Bolizmann constant {(~ 1.38<10°% m? kg 57 K}, and 7 is temperature {72).

The adhesion propertics of hvbrid hvdrogels were examined through two
major standard tests, namely wound closure and burst pressure. The capability of
hydrogel sealants in holding two pieces of wet porcine skin together was evaluated
through the standard wound closure test {Figure 3A). The adhesion strength of hybnd
hvdrogels is shown in Figure 3B. Increasing the PEGDA concentration up to ~ 2-3 %
mereased the adhesion strength of hybnd hvdrogels to the skin. Addiion of PEGDA
at a small concentration {¢.g., 2%} increased the adhesion strength by ~ 300%. Such a
significant ¢enbancement in the wouond closure capability at a low additive content is
non-trivial, given that PEGDA does not adhere strongly to the skin (i.¢., the adhesion
strength of 20% PEGDA was negligibly small). Interestingly, the adhesion strength
decreased upon further increasing the PEGDA content. This mdicates that the addition
of a small amount of PEGDA enhanced the cohesion of the composite gels, providing
an improved sealing effect. The maximum adhesion strength of hybrid hyvdrogels
containing 2-3% (v/v} of PEGDA was ~ 800% higher than the commercially available
Evicel and CoSeal® sealants, and almost twice as high as that of Progel®™ (73).

The adhesion strength of GelMA-PEG hydrogels was not regulated by the
PEG content (Figure 5-C}. These observations suggest that the synergistic effect of
PEG on the GelMA scalant was contingent upon the prosence of crosslinkable
moicties, such as DA, At PEG concentrations > 5%, a slight increase in the
compression and storage modulus of hybrid GelMA-PEG hyvdrogels was observed,
possibly as a result of increased solid content.

The capability of hvbnd bvdrogels 1 scaling air flow from a punctured
collagen sheet, as a mimic of tissue, was evaluated via performing standard burst
pressure experiments {(Figure 3C). Upon introducing air into the instrument, the
pressure lingarly increased as long as the defect is perfectly sealed, and when the

scalant ruptured, the pressure romediately dropped. The maximum pressure that the
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sealant hydrogel can withstand is calied burst pressure. Figure 31 shows the trend of
burst pressure versus PEGDA concentration. As shown in this Figure, the burst
pressurc data followed the wound closure resulis: a maximum burst pressure at ~ 2-
3% PEGDA, cquivalent to ~ 3 fold enhancement compared to the additive-tree
GelMA sealant was achieved, and the sealing ability of the hvbrnid hvdrogel decreased
when the PEGDA content was increased beyond 3%. The maximum burst pressure of
hvbnd hvdrogels with 2-3% PEGDA was > 600% higher than the commercially
available CoSeal®, Evicel®, and Progel® sealants (73).

The ex vivo scaling properties of hybrid hvdrogels were investigated in two
highly chalienging medical conditions, bladder and ureter ruptures. These conditions
are typically results of trauma (74,75}, e.z., pelvic or abdominal, which can also be a
maternal and fetal hife-threatening event during childbirth, especially in women with a
cesarcan history (76,77). The ex vivo sealing capability of hybrid hydrogels was
cvaluated using a tlow of DPBS An undamaged ex vivo porcine bladder was
perforated, followed by placing the scalant pre-gel solution, crosslinking it using the
visible hght, and measuring the pressure (Figure 4A-B). The pressure at which the
sealant ruptures was measured for a varicty of hybrid hydrogels containing various
PEGDA concentrations (Figure 4C). The normal pressure that the bladder requires to
withstand, intra-abdominal pressure (IAP), may fall within 5-7 mmHg (0.67-0.93 kPa)
{78}, which may extend to 9-14 mmHg {1.20-1.87 kPa) for obese patients and > 13
mmHg (1.73 kPa) for patients post-surgery (79). For patients with the head of bed
(HOB) elevation ~ 45°, ¢ g., during nursing, the AP may rcach > 20 + 5 aomHg (2.7
+ 0.7 kPa} (79). Intra-abdomunal hypertension ({AH) 1 referred to bladder pressure >
12 ramHg (1.6 kPa}, and abdominal compartment syndrome (ACS) occurs when the
IAP > 20 mmHg (>2.7 kPa). Accordingly, a suitable bladder sealant must resist
pressurg >> 2 kPa. In the absence of PEGDA, the hybrid sealant could withstand ~ 2
kPa, and with 2% PEGDA, the resistance against liquid pressure increased more than

300%, a very suitable property for sealing elastic, highly stretchable tissues and
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organs. In accordance with the wound closure and standard burst pressure fests,
increasing the PEGDA concentration beyond 2-39 decreased the sealimg capability of
the hybrid hydrogels. Note that PEGDA hvdrogels {20%) were not able to seal the
organs.

The anastomosis of ureter (ureterourcterostomy), ¢.g., post traumatic ureteral
mjuries, is one of the most common treatments of choice (80}, A suitable sealant for
anastomosis must be casily applied, penetrate well in the lesion gap, radially crosshink,
and do not adhere to the supporting flexible plastic tube {¢.g., catheter). We evaluated
the performance of hybrid sealants in connecting two completely-tom pieces of ureter,
brought into contact via a plastic tube support (Figure 4D, i-iii) and assessed the
adhesion strength (Figure 4D, iv) using a mechanical tester. The adhesion strength of
hybrid anastomotic hyvdrogels, shown in Figure 4K, increased from ~ 40 kPa to ~ 100
kPa by increasing the PEGDA content from 0 to 2%. Interestingly, the maximum
adhesion strength of the hvbnid secalants was more than 400% bigher than the
commercially available Evicel sealant’s adhesion strength in the anastomosis of aorta
(73). While PEGDA increased the cohesion of hybrid hvdrogels, it decreases the
ussuc adhesion. PEGDA may partially conswmce the MA groups of GelMA, mhibiting
their reaction with the tissue. Accordingly, there exists an opumum PEGDA
concentration at which the sealing capability of hybrid hydrogels 1s maxamized.

The superior sealing properties of the hvbrid hydrogels may be used in the
anastomosis of other tubular tissue and organs in the circulatory, reproductive, urinary,
and digestive system, such as blood vessels, Fallopian tubes, urethra, esophagus,
trachea, and infestines. Relatively low cost and ease of preparation of hybnd
hydrogels, compared to the emerging sealants and commercially available ones may
provide a promising platform for next generation cost-effective, durable wet tissue

sealants.

Conclusions
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Natural biopolymers, benefiting from biodegradability and biocompatibility,
are an attractive class of macromolecules for developing surgical sealants. Degpite the
advances in the chemical modification of biopolymers to convert them mnto tissue
adhesives, overcoming sub-optimal mechanical properties and tissue adhesion remain
an unmet challenge. Here, we demonstrate that GelMA, an emerging class of tissue
sealants, can be enginecred with precisely controlled mechamical and adhesive
propertics using small amounts of a syothetic polymer (PEGDA) additive. Only 2-3%
(v/v) of PEGDA swrprisingly rendered more than 800% and 600% wmprovements in
the adhesion strength and burst pressure of GelMA-PEGDA hybnid hydrogels,
respectivelv, as compared to the commercially available surgical sealants, such as
Evicel®. The nontrivial synergistic contribution of the synthetic polymer to the sealing
properties of GelMA renders it saitable for advanced sealing applications, particularly
for highly stretchable tissue and organs, such as bladder and tobular architectures. Gur
study suggests that the underlying mechanism for the scaling improvement at an
optimum additive (PEGDA) concentration may be explained by the enhanced
mechanical properties of hybrid hydrogels, and the improved hydrogel cohesion is in
a tradeoff with the compromised tissue adhesion. Our facile approach for increasing
the sealing properties of naturally-derived hyvdrogels may set the stage for the next

generation hybrid tissue sealants based on low-cost biopolvmers.
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CONCLUSION

This concludes the description of the iHusirative embodiments of the present
mvention. The foregoing description of one or more embodiments of the mvention
has been presented for the purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise form disclosed. Many

modifications and variations are possibie in hight of the above teaching.
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CLAIMS:
I. A method of making a hvbrid hydrogel composition comprising:

combining together:

a crosslinkable biopolymer;

5 a crosshinkable synthetic or semi-synthetic polyvmer;
a crosshinking agent; and
crosshinking the biopolymer to the synthetic or semi-synthetic polvmer so as o
form a hybrid hydrogel,
so that the hyvbrid hydrogel composition s formed.
10
2. The method of claim 1, wherein amounts of the crosshinkable biopolymer and
amounts of the crosslinkable svnthetic or senu-synthetic polymer are selected so that
the hvbrid hydrogel comprises the biopolymer coupled to from 0.5-8% of the
synthetic or semi-synthetic polymer.
15

(9]

The method of claim 2, wherein the biopolymer comprises at least one of!

an albumin, an alginate, a chitosan, a pectin, a cellulose, any other
polvsacchande, a fibnin, a collagen and a gelatin, any other protein, said biopolymer
having a first moiety that 1s crosshinkable to a second moicty on the synthetic or semi-

20 synthetic polymer.

4. The method of claim 3, wherein the synthetic or semi-synthetic polymer
comprises a polyethyvlene glyeol or its derivatives, a polypropylene glycol or its

derivatives or a cvanocacrylate or its derivatives.

b2
N

W

The method of claim 4, wherein the hybrid hydrogel is crosslinked in vivo
such that the hybrid hydrogel forms a solid cast that adheres to wet tissue mnterfaces

contacting the hybrid hydrogel.
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6. The method of claim 2, wherein:

amounts of the crosshinkable biopolymer and amouunts of the crosslinkable
synthetic or semi~synthetic polymer are selected so that the hybrid hvdrogel
composition exhibits an adhesion strength to tissues that is at least two fold greater
than adhesion to tissues observed with the biopolvmer not crosshinked to the synthetic
polymer; and

amounts of the crosshinkable biopolvmer and amounts of the crosslinkable
synthetic polymer are selected so that the hyvbrid hydrogel composition exhibits a
compression modulus that is at least two fold greater than the compression modulus

of the biopolymer not crosshinked to the synthetic polymer.

7. The method of claim 2, whergin the hybrid hydrogel composition exhibits:
atensile modulus of at feast 150-350 kPa;
a compression modulus of at least 150-350 k¥Pa; and/or

a storage modulus of at least 5-10 kPa,

g. The method of claim 1, wherein the method further comprises combining a
bioactive agent such as a drug, a polypeptide, a polynucleotide or a cell with the

crosstinkable biopolvimer and the crosslinkable synthetic polymer.

9, The method of claim 1, wherein the crossiinking agent facilitates a

photochemical crosslinking reaction.

10. A composition of matier comprising:
a crosslinkable biopolymer;
a crosslinkable synthetic polvmer;

polymeric monomers; and
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a crosslinking agent.

11, The composition of claim 11, wherein amounts of the crosslinkable
biopolymer, the crosslinkable syathetic polvmer, the polymeric monomers and the
crosshnking agent in the composition are such that so that, upon crosshinking, a
hybrid hyvdrogel polvmer is formed that comprises the biopolymer covalently

crosslinked to 0.5~-8% of the synthetic polvmer.

12 The composition of claim 11, wherein:

the biopolymer comprises at least one of an albumin, an alginate, a chitcsan, a
pectin, a celiulose, any other polvsaccharide a fibrin, a collagen and a gelatin, any
other protein, said biopolymer having a first moiety that is couplable to a second
moiety on the synthetic polymer; and

the svnthetic polymer comprises at feast onc of a polvethylene glycolora

polvpropylene glveol.

3. The composition of claim 12, wherein upon crosslinking, a hybrid polymer
hydrogel 1s formed that exhibits a compression modulus that is at least 2-fold greater
than the compression modulus extibited by a hydrogel formed from the biopolymer

not crosslinked to the synthetic polymer,

14 The composition of claim 13, wherein upon crosslinking the composition

forms a solid cast adhered to in vivo wet tissues contacting the hybrid hydrogel.
i5. The composttion of claim 12, wherein amounts of synthetic polvmer disposed

in the hybrid hydrogel are such that, apon crosslinking, a hybrid polvmer hydrogel

composition is formed that exhibits an adhesion strength to /17 vivo wet tissues that is
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at least two fold greater than adhesion strength to in vivo wet tissues observed with

the biopolymer not crosshinked to the synthetic polymer.

16, A method of adhering a first tissue mterface to a sccond tissue mterface, the
method comprising:
{(a) forming a composition of matter comprising:
a crosslinkable biopolymer;
a crosstinkable synthetic polymer; and
a crosslinking agent;
(b} disposing the composition of {a} at a site where the composition is in
contact with the first tissue mterface and the sccond tissue miterface; and
{c) crosslinking the composition of (a) at the site where the composttion 15 1n
contact with the first tissue interface and the second tissue interface such that:
the crosslinked composition forms a hybrid polymer hydrogel! consisting of the
biopolyvmer covalently coupled to from 0.5-8% of the synthetic polymer; and
the crosshinked composition of adheres the first tissue imnterface to the second

tissue interface.

17. The method of claim 16, wherein:

the biopolymer comprises gelatin methacrylate (GelMA) in amounts from
109 {w/v) to 30% (w/v); and

the crosslinkable svnthetic polvmer comprises a poly(ethvlene glyeol)

diacrylate (PEGDA).

8. The method of claim 17, wherein the hybrid polymer hvdrogel exhibits an
adhesion strength between the first tissue interface and the second tissue interface of

at least 50 kPa, at least 75 kPa or at least 100 kPa.
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19, The method of claim 18, wherem the hybrid polyvmer hydrogel exhubits:
a tensile modulus of at least 150-330 kPa;
a compression moduhus of at least 150-350 kPa; and/or

a storage modulus of at least 5-10 kPa.

24, The method of claim 19, wherein the composition further comprises a

bicactive agent.
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