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TITLE: ENZYME-DEGRADABLE HYDROGEL FOR DELIVERY OF A
PAYLOAD

FIELD

[0001] Disclosed herein is an enzyme-degradable hydrogel delivery system
useful for delivery of a variety of payloads, as well as devices and methods related
thereto. The hydrogel is formed by a method comprising sequential physical and
chemical crosslinking steps. The properties and release profile of the hydrogel can
be tuned as described herein. Enzymes that facilitate hyrodgel degradation can be

selected and administered to further tune the system.

BACKGROUND

[0002] Delivery systems are used to protect and/or carry payloads, such as

drugs and other active compounds, for a length of time or until they reach a target
site where they can be released to achieve a desired effect. The majority of drug
delivery systems rely on passive diffusion to gradually release their payloads. Such
passive delivery systems are not truly controlled delivery systems, since the

quantity and timing of drug release is not controlled on demand.

[0003] Gelatin-based hydrogels, such as methacrylated gelatin (GelMA)
hydrogels, are enzyme-degradable hydrogels derived from collagen. GelMA
hydrogels have been studied extensively in tissue engineering applications, such
as tissue scaffolding, but are not generally considered for drug delivery applications
due to their poor mechanical strength and high porosity. For example, given their
use as soft biocompatible gels for cell encapsulation, or as cell scaffolds, they are
necessarily freely diffusive such that nutrients and large molecules can diffuse to

and from the cells.

[0004] The present inventors previously disclosed a method of
manufacturing a GelMA hydrogel having improved characteristics for tissue
engineering applications (GelMA+), such as an over 8-fold increase in mechanical
strength compared to regular GelMA, and favorable biodegradation kinetics both in

vitro and in vivo. The method involved sequential crosslinking steps, wherein a
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solution of methacrylated gelatin was incubated at a cool temperature for a sufficient
amount to permit physical association and crosslinking prior to UV crosslinking (see
Rizwan et al. Sequentially-Crosslinked Bioactive Hydrogels as Nano-Patterned
Substrates with Customizable Stiffness and Degradation for Corneal Tissue
Engineering Applications. Biomaterials 2017 v.120: pp. 139-54, the entire contents
of which are incorporated herein by reference). Even though the hydrogel had
improved characteristics for tissue engineering applications, it was not known
whether such a hydrogel could be useful for drug delivery applications given the

general drawbacks of hydrogels for such applications.

SUMMARY OF VARIOUS EMBODIMENTS
[0005] In one aspect, the invention provides a hydrogel system for delivering

a payload comprising: a hydrogel comprising a crosslinkable polymer, the hydrogel
formed by a method comprising sequential physical and chemical crosslinking

steps; and a payload.

[0006] In some embodiments, the polymer is a chemically-modified
biopolymer. In some chemically-modified biopolymer comprises chemically-
modified gelatin, such as gelatin methacrylate (GelMA). In some embodiments, the
hydrogel system is degradable by an enzyme, such as a matrix metalloproteinase,
collagenase, or gelatenase. In some embodiments, the physical crosslinking step
comprises incubating a solution comprising the chemically-modified gelatin under
suitable conditions and for a sufficient period of time to permit physical crosslinking
of at least a portion of the chemically-modified gelatin. In some embodiments, the
chemical crosslinking step is a thermal or photochemical process between

functional groups on the chemically-modified gelatin.

[0007] In one aspect, the invention provides a device for delivering a payload
comprising the hydrogel system according to embodiments herein. In some
embodiments, the device is a lens, implant, insert or wound dressing, and the

device may use the hydrogel system to release the payload over a release period.
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[0008] In another aspect, the invention provides a method of making a
hydrogel system for delivering a payload, the method comprising: providing a
crosslinkable polymer ( such as a chemically-modified biopolymer, for example,
gelatin); physical crosslinking of the polymer; chemical crosslinking of the polymer;
and introducing a payload into the hydrogel so-formed, which hydrogel may be the

hydrogel system according to any of the embodiments of the present disclosure.

[0009] The present disclosure also provides methods of making devices for
delivering a payload comprising the hydrogel system disclosed herein. Also
provided are pharmaceutical compositions, and methods for delivering payloads to

a patient and treating wounds, using the hydrogel system of the present disclosure.

[0010] Other features and advantages of the present application will become
apparent from the following detailed description, taken together with the
accompanying drawings. It should be understood, however, that the detailed
description and the specific examples, while indicating preferred embodiments of
the application, are given by way of illustration only, since various changes and
modifications within the spirit and scope of the application will become apparent to

those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a better understanding of the various embodiments described
herein, and to show more clearly how these various embodiments may be carried
into effect, reference will be made, by way of example, to the accompanying
drawings which show at least one example embodiment, and which are now

described.

[0012] FIG. 1 shows an example of a GelMA+ drug delivery system
consisting of GelMA+ (GELMA 100), a payload (PAYLOAD 100), and an enzyme
trigger (ENZYME 100).

[0013] FIG. 2 Shows an example of a process to make GelMA+ (GELMA+

200) involving physical and chemical cross-linking steps.
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[0014] FIG. 3 shows an example of a payload. The payload may be a drug
(PAYLOAD 301), a drug encapsulated in a nanoparticle (PAYLOAD 302), or a drug
covalently linked to the GelMA+ (PAYLOAD 303).

[0015] FIG. 4 shows a mechanism for an enzyme-triggered degradation of
GelMA+.
[0016] FIG. 5 shows an example of an enzyme-triggered release of a

payload from GelMA+.

[0017] FIG. 6 shows an example application of a GelMA+ system for wound
healing.
[0018] FIG. 7 shows an example application of a GelMA+ system used in

combination with another device, such as a contact lens (DEVICE 700) for

delivering a payload for use in corneal wound healing.

[0019] FIG. 8 shows an example application of a GelMA+ system used for
delivering a payload for use in wound healing, where the addition of the enzyme

trigger is from an external source.

[0020] FIG. 9 shows percent release of FITC-Dextran from GelMA+ after 24

hours (n=3), as outlined in Example 1.

[0021] FIG. 10 shows release of FITC-dextran from GelMA+ in response to

increasing MMP9 concentration after 24 hours (n=3), as outlined in Example 1.

[0022] FIG. 11 shows release of FITC-Dextran from 10% (w/v) GelMA+
formulation in varying concentrations of MMP-9 over 24 hours, as outlined in
Example 2.

[0023] FIG. 12 shows release of FITC-Dextran from 20% (w/v) GelMA+
formulation in varying concentrations of MMP-9 over 24 hours, as outlined in
Example 2.

[0024] FIG. 13 shows release of FITC-Dextran from 30% (w/v) GelMA+

formulation in varying concentrations of MMP-9 over 24 hours, as outlined in

Example 2.
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[0025] FIG. 14 shows release of FITC-Dextran from varying GelMA+
formulations in varying concentrations of MMP-9 at 24 hours, as outlined in
Example 2.

[0026] FIG. 15 shows release of bovine lactoferrin from 30% (w/v) GelMA+
formulation in varying concentrations of MMP-9 over 24 hours (n=4), as outlined in
Example 2.

[0027] FIG. 16 shows A. A schematic representing the degradation of gelatin

methacrylate (GelMA+) hydrogels loaded with hyaluronic acid (HA) via matrix
metalloproteinase (MMP) enzymes. The MMP enzymes cleave the gelatin
compounds, releasing HA to local corneal epithelial cells (CEpCs). HA is known to
promote cell migration and wound healing, and the controlled release of HA over
an extended period of time offers improved CEpC regeneration. B. A table
representing the different variation of GelMA and GelMA+ hydrogels. Three
variables during the fabrication process were investigated: gelatin concentration,

methacrylation degree, and physical crosslinking, as outlined in Example 3.

[0028] FIG. 17 shows the effect of molecular weight of loaded drug on GelMA
and GelMA+ controlled release profile. To observe small molecular weight, 4 kDa
Fluorescein isothiocyanate (FITC)-dextran was loaded into the various GelMA- and
GelMA+ hydrogels and incubated in A. phosphate-buffered saline (PBS) or B. 1
pg/mL MMP-8 solution (n=4). Similarly, a larger molecular weight of 70 kDa FITC-
dextran was loaded into the various GelMA and GelMA+ hydrogels and incubated
in C. PBS or D. 1 pg/mL MMP-8 solution (n=4) . Error bars shown are SD, as

outlined in Example 3.

[0029] FIG. 18 shows release profiles of the various GelMA and GelMA+
hydrogel samples with varying concentration (10%, 20%, or 30%), crosslinking
steps (- or +) and varying methacrylation degree. GelMA/GelMA+ samples were
incubated with 1 pg/ml matrix metalloproteinase (MMP)-8 enzyme and the release
of FITC-dextran (70 kDa) was recorded for 7 days. Error bars shown are standard
deviation (SD). The A. low degree of methacrylation (L) were fully degraded within
three days. It is particularly evident that within the B. first 12 hours a burst release

occurred, and a reduced rate of release followed. The C. high degree of
5
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methacrylation showed a slower release characteristic compared to the low degree
of methacrylation and an overall longer degradation time. From D. the 12 hour inset
of high degrees of methacrylation GeIMA/GelMA+, there was a significantly reduced

burst release of FITC-Dextran, as outlined in Example 3.

[0030] FIG. 19 shows release profile of A. high degrees of methacrylation
GelMA/GelMA+ hydrogels degraded with 250 ng/ml MMP-9. The released FITC-
dextran (70 kDa) was collected to determine the amount released by the
GelMA/GelMA+ (n=19). Error bars shown are SD. However, MMP-9 did not reduce
the burst release of FITC-dextran from the GelMA/GelMA+ hydrogels as seen in B.

the first 12 hours of degradation, as outlined in Example 3.

[0031] FIG. 20 shows the effect of bolus dosages of 500 kDa HA upon PDMS
wound assays of A. RCEPCs (n=4) and B. HCEpCs (n=5). Error bars shown are
SD. The RCEpCs showed improved healing with both 0.75 and 0.45 mg/ml of HA.
However, 0.45 mg/ml HA offered a greater wound healing effect compared to the
higher concentration. This effect was reversed in the HCEpC assay where the
higher concentration of HA showed a greater improvement compared to the lower
concentration. It is also noted that the time to wound closure for RCEpC was
significantly faster than the closure time of HCEpCs at 2 days and 7 days. The
progression of the wound from C. 0, 48, and 96 hours were recorded using

microscope imaging and analyzed with GraphPad Prism, as outlined in Example 3.

[0032] FIG. 21 shows A. The efficacy of 60 kDa HA bolus dosages on wound
healing was investigated in a PDMS wound assay (n=5). Error bars shown are SD.
The resulting data showed a therapeutic range of 0.1-0.6 mg/ml for 60 kDa HA. The
administration of MMP-9 to a wound assay resulted in a detrimental effect to the
wound healing process. B. Data table of the wound closure percentages of daily
treatments of 60 kDa HA to CEpC PDMS stencil wound assays. It is noted the
therapeutic window of 60 kDa HA is from 0.1 mg/ml to 0.6 mg/ml, as outlined in

Example 3.

[0033] FIG. 22 shows A. Controlled release of 60 kDa HA from 10H- GelMA
on 1 mm HCEpCs PDMS wound assay (n=4) was conducted to verify the bioactivity

of the HA loaded hydrogels. All GelMA samples degraded in MMP-9 showed
6
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improved wound healing compared to the control, including the 10H- sample not
loaded with HA. B. ELISA of 60 kDa HA released from 10H- GelMA (n=2). The
estimated burst release and release rate over seven days was 85% and 1.5%. The
actual burst release for 750, 550, 250, and 150 ug was 83%, 62%, 49%, and 68%
respectively. The 150, 250, and 550 ug samples exhibited a 5% daily release rate

and the 750 pug samples a 2% release rate, as outlined in Example 3.

[0034] FIG. 23 shows MMP-8 VS MMP-9 enzyme on 20H- GelMA patch

(n=9). Error bars shown are SD, as outlined in Example 4.

[0035] Further aspects and features of the embodiments described herein
will appear from the following description taken together with the accompanying

drawings.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0036] Various compositions, systems and methods will be described below
to provide an example of at least one embodiment of the claimed subject matter.
No embodiment described below limits any claimed subject matter and any claimed
subject matter may cover compositions, systems, devices and methods that differ
from those described below. The claimed subject matter is not limited to
compositions, systems, devices and methods having all of the features of any one
composition, system. device or method described below or to features common to
multiple or all of the compositions, systems, devices and methods described below.
It is possible that any composition, system, device or method described below is
not an embodiment of any claimed subject matter. Any subject matter that is
disclosed in a composition, system, device or method described below that is not
claimed in this document may be the subject matter of another protective
instrument, for example, a continuing patent application, and the applicants,
inventors or owners do not intend to abandon, disclaim or dedicate to the public any

such subject matter by its disclosure in this document.
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[0037] Furthermore, it will be appreciated that for simplicity and clarity of
illustration, where considered appropriate, reference numerals may be repeated
among the figures to indicate corresponding or analogous elements. In addition,
numerous specific details are set forth in order to provide a thorough understanding
of the embodiments described herein. However, it will be understood by those of
ordinary skill in the art that the embodiments described herein may be practiced
without these specific details. In other instances, well-known methods, procedures
and components have not been described in detail so as not to obscure the
embodiments described herein. Also, the description is not to be considered as

limiting the scope of the embodiments described herein.
[0038] HYDROGEL SYSTEM

[0039] Gelatin is a biopolymer prepared by thermal denaturalization and
hydrolysis of collagen. Hydrolysis results in the reduction of collagen protein fibrils
of about 300,000 Da into smaller peptides. Depending upon the process of
hydrolysis, peptides will have broad molecular weight ranges associated with
physical and chemical methods of denaturation. Gelatin contains enzymatically
degradable sites and cell binding domains, making it an attractive biomaterial in
tissue engineering applications, for example, as a cell scaffold material in tissue

repair.

[0040] Photocurable gelatin hydrogels contain chemically-modified
(functionalized) gelatin polymers capable of chemical crosslinking, for example, in
the presence of a photoinitiator. Examples of chemically-modified gelatin include,
but are not limited to, methacrylated gelatin, acrylated gelatin and thiolated gelatin.
The properties of photocurable gelatin hydrogels can be tuned by adjusting various
parameters of the gelatin itself or during material processing according to methods

known to those skilled in the art.

[0041] Methacrylated gelatin (GelMA) is an inexpensive, biocompatible,
photocrosslinkable material that can be degraded by matrix metalloproteinases
(MMP), which are produced at increased levels during wound healing. GelMA
hydrogels are typically used in tissue engineering applications, e.g. as a cell

scaffold, where the gel must be sufficiently porous to encapsulate whole cells and
8
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to permit nutrients and large molecules to diffuse through. GelMA is typically
considered too soft and porous for use in drug delivery applications, as it is

considered too diffusive to retain therapeutic molecules.

[0042] As disclosed herein, GelMA formed using a method comprising
sequential physical and chemical crosslinking steps (GelMA+) was surprisingly
found to have physical, mechanical and biodegradable properties suitable for drug
delivery applications, in particular, for applications involving enzyme-mediated drug
release. GelMA+ was able to sustain the release of a payload over a prolonged
period of time. GelMA+ performed far superior to standard GelMA in this regard.
The GelMA+ system was able to incorporate and release payloads of different sizes
and could be tuned to adjust the physical, mechanical and biodegradable
characteristics of the hydrogel. Furthermore, drug release could be further

controlled with the use of enzymes capable of degrading the hydrogel.

[0043] The present disclosure relates generally to a gelatin hydrogel system
useful for delivering various payloads. Referring now to FIG. 1, shown therein is an
example of the GelMA+ payload delivery system consisting of GelMA+ (GELMA
100), the payload (PAYLOAD 200), and an enzyme trigger (ENZYME 200). In some
embodiments, there is disclosed a hydrogel system for delivering a payload, which
system comprises a gelatin hydrogel formed by a method comprising sequential
physical and chemical crosslinking steps; and a payload. The gelatin comprises
chemically-modified gelatin polymers capable of photocrosslinking. In some
embodiments, the modified gelatin polymers comprises methacrylated gelatin,
acrylated gelatin, thiolated gelatin or a combination thereof. In particular
embodiments, the modified gelatin comprises methacrylated gelatin. In some
embodiments, the chemically-modified gelatin may be further modified to enhance

desired characteristics.

[0044] The hydrogel is formed by a method involving sequential crosslinking
steps, in particular, physical and chemical crosslinking steps. By “sequential,” it is
meant that one step in the sequence is initiated before the other. In some
embodiments, the earlier step in the sequence is completed prior to initiating the

subsequent step in the sequence. In some embodiments, there may be partial

9
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overlap wherein the subsequent step is initiated prior to total completion of the
earlier step in the sequence. In some embodiments, the physical crosslinking step

is completed prior to initiation of the chemical crosslinking step.

[0045] As wused herein, “GelMA” refers gelatin methacrylate (or
methacrylated gelatin or gelatin methacryloyl) and may be used to refer to gelatin
methacrylate prior to crosslinking or to gelatin methacrylate crosslinked using a
conventional method of UV crosslinking without a prior physical crosslinking step.
The term “GelMA+” refers to gelatin methacrylate crosslinked using a method

comprising sequential physical and chemical crosslinking steps.

[0046] GelMA may be prepared by any suitable means, including those
disclosed herein. For example, GelMA may be prepared by treating gelatin with
methacrylic anhydride. The degree of methacrylation may vary, for example a high
degree of methacrylation may be considered to be about 80% or higher, for example
about 90% or higher, and a low degree of methacrylation may be considered to be
about 50% or lower. However, any suitable degree of methacrylation could be used,
provided the methacrylated gelatin achieves sequential physical and chemical
crosslinking to form a hydrogel system suitable for payload delivery, as described
herein. The methacrylation degree may be between about 30% to about 90%, such
as between about 40% to about 90%, between about 50% to about 90%, between
about 60% to about 80%, between about 50% to about 60%, between about 60%
to about 70%, between about 70% to about 80%, between about 80% to about 90%,
between about 90% to about 95%, between about 90% to about 99%, for example,
about 30%, about 40%, about 50%, about 60%, about 70%, about 80%, about 90%,
about 95%, or about 99%. It will be understood that the conditions for preparing
GelMA can be used to tune the properties of the GelMA hydrogel system. For
example, the degree of methacrylation, the conditions of the physical and chemical
crosslinking steps, such as the concentration of GelMA, could be tuned. A controlled
release profile may be tuned by altering, for example, the porosity, crosslinking site
density, and permeability of the hydrogel system by varying the previous or other

parameters.

10
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[0047] It will be understood that gelatin could be functionalized with a group
other than methacrylate to achieve a hydrogel system for delivering a payload
without departing from the spirit of the present invention. It will be understood that
other functional groups capable of functionalizing and crosslinking gelatin could be

used.

[0048] It will be understood that other hydrogels formed from sequential
physical and chemical crosslinking steps could be used to achieve a hydrogel
system for delivering a payload without departing from the spirit of the present
invention. For example, collagen may be used in place of gelatin to achieve a
hydrogel system for delivering a payload. Sequential physical and chemical
crosslinking as described herein could be done on other hydrogels having physical
crosslinking, induced by incubation at a given temperature, and chemical
crosslinking functionalities. For example, other proteins which undergo a sol-gel
transformation upon cooling (thermal gelation or thermal crosslinking) and also
contain a functionality compatible with chemical crosslinking (e.g. a methacrylated,
acrylated, or thiolated protein) could also be used in the hydrogel system of the

present disclosure.

[0049] The hydrogel system of the present disclosure may include one or
more additional components, such as one or more other polymers. Suitable
polymers for incorporation in to hydrogel systems are know to those skilled in the
art. The one or more polymers could include, for example, gelatin methacrylate,
carboxybetaine methacrylate (CBMA), Alginate hydrogel,
poly(hydroxylethylmethacrylate) (HEMA), Collagen derivatives, Poly lactic glycolic
acid (PLGA), acrylamide gels, or any other suitable gel.

[0050] Hybrid hydrogel systems are also possible, such as: hydrogels which
include gene delivery vehicles or polyplex nanoparticles; hydrogels including
quantum dots for imaging; hydrogels including hydroxyapatite to induce bone
growth; hydrogels as a co-delivery system to carry more than one payload; or
hydrogels for secondary controlled release microparticles. It will be understood that
the inclusion of other common ingredients in the hydrogel systems, such as

excipients, is also possible.

11
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[0051] The hydrogel or the hydrogel system may optionally be further

processed according to methods known to those skilled in the art.

[0052] In some embodiments, the hydrogel system may be dried, frozen, or
lyophilized and stored prior to use. The hydrogel may be lyophilized before or after
encapsulation of the payload, and subsequently reconstituted prior to further

processing or end use.

[0053] PHYSICAL CROSSLINKING

[0054] The term “physical crosslinking” as used herein refers to physical
association of functionalized gelatin under suitable conditions and for a sufficient
period of time to allow self-assembly of at least a portion of the functionalized
gelatin. Physical crosslinking may also be considered physical gelation. The self-
assembly of functionalized gelatin molecules may be stabilized through hydrogen
bonding and/or electrostatic interactions. Physical crosslinking may cause
assembly of gelatin chains into a partial triple helical configuration. In some
embodiments, a cool solution of GelMa is incubated for a period of time (an
incubation period) sufficient to permit physical crosslinking. It will be understood
that the conditions for physical crosslinking demonstrated herein were exemplary
in nature, and the conditions for physical crosslinking could be altered without
departing from the sprit of the present invention. Without wishing to be bound by
theory, it is believed that the physical crosslinking step reduces the porosity of the
resultant hydrogel system as compared to a hydrogel system prepared with

chemical crosslinking only.

[0055] Physical crosslinking may be carried out on a solution containing any
suitable amount of the modified gelatin. In some embodiments, the physical
crosslinking step is carried out on methacrylated gelatin in solution. In some
embodiments, the solution comprises about 1-50 % (w/v), or about 1-35 % of
modified gelatin, for example between about 1% - 5%, 1% - 10%, 5% - 30%, 10%
- 35%, 10% - 30%, 10%-20%, 20%-30%, 25%-35% or about 1%, 5%, 10%, 15%,
20%, 25%, 30%, or 35% modified gelatin. Physical crosslinking may be carried out

12
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in an aqueous solution and/or a physiologically compatible diluent or carrier. In
some embodiments, the physical crosslinking may be carried out in phosphate
buffered saline (PBS). Air may optionally be removed from the solution, which may

improve the physical properties of the resultant hydrogel system.

[0056] The physical crosslinking step may be carried out for any suitable
amount of time. In some embodiments, the physical crosslinking step may involve
an incubation period of at least 30 minutes, at least 45 minutes, or at least 1 hour.
In some embodiments, physical crosslinking may involve an incubation period of
between about 15 minutes — about 3 hours, between about 30 minutes to about 2
hours, between about 45 minutes to about 1.5 hours, or about 15 minutes, about
30 minutes, about 45 minute, about 1 hour, about 1.5 hours, about 2 hours, or about
3 hours. In some embodiments, physical crosslinking may be carried out until the
storage modulus of the gel exceeds the loss modulus when measured using
rheology. In some embodiments, physical crosslinking may be carried out until the
hydrogel passes a “vial inversion test’. In particular, when, upon inversion, the

GelMA solution does not flow, it has passed the vial inversion test.

[0057] Physical crosslinking may be carried out at an any suitable incubation
temperature. In some embodiments, the incubation temperature is between about
1-16°C. In some embodiments, physical crosslinking may carried out at an
incubation temperature between about 2-15°C, between about 2-10°C, between
about 3-8°C, between about 4-6°C, between about 3-5°C or about 2°C, 3°C, 4°C,
5°C, 6°C, 7°C, 8°C, 10°C, 12°C, 14°C or 16°C. In some embodiments, physical

crosslinking is carried out at an incubation temperature of about 4°C.

[0058] It will be understood that the various conditions for physical
crosslinking may be tuned. For example, a higher concentration solution may
require a shorter incubation period, or an increased temperature may require a

longer incubation period.

[0059] CHEMICAL CROSSLINKING
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[0060] The term “chemical crosslinking” as used herein refers to any means
of facilitating the formation of a covalent bond between the components of the
hydrogel system, such as between modified gelatin molecules, for example,
methacrylated gelatin molecules. It will be understood that the conditions for
chemical crosslinking used in the exampled herein were exemplary in nature, and
the conditions for chemical crosslinking could be altered without departing from the
sprit of the present invention. In some embodiments, the chemical crosslinking step
may involve a catalyst. Chemical crosslinking may involve thermal and/or
photochemical reactions. In some embodiments, chemical crosslinking may involve
glutaraldehyde or click chemistry-based crosslinking, such as thiol-ene crosslinking.
In some embodiments, chemical crosslinking may involve UV-induced crosslinking
of GelMA. In such embodiments, chemical crosslinking is carried out with UV
irradiation, such as UV irradiation in the presence of a photoinitiator. It will be
understood that any suitable photoinitiator may be used. In some embodiments, the
photoinitiator may be 2-hydroxy-4’ -(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, or 1C2959). The photoinitiator may be lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), 2,2’ -azobis[2-methyl-n-(2-
hydroxyethyl)propionamide] (VA-086), 2’ 4’ 5’ 7’ -tetrabromofluorescein
disodium salt (Eosin Y), or any other suitable UV activated photoinitiator. The UV
irradiation may be applied for any suitable amount of time. In some embodiments,
the UV irradiation is applied for between about 10 seconds to about 30 minutes, for
example between about 10 seconds to about 30 seconds, between about 30
seconds to about 90 seconds, between about 10 seconds to about 1 minute,
between about 1 minute to 5 minutes, between about 1 minute to about 2 minutes,
between about 2 minutes to about 5 minutes, between about 5 minutes to about 10
minutes, between about 10 minutes to about 20 minutes, or about 10 seconds, 30
seconds, 60 seconds, 90 seconds, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 10
minutes, 15 minutes, 20 minutes, or 30 minutes. In embodiments comprising a
photoinitator, the irradiation may be of any wavelength of light suitable to activate
the photoinitiator. In some embodiments, chemical crosslinking may be carried out
with UV irradiation between about 360-480 nm, such as between about 360-450
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nm, between about 380-480 nm, between about 400-450 nm, between about 360-
400 nm, or about 360 nm, 370 nm, 380 nm, 390 nm, 400 nm, 410 nm, 420 nm, 430
nm, 440 nm, 450 nm, 460 nm, 470 nm, or 480 nm. Chemical crosslinking may
include UV irradiation at any suitable intensity, for example about 8 mW/cm? to
about mW/cm?, such as 32 mW/cm?, 225 mW/cm?, or 2700 mW/cm?.

[0061] It will be understood that the particular conditions for chemical
crosslinking will be tunable based on the hydrogel system, including the type of
functional groups within the hydrogel, as well as whether thermal or photochemical
crosslinking takes place. For UV-initiated crosslinking, for example, the amount of

time required may be less with higher intensity light, or vice versa.

[0062] Referring now to FIG. 2, shown therein is an example process for the
fabrication of GelMA+. GelMA is synthesized by the direct reaction of Type A
Gelatin (10% w/v) with Methacrylic Anhydride (MA) in phosphate buffer (pH=7.4) at
50°C. This reaction introduces the methacryloyl substitution groups on the reactive
amine and the hydroxyl groups of the amino acid residues. The resultant product is
washed with PBS and lyophilized to obtain freeze dried GelMA. To the freeze dried
GelMA, a photoinitiator (Irgacure 2959) is added and then it is incubated at 4°C for
one hour. The mixture is then physically crosslinked before being UV crosslinked,
where it undergoes photoinitiated radical polymerization to form a covalently

crosslinked hydrogel that is GelMA+.

[0063] PAYLOAD

[0064] The hydrogel system as described herein, which includes a
crosslinked hydrogel formed by a method comprising sequential physical and
chemical crosslinking steps, is useful for delivering payload. A wide variety of
payloads can be loaded into the hydrogel system described herein. At least a
portion of the payload may be encapsulated within a matrix formed by the hydrogel.
In some embodiments, at least about 50% to about 99% of the payload is
encapsulated within a matrix formed by the hydrogel, for example, at least about
50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98% or 99%. In some
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embodiments, a portion of the payload may be associated with a surface of the
hydrogel and/or covalently linked to the hydrogel. For example, in some
embodiments, the payload can be a pharmaceutical covalently linked to the

hydrogel.

[0065] Referring now to FIG. 3, shown therein is an example of a payload
(PAYLOAD 301), which may be any suitable payload as described herein. In some
embodiments, the payload is a payload that has been encapsulated in another
delivery vehicle such as a nanoparticle or liposome (PAYLOAD 302). In some
embodiments, the payload is covalently attached to the hydrogel (PAYLOAD 303).
In the case of PAYLOAD 303, the payload may have a modified active group that

can be chemically crosslinked with the hydrogel mixture.

[0066] As used herein, a “payload” refers to any agent of interest capable of
be delivered using the hydrogel delivery system of the present invention. In some
embodiments, the payload may be a therapeutic agent (ex. drug), a preventative
agent (e.g. a vaccine), a marker, or even a cell. In some embodiments, the payload
may be a protein, a peptide, an antibody, a nucleic acid molecule, or a
carbohydrate.. In some embodiments, the payload may comprise a small molecule.

In some embodiments, the payload may comprise a biologic molecule.

[0067] In some embodiments, the payload is a single agent of interest. In
other embodiments, the payload comprises more than one agent of interest, for
example, a combination of two or more agents of interest. In some embodiments,
the payload comprises 2, 3 or 4 agents of interest. For example, the payload may
comprise two or more compatible agents of interest selected from a therapeutic
agent, a preventive agent, a marker, a cell, a protein, a peptide, an antibody, a

nucleic acid molecule, or a carbohydrate.

[0068] In some embodiments, the payload may comprise one or more
agents of interest incorporated or encapsulated in another vehicle, such as a
nanoparticle, nanowire, nanotube, liposome, or micelle, for delivery of the agent of

interest via the hydrogel system disclosed herein.
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[0069] The payload may be selected or designed such that it is sufficiently
large that all or a desired portion of the payload is capable of being retained within
a matrix formed by the hydrogel until degradation of the hydrogel occurs or is
initiated. In some embodiments, the payload has a molecular weight of the payload
is at least about 1kDa, at least about 2 kDa, at least about 4kDa, at least about
10kDa, at least about 15kDa, at least about 30kDa, at least about 50 kDa, at least
about 70 kDa, at least about 100 kDa. In some embodiments, the payload has a
molecular weight of less than about 100 kDa, less than about 70 kDa, less than
about 50 kDa, less than about 30 kDa, less than about 15 kDa, less than about 10
kDa, less than about 4 kDa, less than about 2 kDa. In some embodiments, the
payload may have a molecular weight between about 1 kDa and about 1000 kDa,
between about 2 kDa to about 100 kDa, between about 3 kDa to about 80 kDa,
between about 4 kDa to about 70 kDa, between about 1 kDa to about 50 kDa, or
between about 50 kDa to about 100 kDa.

[0070] In some embodiments, the payload is a therapeutic agent. In some
embodiments, therapeutic agent is useful in promoting wound healing. Suitable
therapeutic agents will be known to a person of skill in the art. Some such agents
are outlined, for example, in Son, Y.J. et al. “Biomaterials and controlled release
strategy for epithelial wound healing” Biomaterials Science 2019, 7, 4444, the entire
contents of which are incorporated herein by reference. The therapeutic agent may
be a growth factor, such as Epidermal Growth Factor (EGF), Heparin-binding EGF
(HB-EGF), Insulin-like Growth Factor (IGF-1), Epiregulin, Platelet-derived growth
factor a and B (PDGF-a/B), Transforming growth factor a (TGF-a), Transforming
growth factor B (TGF-B), Keratinocyte growth factor (KGF), Hepatocyte growth
factor (HGF), or Fibroblast Growth Factor (FGF). In some embodiments, the
therapeutic agent is an extracellular matrix (ECM) component, a cytokine, a growth
factor or a drug. In some embodiments, the payload is an antimicrobial agent (such
as an antibacterial, antifungal or antiviral). In some embodiments, the payload is
hyaluronic acid, bovine lactoferrin, Epidermal Growth Factor (EGF), Heparin-
binding EGF (HB-EGF), Insulin-like Growth Factor (IGF-1), Epiregulin, Platelet-
derived growth factor a and B (PDGF-a/B), Transforming growth factor a (TGF-a),
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Transforming growth factor B (TGF-B), Keratinocyte growth factor (KGF),
Hepatocyte growth factor (HGF), or Fibroblast Growth Factor (FGF).

[0071] ENZYME

[0072] The hydrogel system of the present disclosure is enzyme-degradable,
meaning that degradation of the hydrogel may be facilitated or enhanced by one
or more enzymes. As will be appreciated by those skilled in the art, the particular
enzyme/s capable of degrading the hydrogel will depend on the components and
properties of the hydrogel. Different enzymes may degrade the hydrogel differently,
such as, at differing rates, or by differing mechanisms. In some embodiments, the
enzyme may degrade the hydrogel entirely. Is some embodiments, the enzyme may
increase the porosity of the hydrogel. In some embodiments, the enzyme is an
enzyme capable of degrading a gelatin-based hydrogel. In some embodiments, the
enzyme is an extracellular matrix-degrading enzyme. In some embodiments, the
enzyme is a matrix metalloproteinase (MMP), such as a collagenase or gelatinase.
In some embodiments, the MMP is MMP-2, MMP-8, or MMP-9. In some
embodiments, the enzyme is an enzyme present at a wound site. In some
embodiments, the enzyme is an enzyme that is upregulated at a wound site. In
some embodiments, the enzyme is added to the hydrogel externally. The enzyme
may be any suitable enzyme, or combination of enzymes, capable of degrading the
hydrogel at a suitable rate and/or over a suitable amount of time. The choice of
hydrogel components, or the choice of enzyme/s to facilitate degradation, may be
guided by the particular application. For example, some MMPs are knows to be
upregulated at sites of wound healing. For example, there is upregulation of MMPs
in diseases such rheumatoid arthritis, osteoarthritis, teeth and gum infections, tumor
invasion and progression, acute and chronic wounds. During pregnancy, there is
also an increase in the production of MMPs. Since MMPs are know to degrade
gelatin, MMPs present at wound healing sites may assist in degrading a gelatin-

based hydrogel.

[0073] In some embodiments, an enzyme is applied eternally to the hydrogel
system permit further tuning of hydrogel degradation and payload release profiles.

The enzyme may be added to the hydrogel system by any suitable means.

18



WO 2020/181393 PCT/CA2020/050345

The enzyme, or combination of enzymes, may be selected based on, for example,
desired degradation profile of the hydrogel and/or desired payload release profile.
For example, MMP-8 and MMP-9 were shown to degrade GelMA hydrogel systems
at differing rates, as described herein. The slower degradation of GelMA+ by MMP-
9 could be particularly useful in degrading the hydrogel to achieve a delayed release
of payload. In other applications, the more efficient degradation of GeIMA+ by MMP-
8 may be used to achieve a faster payload release. Other hydrogel-degrading
enzymes could be selected to achieve a desired hydrogel degradation and/or
payload release profile for a particular application, without departing from the spirit
of this invention.

[0074] Matrix metalloproteinases may be presentin vivo, for example, MMP-
9 has been observed to be up-regulated (with an elevated level) in various types of
wounds, including ocular wounds, skin wounds, chronic skin wounds. This
evaluated physiological level may be an advantage to be a stimulus for a stimulus-
responsive (enzyme-responsive) and sustained release system, such as the
hydrogel system described herein. In particular, the experiments disclosed herein
suggest the hydrogel system can be degraded by physiologically relevant
concentrations of matrix metalloproteinases, such as MMP-8 and MMP-9 levels

present at a wound site.

[0075] The secretion and activity of MMPs are highly regulated. In normal
tissues, the expression of MMPs are at a basal level, but in wounded tissues the
expression of the MMPs increase rapidly and get activated. Different cells within
the skin such as keratinocytes, fibroblasts, endothelial cells and inflammatory cells
like macrophages, lymphocytes and monocytes express MMPs. A range of signal
like cytokines, hormone, or extracellular matrix induce the expression of MMPs.
Growth factors like epidermal growth factor (EGF), hepatocyte growth factor (HGF),
fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), platelet-
derived growth factor, tumor necrosis factor-alpha (TNF-a), keratinocyte growth
factor (KGF), transforming growth factor-beta (TGF-b), as well as interleukins and

interferons activate MMPs.
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[0076] In some embodiments, the enzyme may be added to the hydrogel
system externally, such as after the hydrogel has been administered to a wound. In
such an embodiment, it may be advantageous to use a more efficiently hydrogel-
degrading enzyme, such as MMP-8. Administering an enzyme, such as MMP-8 or
MMP-9, to the hydrogel encompasses any suitable way to apply the enzyme to the
hydrogel. If the hydrogel system was applied to a wound site, it may be preferable

to apply the enzyme directly to the hydrogel system rather than to the wound itself.

[0077] The enzyme may degrade the hydrogel quickly or slowly. The
hydrogel system of the present disclosure may be optimized to release a particular
payload over a particular release period. The release period may be over a period
of hours, days, weeks, or months. In some embodiments, the release period may
be up to about 1 day, up to about 5 days, up to about 7 days, up to about 10 days,
up to about 14 days, or more. In some embodiments, the release period may be
between about 12-24 hours, between about 24 to 48 hours, between about 48 to
72 hours, between about 1-2 days, between about 1-5 days, between about 1-14
days, between about 4-10 days, between about 7-10 days, between about 7-14
days, or between about 1-30 days, or about 1 day, about 2 days, about 3 days,
about 4 days, about 5 days, about 6 days, about 7 days, about 10 days, about 14
days, about 21 days, or about 28 days. In some embodiments, the release period
may be between about 1-12 months, such as, between about 1-3 months, about 1-
6 months, about 1-9 months, about 3-6 months, about 3-9 months, about 9-12
months, about 6-12 months, or about 1, about 2, about 3, about 5, about 7, about

9, or about 12 months.

[0078] Referring now to FIG. 4, shown therein is an example mechanism for
GelMA+ (GELMA 400) degradation by a trigger enzyme (ENZYME 400), such as a
matrix metalloproteinase (MMP), collagenase or gelatinase. This includes MMP9,
MMP8, MMP2, which are also known as 92 kDa type 4 collagenase, Type 2
collagenase, and 72 kDa Type 4 collagenase respectively. MMP9 and MMP2 are

also called Gelatinase B, and Gelatinase A respectively.

[0079] Referring now to FIG. 5, shown therein is an example mechanism for
the release of the payload (PAYLOAD 500) from GelMA+ (GELMA 500) in the
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presence of the trigger enzyme (ENZYME 500). The GelMA+ hydrogel undergoes
enzymatic degradation where the gelatin molecules are cleaved by the trigger
enzymes causing release of the payload. It will be understood that any hydrogel
system which is degradable by a similar or suitable mechanism could be used in

the hydrogel system of the present disclosure.

[0080] Referring now to FIG. 6, shown therein is an example application of
the GelMA+ payload delivery system for wound healing, comprising GelMA+
(GELMA 600) and a payload (PAYLOAD 600). The GelMA+ delivery system, when
introduced to the site of injury (e.g. a corneal wound), undergoes enzymatic
degradation due to the presence of an enzyme (ENZYME 600) such as an MMPs
with increased levels at the wound site. This enzymatic degradation leads to the
release of the payload from the GelMA+ matrix to the surface of the wound, thereby

enhancing wound healing.

[0081] DEVICES

[0082] The hydrogel system as described herein may be applied as, formed
into and/or incorporated into a device suitable for delivering a payload. The device
may be configured to release the payload over a release period, such as any
release period as defined for the hydrogel system herein. In some embodiments,
the device may be a lens, such as a contact lens, an implant, such as a corneal
implant, an insert, a patch, a bandage, or a dressing. In some embodiments, the
device is contacted with an enzyme to facilitate hydrogel degradation and payload
release. In some embodiments, the enzyme is added to the device externally (e.qg.
exogenous enzyme is applied to the system as opposed to endogenous enzyme,
such as an enzyme naturally present at a wound site). In some embodiments, an
enzyme is added externally after the device has been applied to a subject.

Exogenous enzyme may be added to the device by any suitable means.

[0083] In some embodiments, the device is a bandage, a patch, an implant,
an insert or a lens. In some embodiments, the lens is a contact lens. In some

embodiments, the implant is a corneal implant, although other hydrogel implants
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are also contemplated. In some embodiments, the insert is an ocular insert,
although other hydrogel inserts are also contemplated. could be added in a liquid

formulation to the bandage or contact lens for faster payload delivery.

[0084] In some embodiments, the device is a device for promoting wound
healing. The hydrogel system may be incorporated into any suitable wound

treatment device.

[0085] In one embodiment, the hydrogel system could be incorporated into
an ocular insert to the lower eyelid pocket, and optionally, an enzyme such as an

MMP could be added as an eye drop to the lower eyelid.

[0086] In one embodiment, the hydrogel system could be incorporated into a
wound dressing, applied to a clean wound bed, and optionally, an enzyme such as

an MMP could be added to the dressing to trigger release.

[0087] Referring now to FIG. 7, shown therein is an example application of
the GelMA+ payload delivery system (GELMA 700) used in combination with
another system for wound healing. The GelMA+ system is embedded as a ring on
the contact lens (CONTACT LENS 700), outside the center viewing zone to allow
for unobstructed vision. When the ring comes in contact with a wound, the
upregulated MMPs at the site cause degradation of the GelMA+ drug delivery
system, which consequently releases the payload (PAYLOAD 700).

[0088] TREATMENT OF WOUNDS

[0089] The hydrogel system may be used to deliver a payload to a wound
site of a subject. In some embodiments, the would may be or result from an ocular
wound, a burn wound, a chemical burn wound, an acute wound, a chronic wound,
a bone wound, an ulcer, a pressure ulcer, a venous ulcer, or a bedsore. In some
embodiments, the subject is animal, such a mammal, such as a human. The
components of the hydrogel system and any enzymes to be applied should be

selected with the species and biology of the subject in mind.
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[0090] METHOD OF MAKING HYDROGEL SYSTEM AND DEVICES

[0091] The hydrogel system may be made by any suitable method, including
the methods disclosed herein and in Rizwan et al. 2017 incorporated herein).). The
exemplary crosslinked gelatin methacrylate (GelMA) hydrogel described herein is
obtained by a method comprising sequential physical and chemical crosslinking
steps, where physical crosslinking and chemical crosslinking are as defined herein.
The method of making the hydrogel system may be modified by those of skill in the

art without departing from the spirit of the present invention.

[0092] The hydrogel system described herein may be incorporated into
another composition or device for delivery of the payload to a subject. It will be
understood in the art how to incorporate the hydrogel system into other

compositions and devices.

[0093] METHOD OF DELIVERING A PAYLOAD

[0094] The hydrogel system described herein is for use in delivering a
payload to a subject. Many different uses and payloads are contemplated. A method
of delivering a payload to a subject comprises, in general terms, administering to
the subject a hydrogel system as disclosed herein. In some embodiments,
administration comprises applying a composition or device comprising the hydrogel
delivery system to a subject. In some embodiments, the hydrogel system is
administered as or in a device as disclose herein. The hydrogel system,
composition or device may be applied to the subject by any suitable means. It will
be understood that, where the hydrogel system, composition or device is to be
applied to a subject, the components of the final system, composition or device
should be physiologically-acceptable. In some embodiments, the method is a
method treating or preventing a condition or disease, e.g. a disease or condition
that is treatable or preventable by administration of the payload. In some
embodiments the method is a method of treating a wound, e.g. to facilitate would
healing. The hydrogel system, composition or device may be used for treating any

suitable wound. The payload may be loaded into the hydrogel at any suitable point
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in the process. In some embodiments, the payload is loaded into the hydrogel prior
to physical crosslinking. In some embodiments, the payload is loaded into the
hydrogel after physical crosslinking and before chemical crosslinking. In some

embodiments, the payload is loaded into the hydrogel after chemical crosslinking.

[0095] In some embodiments of wound healing applications, the payload can
be loaded into GelMA+ and can be used a bandage contact lens placed over the
injured cornea to release payload for corneal wound healing. It can be used as an
implant and/or corneal implant to be injected at the wound site to deliver the above-
mentioned payload slowly on being acted upon by the matrix metalloproteinase
enzymes. Similarly, payload loaded GelMA+ hydrogel can be used as a patch,
bandage or wound dressing to deliver the payload at the wound surface on being
degraded by the matrix metalloproteinase enzymes. The MMPs may be present at

the wound site and/or may be added exogenously.

[0096] Delivery of the payload is tuneable based on various factors as will be
understood by those of skill in the art. Referring to an exemplary embodiment,
delivery may be tuned by factors including but not limited to the payload itself,
GelMA density, methacrylation degree, crosslinking degree, or the sequential
crosslinking steps. The release rates and profiles may be tuned for a particular
payload by tuning various properties, such as the properties of GelMA, and/or by
adding an enzyme to degrade the hydrogel system.. Referring now to FIG. 8, shown
therein is an example application of a GelMA+ system (GELMA 800) used for
delivering a payload (PAYLOAD 800) for use in wound healing, where the addition
of the enzyme trigger (ENZYME 800) is from an external source. As was
demonstrated herein, MMP-8 and MMP-9 showed differing degradation behaviour
with model GelMA+ systems. As exemplified herein, GelMA+ hydrogel systems
were effective at drug delivery and in wound healing assays, in particular, for ocular
wound healing. Such studies are shown to correlate with in vivo results. It follows
that GelMA+ hydrogel system could be degraded effectively by other collagenases
or gelatinases, such as MMP-2, and also that the hydrogel system could be formed
from collagen or other suitable proteins. From the exemplified embodiments, it was

demonstrated that GelMA+ systems as described herein could be tuned to
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accommodate payloads in the range of about 4 kDa to about 70 kDa. It follows that
payloads of varying sizes, expanding beyond the range tested, could be delivered

with the hydrogel system.

[0097] PHARMACEUTICAL COMPOSITIONS

[0098] Another aspect of disclosure is related to pharmaceutical
compositions comprising a hydrogel system as defined herein, and a
pharmaceutically acceptable carrier. Pharmaceutical compositions may contain
one or more pharmaceutically acceptable ingredients, such as pharmaceutically-
acceptable carriers, diluents and/or and excipients. Pharmaceutical compositions
can be prepared in a manner well known in the pharmaceutical art. The composition
may be formulated in any suitable formulation or dosage form. In some
embodiments, the composition may be formulated as a gel. . In some embodiments,
the gel is cured. The pharmaceutical composition may further include an enzyme
for degrading the hydrogel system, the enzyme being any suitable enzyme as

defined herein.

[0099] PARTICULAR EMBODIMENTS

[00100] In one embodiment, the present disclosure provides a hydrogel
system for delivering a payload comprising: a hydrogel comprising a crosslinkable
polymer, such as a chemically-modified biopolymer, for example, chemically-
modified gelatin, the hydrogel formed by a method comprising sequential physical

and chemical crosslinking steps; and a payload.

[00101] The hydrogel system of any other embodiment, wherein the
chemically-modified gelatin comprises methacrylated gelatin, acrylated gelatin,

thiolated gelatin or a combination thereof.

[00102] The hydrogel system of any other embodiment, wherein the

chemically-modified gelatin comprises methacrylated gelatin.
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[00103] The hydrogel system of any other embodiment, wherein the physical
crosslinking step comprises incubating a solution comprising the crosslinkable
polymer under suitable conditions and for a sufficient period of time to permit

physical crosslinking of at least a portion of the crosslinkable polymer.

[00104] The hydrogel system of any other embodiment, wherein the solution
comprises between about 1%-35% (w/v) of the crosslinkable polymer in a suitable
diluent, e.g., about 1% - about 5%, about 1% - about 10%, about 5% - about 30%,
about 10% - about 35%, about 10% - about 30%, about 10% - about 20%, about
20% - about 30%, about 25% - about 35% or about 1%, about 5%, about 10%,
about 15%, about 20%, about 25%, about 30%, or about 35%.

[00105] The hydrogel system of any other embodiment, wherein the solution

is an aqueous solution.

[00106] The hydrogel system of any other embodiment, wherein the diluent

is phosphate buffered saline (PBS).

[00107] The hydrogel system of any other embodiment, wherein the

incubation period is at least 1 hour.

[00108] The hydrogel system of any preceding claim, wherein the incubation
period is between about 15 minutes to about 3 hours, between about 30 minutes to
about 2 hours, between about 45 minutes to about 1.5 hours, or about 15 minutes,
about 30 minutes, about 45 minute, about 1 hour, about 1.5 hours, about 2 hours,

or about 3 hours.

[00109] The hydrogel system of any other embodiment, wherein the physical
crosslinking step comprises incubation at a temperature between about 1 — about
16°C, between about 2 - about 15°C, between about 2 - about 10°C, between about
3 - about 8°C, between about 4 - about 6°C, between about 3 - about 5°C or about
2°C, about 3°C, about 4°C, about 5°C, about 6°C, about 7°C, about 8°C, about
10°C, about 12°C, about 14°C, or about 16°C.

[00110] The hydrogel system of any other embodiment, wherein the chemical

crosslinking step is a thermal process.
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[00111] The hydrogel system of any other embodiment, wherein the chemical

crosslinking step comprises UV irradiation.

[00112] The hydrogel system of any other embodiment, wherein the UV

irradiation takes place in the presence of a photoinitiator.

[00113] The hydrogel system of any other embodiment, wherein
photoinitiator is selected from the group consisting of 2-hydroxy-4’ -(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, or IC2959); lithium
phenyl-2 4 6-trimethylbenzoylphosphinate (LAP); 2,2’ -azobis[2-methyl-n-(2-
hydroxyethyl)propionamide] (VA-086); or2’ 4’ 5’ 7' -tetrabromofluorescein

disodium salt (Eosin Y).

[00114] The hydrogel system of any other embodiment, wherein the
chemical crosslinking step comprises UV irradiation for between about 10
seconds to about 30 minutes, for example between about 10 seconds to about 30
seconds, between about 30 seconds to about 90 seconds, between about 10
seconds to about 1 minute, between about 1 minute to about 5 minutes, between
about 1 minute to about 2 minutes, between about 2 minutes to about 5 minutes,
between about 5 minutes to about 10 minutes, between about 10 minutes to
about 20 minutes, or about 10 seconds, 30 seconds, 60 seconds, 90 seconds, 2
minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 15 minutes, 20 minutes, or
30 minutes.

[00115] The hydrogel system of any other embodiment, wherein the
chemical cross-linking step comprises UV irradiation with between about 360-480
nm, such as between about 360-450 nm, between about 380-480 nm, between
about 400-450 nm, between about 360-400 nm, or about 360 nm, 370 nm, 380
nm, 390 nm, 400 nm, 410 nm, 420 nm, 430 nm, 440 nm, 450 nm, 460 nm, 470

nm, or 480 nm.

[00116] The hydrogel system of any other embodiment, wherein the

hydrogel comprises a polymer consisting of gelatin methacrylate.

[00117] The hydrogel system of any other embodiment, wherein gelatin

methacrylate is the sole polymer forming the matrix of the hydrogel.
27



WO 2020/181393 PCT/CA2020/050345

[00118] The hydrogel system of any other embodiment, wherein the

hydrogel comprises one or more additional polymers.

[00119] The hydrogel system of any other embodiment, wherein the one or
more additional polymers is selected from hydrogel polymers, carboxybetaine
methacrylate (CBMA), Alginate hydrogel, poly(hydroxylethylmethacrylate)
(HEMA), Collagen derivatives, Poly lactic glycolic acid (PLGA), or Acrylamide

gels.

[00120] The hydrogel system of any other embodiment, wherein at least a

portion of the payload is encapsulated within a matrix formed by the hydrogel.

[00121] The hydrogel system of any other embodiment, wherein at least
about 50-99% of the payload is encapsulated within a matrix formed by the
hydrogel, for example, at least about 50%, 60%, 70%, 75%, 80%, 85%, 90%,
95%, 97%, 98%, or 99%.

[00122] The hydrogel system of any other embodiment, wherein a portion of

the payload is associated with a surface of the hydrogel.

[00123] The hydrogel system of any other embodiment, wherein the payload
is a therapeutic agent, preventative agent, marker, cell, or the aforementioned
members encapsulated in another delivery vehicle such as a nanoparticle or

liposome.

[00124] The hydrogel system of any other embodiment, wherein the payload

is a small molecule or biologic molecule.

[00125] The hydrogel system of any other embodiment, wherein the payload
is sufficiently large such that all or a portion of the payload is retained within a

matrix formed by the hydrogel until degradation of the hydrogel occurs.

[00126] The hydrogel system of any other embodiment, wherein the
molecular weight of the payload is less than about 100 kDa, less than about 70
kDa, less than about 50 kDa, less than about 30 kDa, less than about 15 kDa,

less than about 10 kDa, less than about 4 kDa, or less than about 2 kDa.
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[00127] The hydrogel system of any other embodiment, wherein the
molecular weight of the payload is at least about 1, 2, 4, 10, 15, 30, 50, 70, or 100
kDa.

[00128] The hydrogel system of any other embodiment, wherein the payload

comprises a small molecule encapsulated in another delivery system.

[00129] The hydrogel system of any other embodiment, wherein the payload
comprises a small molecule encapsulated in a nanoparticle, nanowire, nanotube,

liposome, or micelle.

[00130] The hydrogel system of any other embodiment, wherein the payload

comprises a protein, peptide, nucleic acid, antibody, or carbohydrate.

[00131] The hydrogel system of any other embodiment, wherein the payload

comprises a drug or therapeutic.

[00132] The hydrogel system of any other embodiment, wherein the payload
is selected from the group consisting of an extracellular matrix component, a
cytokine or a growth factor, an antimicrobial, for example, hyaluronic acid, bovine
lactoferrin, Epidermal Growth Factor (EGF), Heparin-binding EGF (HB-EGF),
Insulin-like Growth Factor (IGF-1), Epiregulin, Platelet-derived growth factor a and
B (PDGF-a/B), Transforming growth factor a (TGF-a), Transforming growth factor
B (TGF-B), Keratinocyte growth factor (KGF), Hepatocyte growth factor (HGF), or
Fibroblast Growth Factor (FGF).

[00133] The hydrogel system of any other embodiment, wherein the

hydrogel is degradable by an enzyme.

[00134] The hydrogel system of any other embodiment, wherein the enzyme

is an enzyme present at a wound site.

[00135] The hydrogel system of any other embodiment, wherein the enzyme

is an enzyme that is upregulated at a wound site.

[00136] The hydrogel system of any other embodiment, wherein the enzyme

is an enzyme added to the hydrogel externally.
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[00137] The hydrogel system of any other embodiment, wherein the enzyme

is added after the hydrogel has been administered to a wound.

[00138] The hydrogel system of any other embodiment, wherein the enzyme

is an extracellular matrix-degrading enzyme.

[00139] The hydrogel system of any other embodiment, wherein the enzyme

is a matrix metalloproteinase.

[00140] The hydrogel system any other embodiment, wherein the enzyme is
selected from the group consisting of MMP-2, MMP-8, and MMP-9.

[00141] The hydrogel system of any other embodiment, wherein the enzyme
is MMP-8.
[00142] The hydrogel system of any other embodiment, wherein the enzyme
is MMP-9.
[00143] The hydrogel system of any other embodiment, wherein the system

is tuneable based on GelMA density, methacrylation degree, crosslinking degree,
or sequential crosslinking steps, for compatibility with payloads of different sizes

and/or release rates.

[00144] The hydrogel system of any other embodiment, wherein the

hydrogel is dried and stored prior to use.

[00145] The hydrogel system of any other embodiment, wherein the

hydrogel is frozen and stored prior to use.

[00146] The hydrogel system of any other embodiment, wherein the

hydrogel is lyophilized and subsequently reconstituted prior to use.

[00147] The hydrogel system of any other embodiment, wherein the

hydrogel is lyophilized after encapsulation of the payload.

[00148] The hydrogel system of any other embodiment, wherein the

hydrogel is lyophilized prior to encapsulation of the payload.

[00149] The hydrogel system of any other embodiment, wherein delivering

comprises sustai