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ASPARTIC PROTEASE-TRIGGERED
ANTIFUNGAL HYDROGELS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 16/160,595 filed Oct. 15, 2018
which claims the benefit of priority of U.S. Provisional
Patent Application No. 62/572,194 filed Oct. 13, 2017 and
U.S. Provisional Patent Application No. 62/591,541 filed
Nov. 28, 2017, each of which are incorporated herein by
reference in their entirety.

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under grant number 1644760 awarded by the National
Science Foundation and grant numbers N00014-14-1-0798
and N00014-17-1-2651 awarded by the Office of Naval
Research. The government has certain rights in the inven-
tion.

SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing
which has been filed electronically in ASCII format and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Jan. 30, 2019, is named 405505-
531001US_SL.txt and is 6,014 bytes in size.

FIELD OF THE INVENTION

[0004] The present disclosure relates to antifungal hydro-
gels to locally deliver antifungal drugs. Specifically, the
present disclosure relates to aspartic protease-triggered anti-
fungal hydrogels to locally deliver antifungal drugs that
specifically respond to aspartic proteases secreted by viru-
lent, pathogenic Candida.

BACKGROUND OF THE INVENTION

[0005] The polymorphic fungus Candida albicans is a
commensal organism that colonizes the gastrointestinal
tract, vagina and some cutaneous areas of the majority of
healthy humans. However, under certain conditions the
fungus is able to cause a variety of infections, ranging from
mucosal to life-threatening invasive candidiasis. Candida is
the most common cause of fungal infections, responsible for
46,000 infections per year in the United States." Although C.
albicans continues to be the most common cause of various
forms of candidaisis, there are more than 20 species of
Candida yeasts that can cause infection in humans.>™* Inva-
sive disease is associated with billions of dollars each year
in healthcare costs and a mortality rate estimated at about
40%.%

[0006] Most of the common localized fungal infections are
caused by Candida spp. The intensive use of antibiotics
made these fungi more drug resistant and a clinical problem.
Antimicrobial resistance of Candida is a growing threat that
increases the severity of these infections. Some Candida
strains are increasingly resistant to first-line and second-line
antifungal treatment agents. Recent data demonstrate a
marked shift among infections towards Candida species
with increased resistance to antifungal drugs including
azoles and echinocandins.®”-® For example, there are cur-
rently only four main classes of antifungal drugs and certain
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Candida albicans strains already show resistance to three of
these four drug classes. A recently discovered strain, Can-
dida auris, is resistant to all four drug classes. As a result,
it is imperative to prevent further resistance from developing
by using antifungals to treat serious infections only when the
pathogenic phenotype is present in the infection site and
limit the treatment to that infection site.

[0007] Accordingly, there remains a need for drug deliv-
ery systems that limit exposure to antimicrobials to the site
of fungal infection and is triggered to selectively deliver the
antifungal drug only in the presence of a virulent, pathogenic
Candida fungal infection, thus helping prevent further
development of resistance to antifungals and reduce off-site
antifungal toxicity.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention provides a biocompatible
hydrogel system that is triggered to selectively release an
antifungal drug in the presence of a virulent, pathogenic
Candida fungal infection. The hydrogel system has (1) a
plurality of cross-linkers connecting backbone components
of the hydrogel, wherein the cross-linkers comprise a pep-
tide sequence that is selectively cleaved by aspartic pro-
teases (Saps) secreted by virulent, pathogenic Candida; and
(2) an anti-fungal therapeutic agent encapsulated within the
hydrogel. Virulent, pathogenic Candida include, but are not
limited to, Candida albicans, Candida tropicalis, and Can-
dida parapsilosis.

[0009] By incorporating a degradable peptide sequence
into the hydrogel backbone that responds specifically to
Saps secreted by virulent, pathogenic Candida, the biocom-
patible hydrogel system of the present invention can be
utilized to deliver anti-fungal therapeutics and/or antibacte-
rial therapeutics to a localized site within a patient. This
allows for the selective delivery of the anti-fungal therapeu-
tic and/or antibacterial therapeutic agent to a specified target
within the patient because the Saps secreted by virulent,
pathogenic Candida will cause degradation of the hydrogel
backbone which will result in release of the anti-fungal
therapeutic and/or antibacterial therapeutic agent.

[0010] Any peptide sequence containing linking group
that is capable of being degraded by the secreted Saps by
virulent, pathogenic Candida can be utilized. In some
embodiments, the peptide is at least eight amino acids in
length. While the peptide has no maximum length, so long
as it is degradable by the desired enzyme, in certain embodi-
ments the peptide is up to 8, 10, 20, 30, 50 or 100 amino
acids in length. Some peptides are at least 5 or 10 amino
acids in length. Each of these upper and lower limits are
intended to be combinable to reflect some preferred peptide
lengths. Examples of suitable peptides that can be degraded
by Saps secreted by virulent, pathogenic Candida include at
least one peptide comprising, consisting essentially of, or
consisting of the following amino acid sequences: LRF(p-
NO,)|FLAPK (SEQ ID NO: 1) (“LFFK”), LRFFLAPK
(SEQ ID NO: 2, LRF(p-NO,)|FKAPK (SEQ ID NO: 3,
LRFFKAPK (SEQ ID NO: 4), LRF(p-NO,)| FAAPK (SEQ
ID NO: 5). LRFFAAPK (SEQ ID NO: K LRF(p-NO,)
|FDAPK (SEQ ID NO: 7), LRFFDAPK (SEQ ID NO: 8),
LRF(p-NO,)|FRAPK (SEQ ID NO: 9), LRFFRAPK (SEQ
ID NO: 10), LRF(p-NO,)|FKDPK (SEQ ID NO: 11),
LRFFKDPK (SEQ ID NO: 12), LRF(p-NO,)|FKRPK
(SEQ ID NO: 13), LRFFKRPK (SEQ ID NO: 14), LRF(p-
NO,)|FEIPK (SEQ ID NO: 15), LRFFEIPK (SEQ ID NO:
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16), LAF(p-NO,) | FEAPK (SEQ ID NO: 17), LAFFEAPK
(SEQ ID NO: 18), VFILWRTE (SEQ ID NO: 19), and/or
TFSYnRWPK (SEQ ID NO: 20).

[0011] In certain aspects, suitable peptides that can be
degraded by Saps secreted by virulent, pathogenic Candida
include at least one peptide comprising, consisting essen-
tially of, or consisting of the following amino acid
sequences: LRF(p-NO,)|FLAPK (SEQ ID NO: 1)
(“LFFK”), LRFFLAPK (SEQ ID NO: 2), LRF(p-NO,)
|FKAPK (SEQ ID NO: 3). LRFFKAPK (SEQ ID NO: 4),
LRF(p-NO,)|FAAPK (SEQ ID NO: 5), LRFFAAPK (SEQ
ID NO: 6). LRF(p-NO,)|FDAPK (SEQ ID NO: 7),
LRFFDAPK (SEQ ID NO: 8), LRF(p-NO,)|FRAPK (SEQ
ID NO: 9, LRFFRAPK (SEQ ID NO: 10), LRF(p-NO,)
|FKDPK (SEQID NO: 11), LRFFKDPK (SEQ ID NO: 12),
LRF(p-NO,)|FKRPK (SEQ ID NO: 13), LRFFKRPK
(SEQ ID NO: 14), LRF(p-NO,) | FEIPK (SEQ ID NO: 15),
LRFFEIPK (SEQ ID NO: 16), LAF(p-NO,)| FEAPK (SEQ
ID NO: 17), LAFFEAPK (SEQ ID NO: 18), LAFFEAPK
(SEQ ID NO: 18), VFILWRTE (SEQ ID NO: 19),
TFSYnRWPK (SEQ ID NO: 20), and/or peptides that are at
least about 50% 60%, 65%, 70%, 75%, 80%, 85%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%
homologous thereto.

[0012] In certain aspects, the phenylalanines and 4-nitro-
phenylalanines of the above-disclosed peptides that can be
degraded by Saps secreted by virulent, pathogenic Candida
are considered necessary amino acid residues to maintain the
peptides’ function. In other aspects, it is believed that the
phenylalanines and 4-nitro-phenylalanines of the above-
disclosed peptides that can be degraded by Saps secreted by
virulent, pathogenic Candida can be substituted conserva-
tively, and such amino acid substitutions would not signifi-
cantly diminish their ability to be selectively cleaved by
Saps secreted by virulent, pathogenic Candida. In certain
aspects, it is believed that amino acids other than the
phenylalanines and 4-nitro-phenylalanines of the above-
disclosed peptides that can be degraded by Saps secreted by
virulent, pathogenic Candida may be substituted either
conservatively or non-conservatively, and such amino acid
substitutions would not significantly diminish their ability to
be selectively cleaved by Saps secreted by virulent, patho-
genic Candida. In other aspects, it is believed that amino
acids other than the phenylalanines and 4-nitro-phenylala-
nines of the above-disclosed peptides that can be degraded
by Saps secreted by virulent, pathogenic Candida may be
substituted conservatively, and such amino acid substitu-
tions would not significantly diminish their ability to be
selectively cleaved by Saps secreted by virulent, pathogenic
Candida.

[0013] Hydrogels are well known in the art and are
generally formed by the reaction of a macromer having a
biocompatible backbone with a cross-linking agent. It is
anticipated that any covalently cross-linked hydrogel may be
utilized. Types of materials that could be used for this
purpose include crosslinked synthetic hydrogels that are
based on molecules like hyaluronic acid or polyethylene
glycols. Suitable hydrogels also include those constructed
using polyesters, polyurethanes, polysaccharides, proteins,
and combinations thereof. Polyesters, poly(ethylene oxide)
(PEO), proteins and the like are also suitable polymeric
materials that can be used as a polymeric component of the
hydrogel.
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[0014] In certain aspects, macromers include polyethylene
glycols, hyaluronic acid, polyesters, polyurethanes, polysac-
charides, and/or proteins. In certain aspects, polymeric com-
ponents include polyesters, poly(ethylene oxide), proteins,
gellan gum, alginate, and/or pectin. A partial listing of
polysaccharides that are useful in the claimed invention
includes hyaluronic acid, amylase, amylopectin, glycogen,
cellulose, heparin, agarose, alginate, and the like. In some
embodiments, hyaluronic acid or any combination thereof is
particularly suitable for use in the instant invention.

[0015] The macromers may include a range of polymer-
izing moieties, such as acrylates, methacrylates, and the like.
In some embodiments, the polymerizing moiety includes a
carbon-carbon double or triple bond. The moiety is suitably
polymerized by photopolymerization, by free radical-initia-
tion, or by other methods of polymerization known to those
of skill in the art.

[0016] The responsive peptide moieties (the suitable pep-
tides that can be degraded by Saps secreted by virulent,
pathogenic Candida) can be incorporated into the cross-
linkers by reaction of active hydrogen atoms. In some
embodiments, the active hydrogen atoms can be part of
hydroxy, thiol, or amine groups (including hydrazine). In
some embodiments, the peptide can be incorporated as
crosslinks through the addition reaction of thiols in cysteines
in the peptides with acrylate or methacrylates, vinyl
sulfones, or maleimides on these molecules. In certain
aspects, the responsive peptide moieties are conjugated to
PEG-acrylate functionalized with succinimidyl valerate
under basic conditions. However, it should be understood
that PEG-acrylate could be substituted with other polymers
as long as the other polymers are covalently linked by the
response peptide moiety(ies) and its cleavage results in
hydrogel degradation.

[0017] Any useful anti-fungal and/or anti-bacterial thera-
peutic agent can be utilized with the presently-disclosed
hydrogel system. In some embodiments, antifungal drugs
include, but are not limited to, one or more of the following
antifungal drugs: allylamines (such as amorolfine (Lo-
cery®), butenafine (Lotrimin®, Mentax®), naftifine (Naf-
tin®), terbinafine (Lamisil®)); imidazoles (such as binfona-
zole (Canespor®), butoconazole (Femstat®, Gynazole®),
clotrimazole (Canesten®, Clocreme®, Cruex®, Desenex®,
Femcare®, Fungoid®, Gyne-Lotrimin®, Gynix®, Lotrimin,
Mycelex®, Pedesil®, Trivagizole®), econazole (Ecoza®,
Spectazole®), fenticonazole (Lomexin®, Gynoxin®), iso-
conazole (Icaden®, Travogen®), ketoconazole (Nizoral®,
Extina®, Ketodan, Kuric®, Xolegel®), luliconazole (Luzu),
miconazole (Cavilon®, Cruex®, Desenex®, Fungoid®,
Lotrimin®, Micatin®, Monistat®, Oravig, Ting®, Vagi-
stat®, Zeasorb®), omoconazole (Fongamil®), oxiconazole
(Oxistat®), sertaconazole (Ertaczo®), sulconazole (Exel-
derm®), tioconazole (Monistat®, Vagistat®), terconazole
(Terazol®, Terconazole®, Zazole®); triazoles (such as alba-
conazole, efinaconazole (Jublia®), fluconazole (Diflucan®),
isavuconazole or isavuconazonium (Cresemba®), itracona-
zole (Sporanox®, Onmel®), posaconazole (Noxafil®),
ravuconazole, terconazole (Terazol®), voriconazole
(Vfend®)), arylguanidines or thiazoles (such as abafungin
(Abasol®)); polyenes (such as Amphotericin B (Fungizone,
Fungilin®, AmBisome®), nystatin (Nilstat®), natamycin
(pimaricin), trichomycin (hachimycin); echinocandins (such
as anidulafungin (Fraxis®), caspofungin (Cancidas®),
micafungin (Mycamine®); thiocarbamates (such as tolnaf-
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tate (Tinactin®, Aftate®, Breezee®, Ting®)); antimetabo-
lites (such as flucytosine (Ancobon®)); benzylamines (such
as butenafine (Mentax®, Lotrimin®); and other antifungals
such as griseofulvin (Gris-PEG®, Grifulvin®, Grisactin®);
ciclopirox (Ciclodan®, Loprox®, Penlac®, Loprox®); sele-
nium sulfide (Selsun®, Exsel®); tavaborole (Kerydin®);
among others.

[0018] Antimicrobial peptides can also be encapsulated or
covalently tethered to the hydrogel backbone. Furthermore,
other therapeutics such as antibiotics, endothelial growth
factors, hormones, or clotting factors can be encapsulated to
also aid in wound healing. In some embodiments, the
therapeutic agent(s) may be directly encapsulated during the
gelation process by mixing the molecule with the pre-cursor
solutions or covalently tethered to the hydrogel backbone
using chemistry described previously.

[0019] In certain aspects, the fabrication process for form-
ing the instant hydrogels poses advantages to other currently
used methods of forming hydrogels which involve harsh
chemicals for the polymerization of hydrogels. In certain
aspects, the fabrication process for forming the instant
hydrogels involves using white light and an aqueous buffer
as the solvent. This method allows for controlling the shape
and rigidity of the instant hydrogels with ease, and can even
be used to photopolymerize the hydrogels in situ. It will be
readily understood that the instant hydrogel system can
support the delivery of different antifungal agents as well as
readily be modified to work against other fungal strains.
[0020] The present invention further provides a process
for delivery of an anti-fungal to the extracellular matrix of
target tissue. In certain aspects, the process comprises

(1) administering a biocompatible hydrogel having a plu-
rality of cross-linkers connecting backbone components of
the hydrogel, wherein the cross-linkers comprise a peptide
sequence that is selectively cleaved by aspartic proteases
secreted by virulent, pathogenic Candida; and an anti-fungal
therapeutic agent encapsulated within the hydrogel; and (2)
allowing the hydrogel to contact the aspartic proteases
secreted by virulent, pathogenic Candida in the extracellular
matrix of the target tissue, wherein the contact results in the
release of at least a portion of the anti-fungal therapeutic
agent.

[0021] The present invention further provides a method of
treating a virulent, pathogenic Candida infection in a subject
by administering a biocompatible hydrogel that comprises a
plurality of cross-linkers connecting backbone components
of the hydrogel and an anti-fungal therapeutic agent encap-
sulated within the hydrogel. The hydrogel is cross-linked
utilizing a cross-linker comprising a peptide sequence that is
selectively cleaved by aspartic proteases secreted by viru-
lent, pathogenic Candida. Once the hydrogel comes in
contact with aspartic proteases secreted by virulent, patho-
genic Candida, at least a portion of the anti-fungal thera-
peutic agent is released into the site of infection.

[0022] The responsive hydrogel material can also be used
to coat a wide range of medical device surfaces to prevent
biofilm formation and subsequent medical device related
infections. Different surfaces, including but not limited to,
glass, plastic, and metals can be etched and functionalized
with 10%  3(trimethoxysilyl)propyl = methacrylate
(TMSPMA) in acetone. This allows covalent attachment of
Ac-PEG-responsive peptide-PEG-Ac conjugates to the sur-
face of the material using the photopolymerization technique
described above, forming thin hydrogel coatings. As such,
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the present invention further provides a method of prevent-
ing a virulent, pathogenic Candida infection in a subject by
applying a biocompatible hydrogel to a surface subject to
exposure to and contamination with the virulent, pathogenic
Candida. The biocompatible hydrogel comprises a plurality
of cross-linkers connecting backbone components of the
hydrogel and an anti-fungal therapeutic agent encapsulated
within the hydrogel. The hydrogel is cross-linked utilizing a
cross-linker comprising a peptide sequence that is selec-
tively cleaved by aspartic proteases secreted by virulent,
pathogenic Candida. When the treated surface is contami-
nated with a virulent, pathogenic Candida, the hydrogel
comes in contact with aspartic proteases secreted by viru-
lent, pathogenic Candida, at least a portion of the anti-fungal
therapeutic agent thus preventing an infection.

[0023] Other implementations are also described and
recited herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a schematic representation of the fungal
enzyme-responsive hydrogel system exhibiting a triggered
release of antifungal therapies.

[0025] FIG. 2 depicts the structure of LFFK. FIG. 2
discloses SEQ ID NO: 1.

[0026] FIG. 3 depicts the characterization of the LFFK
peptide and conjugate. Panel A depicts LFFK peptide L.C-
MS results showing the C-18 liquid chromatogram (top) and
the mass spectrometry analysis (bottom). Panel B depicts the
size exclusion chromatography of a representative conjugate
and PEG starting material.

[0027] FIG. 4 illustrates the successful degradation of the
LFFK peptide in the presence of aspartic proteases. FIG. 4
discloses the degradation products of DEQ ID NO: 1 upon
cleavage by Saps. FIG. 4 discloses SEQ ID NOS 1 and 23,
respectively, in order of appearance.

[0028] FIG. 5 depicts the characterization of the PEG-
LFFK-PEG conjugate using MALDI-TOF and size exclu-
sion chromatography.

[0029] FIG. 6 illustrates the successful degradation of the
PEG-LFFK-PEG conjugate in the presence of aspartic pro-
tease from C. albicans 28366.

[0030] FIG. 7 illustrates the fabrication of the fungal
enzyme-responsive hydrogel system. Panel A depicts a
hydrogel photopolymerization scheme. Panel B depicts bulk
hydrogel (left) and microsphere (right) containing 10%
Acryl-PEG-LFFK-PEG-Acryl and anidulafungin.

[0031] FIG. 8 illustrates the degradation of a responsive
hydrogel system on infected agar over time.

[0032] FIG. 9 illustrates the successful degradation of
10% PK hydrogels loaded with 0.5% (w/v) anidulafungin
when exposed to a 2 mg/ml. concentration of C. albicans
secreted aspartic proteases.

[0033] FIG. 10 illustrates the activity assay of hydrogels
encapsulating liposomal amphotericin B (AmBisome) fun-
gicidal. Panel A depicts schematically the in vitro assay. The
hydrogels are cultured with Candida in Sap inducing media
and after 24-hour periods, part of the culture solution is
removed, diluted and plated after which the colony forming
units are counted and compared to a control culture. Panel
B depicts the fungal survival after exposure to the respon-
sive hydrogels. Panel C depicts the proteolytic activity of
culture.

[0034] FIG. 11 illustrates the stability of PK hydrogels in
the presence of penicillinases and lipases (upper panel) and



US 2022/0265833 Al

that non-responsive PEG hydrogels remained intact in the
presence of aspartic proteases for at least 24 hours.

[0035] FIG. 12 illustrates the effects of polymer concen-
tration on drug release and hydrogel mechanical properties.
Panel A depicts the hydrogel cumulative drug release profile
in enzymes secreted by Candida (Saps); * p<0.01 between
both conditions, two-tailed unpaired t-test. Panel B depicts
the hydrogel mechanical properties; * p<0.01, two-tailed
unpaired t-test, n=3.

[0036] FIG. 13 illustrates the covalent conjugation of the
antifungal drug amphotericin B with acrylated PEG (Panel
A); the matrix-assisted laser desorption/ionization—time of
flight mass spectroscopy chromatogram confirming drug-
PEG conjugation noting the shift in molecular weight (Panel
B); the efficacy of drug-PEG conjugate in inhibiting Can-
dida growth at 32 pg/ml (Panel C); and the efficacy of
responsive hydrogels (with LFFK peptide) bearing cova-
lently linked drug-PEG (Panel D).

[0037] FIGS. 14A-C illustrate peptide catalytic efficiency
modifications. FIG. 14A depicts peptide molecular struc-
tures. FIG. 14B depicts LC-MS chromatogram of synthe-
sized peptides. FIG. 14C depicts the degradation of hydro-
gels bearing the different peptides in the presence of Saps;
* p<0.05, two-tailed unpaired t-test, n=3.

DETAILED DESCRIPTION OF THE
INVENTION

[0038] It is to be appreciated that certain aspects, modes,
embodiments, variations and features of the invention are
described below in various levels of detail in order to
provide a substantial understanding of the present invention.
[0039] The following description of particular aspect(s) is
merely exemplary in nature and is in no way intended to
limit the scope of the invention, its application, or uses,
which may, of course, vary. The invention is described with
relation to the non-limiting definitions and terminology
included herein. These definitions and terminology are not
designed to function as a limitation on the scope or practice
of the invention but are presented for illustrative and
descriptive purposes only. While the compositions or pro-
cesses are described as using specific materials or an order
of individual steps, it is appreciated that materials or steps
may be interchangeable such that the description of the
invention may include multiple parts or steps arranged in
many ways as is readily appreciated by one of skill in the art.

Definitions

[0040] The definitions of certain terms as used in this
specification and the appended claims are provided below.
Unless defined otherwise, all technical and scientific terms
used herein generally have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs.

[0041] As used in this specification and the appended
claims, the singular forms “a,” “an” and “the” include plural
referents unless the content clearly dictates otherwise. For
example, reference to “a cell” includes a combination of two
or more cells, and the like.

[0042] The term “approximately” or “about” in reference
to a value or parameter are generally taken to include
numbers that fall within a range of 5%, 10%, 15%, or 20%
in either direction (greater than or less than) of the number
unless otherwise stated or otherwise evident from the con-
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text (except where such number would be less than 0% or
exceed 100% of a possible value). As used herein, reference
to “approximately” or “about” a value or parameter includes
(and describes) embodiments that are directed to that value
or parameter. For example, description referring to “about
X includes description of “X”.

[0043] As used herein, the term “or” means “and/or.” The
term “and/or” as used in a phrase such as “A and/or B”
herein is intended to include both A and B; A or B; A (alone);
and B (alone). Likewise, the term “and/or” as used in a
phrase such as “A, B, and/or C” is intended to encompass
each of the following embodiments: A, B, and C; A, B, or C;
AorC;AorB:BorC;Aand C; Aand B; B and C; A (alone);
B (alone); and C (alone).

[0044] It is understood that wherever embodiments are
described herein with the language “comprising” otherwise
analogous embodiments described in terms of “consisting
of” and/or “consisting essentially of” are also provided. It is
also understood that wherever embodiments are described
herein with the language “consisting essentially of” other-
wise analogous embodiments described in terms of “con-
sisting of” are also provided.

[0045] It is to be appreciated that certain features of the
invention which are, for clarity, described herein in the
context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various
features of the invention that are, for brevity, described in the
context of a single embodiment, may also be provided
separately or in any subcombination. Further, reference to
values stated in ranges include each and every value within
that range.

[0046] The term “subject” refers to a mammal, including
but not limited to a dog, cat, horse, cow, pig, sheep, goat,
chicken, rodent, or primate. Subjects can be house pets (e.g.,
dogs, cats), agricultural stock animals (e.g., cows, horses,
pigs, chickens, etc.), laboratory animals (e.g., mice, rats,
rabbits, etc.), but are not so limited. Subjects include human
subjects. The human subject may be a pediatric, adult, or a
geriatric subject. The human subject may be of either sex.
[0047] The terms “effective amount” and “therapeutically-
effective amount” include an amount sufficient to prevent or
ameliorate a manifestation of disease or medical condition,
such as an infection. It will be appreciated that there will be
many ways known in the art to determine the effective
amount for a given application. For example, the pharma-
cological methods for dosage determination may be used in
the therapeutic context. In the context of therapeutic or
prophylactic applications, the amount of a composition
administered to the subject will depend on the type and
severity of the disease and on the characteristics of the
subject, such as general health, age, sex, body weight and
tolerance to drugs. It will also depend on the degree, severity
and type of disease. The skilled artisan will be able to
determine appropriate dosages depending on these and other
factors. The compositions can also be administered in com-
bination with one or more additional therapeutic com-
pounds.

[0048] As used herein, the term “biocompatible” means
that the components, in addition to the therapeutic agent,
comprising the hydrogel system, are suitable for adminis-
tration to the patient being treated in accordance with the
present invention.

[0049] The term “amino acid” is intended to embrace all
molecules, whether natural or synthetic, which include both
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an amino functionality and an acid functionality and capable
of'being included in a polymer of naturally-occurring amino
acids. Exemplary amino acids include naturally-occurring
amino acids; analogs, derivatives and congeners thereof;
amino acid analogs having variant side chains; and all
stereoisomers of any of any of the foregoing. The names of
the natural amino acids are abbreviated herein in accordance
with the recommendations of IUPAC-IUB.

[0050] The terms “identity” and “identical” refer to a
degree of identity between sequences, there may be partial
identity or complete identity. A partially identical sequence
is one that is less than 100% identical to another sequence.
Partially identical sequences may have an overall identity of
at least 70% or at least 75%, at least 80% or at least 85%,
or at least 90% or at least 95%.

[0051] “Percent (%) amino acid sequence identity” with
respect to a reference polypeptide sequence is defined as the
percentage of amino acid residues in a candidate sequence
that are identical with the amino acid residues in the refer-
ence polypeptide sequence, after aligning the sequences and
introducing gaps, if necessary, to achieve the maximum
percent sequence identity, and not considering any conser-
vative substitutions as part of the sequence identity. Align-
ment for purposes of determining percent amino acid
sequence identity can be achieved in various ways that are
within the skill in the art, for instance, using publicly
available computer software such as BLAST, BLAST-2,
ALIGN or Megalign (DNASTAR) software. Those skilled
in the art can determine appropriate parameters for aligning
sequences, including any algorithms needed to achieve
maximal alignment over the full length of the sequences
being compared.

[0052] The terms “modulation” and “modulate” as used
herein refer to a change or an alteration in a biological
activity. Modulation includes, but is not limited to, stimu-
lating an activity or inhibiting an activity. Modulation may
be an increase or a decrease in activity, a change in binding
characteristics, or any other change in the biological, func-
tional, or immunological properties associated with the
activity of a protein, a pathway, a system, or other biological
targets of interest.

[0053] The terms “treating” or “treatment” or “to treat” or
“alleviating” or “to alleviate” refer to both (1) therapeutic
measures that cure, slow down, lessen symptoms of, and/or
halt progression of a diagnosed fungal infection and (2)
prophylactic or preventative measures that prevent or slow
the development of a fungal infection.

[0054] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this disclosure belongs. It will be further
understood that terms such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and the present disclosure, and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.

Antifungal Drug Resistance

[0055] Antifungal drugs save lives by treating dangerous
fungal infections. Unfortunately, fungi can develop the
ability to defeat the drugs designed to kill them. Antifungal
resistance is especially a concern for patients with invasive
infections like those caused by the fungus Candida, a yeast,
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which can cause serious health problems, including disabil-
ity and death. Patients can get fungal infections while
receiving care for something else in a healthcare facility. For
example, Candida is a leading cause of healthcare-associ-
ated bloodstream infections in US hospitals.® These infec-
tions are also costly for patients and healthcare facilities.
Each case of Candida bloodstream infection (also known as
candidemia) is estimated to result in an additional 3 to 13
days of hospitalization and $6,000 to $29,000 in healthcare
costs."”

[0056] Antifungal resistance is a particular problem with
Candida infections. Some types of Candida are increasingly
resistant to the first-line and second-line antifungal medica-
tions, such as fluconazole and the echinocandins (anidula-
fungin, caspofungin, and micafungin). About 7% of all
Candida bloodstream isolates tested at CDC are resistant to
fluconazole. More than 70% of these resistant isolates are
the species Candida glabrata or Candida krusei.'''?
[0057] Multidrug-resistant Candida infections (those that
are resistant to both fluconazole and an echinocandin) have
very few remaining treatment options. The primary treat-
ment option is Amphotericin B, a drug that can be toxic for
patients who are already very sick. Not surprisingly, there is
growing evidence to suggest that patients who have drug-
resistant candidemia are less likely to survive than patients
who have candidemia that can be treated by antifungal
medications.'>'* Emerging antifungal resistance has been
identified in species like Candida auris.'® Isolates of C.
auris sent to CDC are almost all resistant to fluconazole, and
up to one-third are resistant to amphotericin B, usually
reserved as a last-resort treatment.'® Most C. auris isolates
are susceptible to echinocandins. However, echinocandin
resistance can develop while the patient is being treated. C.
auris is also a concerning public health issue because it is
difficult to identify with standard laboratory methods and
because it spreads easily in healthcare settings, such as
hospitals and long-term care facilities. Accordingly, it is
imperative to prevent further resistance from developing.

Aspartic Protease Triggered Anti-Fungal Hydrogel System

[0058] The presently-disclosed data relates to a responsive
hydrogel system to combat skin wound fungal infections by
incorporating a degradable peptide sequence that responds
specifically to aspartic proteases (Saps) secreted by virulent,
pathogenic Candida into the hydrogel backbone. The pres-
ently-disclosed data demonstrates that the responsive hydro-
gel system provides for a controlled drug release mecha-
nism. Currently, no such system exists to treat fungal
infections. The instantly-disclosed hydrogels degrade and
release their loaded drug only in the presence of virulent,
pathogenic Candida, for example, but not limited to, Can-
dida albicans. Otherwise, the hydrogels remain intact in a
culture of non-pathogenic Candida. Making the distinction
between virulent, pathogenic and non-pathogenic fungi is
important in preventing antifungal drug resistance. As
described above, there are currently only four main classes
of antifungal drugs and certain Candida albicans strains
already show resistance to three of these four drug classes.
A recently discovered strain, Candida auris, is resistant to
all four drug classes. As a result, it is imperative to use
antifungals to treat serious infections only when the virulent,
pathogenic phenotype is present in the infection site. The
instantly-disclosed hydrogels do just that, as they respond to
Saps, which are Candida virulence markers.
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[0059] Additionally, in certain aspects, the fabrication
process for forming the instant hydrogels poses advantages
to other currently used methods of forming hydrogels which
involve harsh chemicals for the polymerization of hydro-
gels. In certain aspects, the fabrication process for forming
the instant hydrogels involves using white light and an
aqueous buffer as the solvent. This method allows for
controlling the shape and rigidity of the instant hydrogels
with ease, and can even be used to photopolymerize the
hydrogels in situ. It will be readily understood that the
instant hydrogel system can support the delivery of different
antifungal agents as well as readily be modified to work
against other fungal strains.

[0060] In certain aspects, the present disclosure relates to
a biocompatible hydrogel. In certain aspects, the biocom-
patible hydrogel comprises a plurality of cross-linkers con-
necting backbone components of said hydrogel, wherein
said hydrogel is cross-linked utilizing a cross-linker com-
prising a peptide sequence that is selectively cleaved by
aspartic proteases secreted by virulent, pathogenic Candida.
Further, the biocompatible hydrogel comprises an anti-
fungal therapeutic agent, said anti-fungal therapeutic agent
encapsulated within said hydrogel. Thus, the instant hydro-
gels incorporating a degradable peptide sequence that
responds specifically to aspartic proteases (Saps) secreted by
virulent, pathogenic Candida into the hydrogel backbone
can be utilized in the delivery of anti-fungal therapeutics
and/or antibacterial therapeutics to a localized site within a
patient. In certain aspects of the present disclosure, the
cross-linkers of the instant hydrogels comprise a peptide
sequence that is degradable by aspartic proteases (Saps)
secreted by virulent, pathogenic Candida. This allows for
the selective delivery of the anti-fungal therapeutic and/or
antibacterial therapeutic agent to a specified target within the
patient because the Saps secreted by virulent, pathogenic
Candida will cause degradation of the hydrogel backbone
which will result in release of the anti-fungal therapeutic
and/or antibacterial therapeutic agent. As such, certain
aspects of the present disclosure relate to a process for
delivery of an anti-fungal to the extracellular matrix of target
tissue. In certain aspects, the process comprises administer-
ing a biocompatible hydrogel, said hydrogel comprising a
plurality of cross-linkers connecting backbone components
of said hydrogel, wherein said hydrogel is cross-linked
utilizing a cross-linker comprising a peptide sequence that is
selectively cleaved by aspartic proteases secreted by viru-
lent, pathogenic Candida. Further, the biocompatible hydro-
gel comprises an anti-fungal therapeutic agent, with said
anti-fungal therapeutic agent encapsulated within said
hydrogel. The process further comprises allowing said
hydrogel to contact aspartic proteases secreted by virulent,
pathogenic Candida in said extracellular matrix of the target
tissue, said contact resulting in the release of at least a
portion of said anti-fungal therapeutic agent.

[0061] Any peptide sequence containing linking group
that is capable of being degraded by the secreted Saps by
virulent, pathogenic Candida can be utilized. Virulent,
pathogenic Candida include, but are not limited to, Candida
albicans, Candida tropicalis, and Candida parapsilosis. In
some embodiments, the peptide is at least eight units in
length. While the peptide has no maximum length, so long
as it is degradable by the desired enzyme, in certain embodi-
ments the peptide is up to 8, 10, 20, 30, 50,100 or 200 units
in length. Some peptides are at least 5 or 10 units in length.
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Each of these upper and lower limits are intended to be
combinable to reflect some preferred peptide lengths.
Examples of suitable peptides that can be degraded by Saps
secreted by virulent, pathogenic Candida include at least
one peptide comprising, consisting essentially of, or con-
sisting of the following amino acid sequences: LRF(p-NO,)
|FLAPK (SEQ ID NO: 1) (“LFFK”), LRFFLAPK (SEQ ID
NO: 2), LRF(p-NO,)|FKAPK (SEQ ID NO: 3),
LRFFKAPK (SEQ ID NO: 4), LRF(p-NO,)| FAAPK (SEQ
ID NO: 5), LRFFAAPK (SEQ ID NO: 6), LRF(p-NO,)
|FDAPK (SEQ ID NO: 7), LRFFDAPK (SEQ ID NQ: 8),
LRF(p-NO,)|FRAPK (SEQ ID NO: 9), LRFFRAPK (SEQ
ID NO: 10), LRF(p-NO,)|FKDPK (SEQ ID NO: 11),
LRFFKDPK (SEQ ID NO: 12), LRF(p-NO,)|FKRPK
(SEQ ID NO: 13), LRFFKRPK (SEQ ID NO: 14), LRF(p-
NO,)|FEIPK (SEQ ID NO: 15), LRFFEIPK (SEQ ID NO:
16), LAF(p-NO,) |FEAPK (SEQ ID NO: 17), LAFFEAPK
(SEQ ID NO: 18), VFILWRTE (SEQ ID NO: 19), and/or
TFSYnRWPK (SEQ ID NO: 20). The phrase “consisting
essentially of,” as used herein, is intended to mean that
additional amino acids or other residues may be present at
either terminus of the peptide and/or on a side chain pro-
vided they do not substantially impair the activity of the
peptide to be selectively degraded by Saps secreted by
virulent, pathogenic Candida.

[0062] In certain aspects, suitable peptides that can be
degraded by Saps secreted by virulent, pathogenic Candida
include at least one peptide comprising, consisting essen-
tially of, or consisting of the following amino acid
sequences: LRF(p-NO,)|FLAPK (“LFFK”) LRF(p-NO,)
|FLAPK (SEQ ID NO: 1) (“LFFK”), LRFFLAPK (SEQ ID
NO: 2), LRF(p-NO,)|FKAPK (SEQ ID NO: 3),
LRFFKAPK (SEQ ID NO: 4), LRF(p-NO,)|FAAPK (SEQ
ID NO: 5), LRFFAAPK (SEQ ID NO: 6), LRF(p-NO,)
|FDAPK (SEQ ID NO: 7), LRFFDAPK (SEQ ID NO: 8,
LRF(p-NO,)|FRAPK (SEQ ID NO: 9), LRFFRAPK (SEQ
ID NO: 10), LRF(p-NO,)|FKDPK (SEQ ID NO: 11),
LRFFKDPK (SEQ ID NO: 12), LRF(p-NO,)|FKRPK
(SEQ ID NO: 13), LRFFKRPK (SEQ ID NO: 14), LRF(p-
NO,)|FEIPK (SEQ ID NO: 15, LRFFEIPK (SEQ ID NO:
16), LAF(p-NO,) |FEAPK (SEQ ID NO: 17), LAFFEAPK
(SEQ ID NO: 18), VFILWRTE (SEQ ID NO: 19),
TFSYnRWPK (SEQ ID NO: 20) and/or peptides that are at
least about 50% 60%, 65%, 70%, 75%, 80%, 85%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%
homologous thereto. Percent homology can be determined
as is known in the art. For example, to determine the percent
identity of two amino acid sequences, the sequences are
aligned for optimal comparison purposes (e.g., gaps can be
introduced in one or both of a first and a second amino acid
sequence for optimal alignment and non-homologous
sequences can be disregarded for comparison purposes). The
amino acid residues at corresponding amino acid positions
are then compared. When a position in the first sequence is
occupied by the same amino acid residue as the correspond-
ing position in the second sequence, then the molecules are
identical at that position (as used herein amino acid “iden-
tity” is equivalent to amino acid “homology”). As is known
in the art, the percent identity between the two sequences is
a function of the number of identical positions shared by the
sequences, taking into account the number of gaps and the
length of each gap, which need to be introduced for optimal
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alignment of the two sequences. Sequence homology for
polypeptides is typically measured using sequence analysis
software.

[0063] When homologous is used in reference to peptides,
it is recognized that residue positions that are not identical
can often differ by conservative amino acid substitutions. A
“conservative amino acid substitution” is one in which an
amino acid residue is substituted by another amino acid
residue having a side chain (R group) with similar chemical
properties (e.g., charge or hydrophobicity). In general, a
conservative amino acid substitution will not substantially
change the functional properties of a protein. In cases where
two or more amino acid sequences differ from each other by
conservative substitutions, the percent sequence identity or
degree of homology may be adjusted upwards to correct for
the conservative nature of the substitution. Means for mak-
ing this adjustment are known to those of skill in the art. The
following six groups each contain amino acids that are
conservative substitutions for one another: 1) Serine (S),
Threonine (T); 2) Aspartic Acid (D), Glutamic Acid (E); 3)
Asparagine (N), Glutamine (Q); 4) Arginine (R), Lysine (K);
5) Isoleucine (1), Leucine (L), Methionine (M), Alanine (A),
Valine (V), and 6) Phenylalanine (F), Tyrosine (Y), Trypto-
phan (W).

[0064] In certain aspects, the phenylalanines and 4-nitro-
phenylalanines of the above-disclosed peptides that can be
degraded by Saps secreted by virulent, pathogenic Candida
are considered necessary amino acid residues to maintain the
peptides’ function. In other aspects, it is believed that the
phenylalanines and 4-nitro-phenylalanines of the above-
disclosed peptides that can be degraded by Saps secreted by
virulent, pathogenic Candida can be substituted conserva-
tively, and such amino acid substitutions would not signifi-
cantly diminish their ability to be selectively cleaved by
Saps secreted by virulent, pathogenic Candida. In certain
aspects, it is believed that amino acids other than the
phenylalanines and 4-nitro-phenylalanines of the above-
disclosed peptides that can be degraded by Saps secreted by
virulent, pathogenic Candida may be substituted either
conservatively or non-conservatively, and such amino acid
substitutions would not significantly diminish their ability to
be selectively cleaved by Saps secreted by virulent, patho-
genic Candida. In other aspects, it is believed that amino
acids other than the phenylalanines and 4-nitro-phenylala-
nines of the above-disclosed peptides that can be degraded
by Saps secreted by virulent, pathogenic Candida may be
substituted conservatively, and such amino acid substitu-
tions would not significantly diminish their ability to be
selectively cleaved by Saps secreted by virulent, pathogenic
Candida.

[0065] The degradation or breaking of the crosslinks
formed by the peptides that can be degraded by Saps
secreted by virulent, pathogenic Candida in the hydrogel
alters the crosslinking density, which in turn alters the
material properties (i.e., mechanics), which alters the diffu-
sion of molecules through the hydrogel and hence delivery
into the affected tissue. With such a hydrogel material, the
release of the anti-fungal therapeutics and/or antibacterial
therapeutics will be locally dependent on the level of Saps
activity secreted by virulent, pathogenic Candida at those
sites. For example, the instantly-disclosed data demonstrates
that hydrogels formed with a peptide that can be degraded by
Saps secreted by virulent, pathogenic Candida was prefer-
entially cleaved by pepsin and the Saps between the two
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hydrophobic phenylalanines or between leucine and phenyl-
alanine, as confirmed by HPLC-MS, resulting in hydrogel
degradation. In the presence of pepsin, the hydrogels release
2.1£1.3% of the total loaded drug within one hour,
64.9£10% after two hours, and 88.4+1.02% after twenty-
four hours. Non-peptide containing hydrogels (i.e., pure
PEG hydrogels) remained intact in pepsin for at least 24
hours, releasing just 0.05£0.003% of the total loaded drug.
In the presence of Saps, the hydrogels released 72.28+2.96%
of the total loaded drug within one hour. Responsive hydro-
gels cultured in an acidic buffer lacking enzymes released
only 0.43+£1.01% of the total loaded drug in 24 hours. No
hydrogel degradation was observed in HEPES buffered
saline (HBS), indicating that these hydrogels are specifically
responsive to aspartic proteases. Further, the hydrogels
proved to be stable in lipases and penicillinases, releasing
only 0.64+0.20% and 0.67+0.59% of the total loaded drug,
respectively, after 24 hours. These are enzymes secreted by
other microbes, suggesting minimal interference from their
presence at an infection site.

[0066] Hydrogels are well known in the art and are
generally formed by the reaction of a macromer having a
biocompatible backbone with a cross-linking agent. It is
anticipated that any covalently cross-linked hydrogel may be
utilized. Types of materials that could be used for this
purpose include crosslinked synthetic hydrogels that are
based on molecules like hyaluronic acid or polyethylene
glycols. Suitable hydrogels also include those constructed
using polyesters, polyurethanes, polysaccharides, proteins,
and combinations thereof. Polyesters, poly(ethylene oxide)
(PEO), proteins and the like are also suitable polymeric
materials that can be used as a polymeric component of the
hydrogel. General synthetic methods for making hydrogels
can be found, for example in Burdick, et al."”

[0067] Incertain aspects, macromers include polyethylene
glycols, hyaluronic acid, polyesters, polyurethanes, polysac-
charides, and/or proteins. In certain aspects, polymeric com-
ponents include polyesters, poly(ethylene oxide), proteins,
gellan gum, alginate, and/or pectin. A partial listing of
polysaccharides that are useful in the claimed invention
includes hyaluronic acid, amylase, amylopectin, glycogen,
cellulose, heparin, agarose, alginate, and the like. In some
embodiments, hyaluronic acid or any combination thereof is
particularly suitable for use in the instant invention.
[0068] The macromers may include a range of polymer-
izing moieties, such as acrylates, methacrylates, and the like.
In some embodiments, the polymerizing moiety includes a
carbon-carbon double or triple bond. The moiety is suitably
polymerized by photopolymerization, by free radical-initia-
tion, or by other methods of polymerization known to those
of skill in the art.

[0069] The responsive peptide moieties (the suitable pep-
tides that can be degraded by Saps secreted by virulent,
pathogenic Candida) can be incorporated into the cross-
linkers by reaction of active hydrogen atoms. In some
embodiments, the active hydrogen atoms can be part of
hydroxy, thiol, or amine groups (including hydrazine). In
some embodiments, the peptide can be incorporated as
crosslinks through the addition reaction of thiols in cysteines
in the peptides with acrylate or methacrylates, vinyl
sulfones, or maleimides on these molecules.

[0070] Polyethylene glycol (PEG) is a non-toxic bioinert
polymer that is highly soluble in water. It has been used
extensively in drug delivery applications as well as in the
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fabrication of hydrogels with high oxygen permeability,
which facilitates wound healing. In certain aspects, the
responsive peptide moieties are conjugated to PEG-acrylate
functionalized with succinimidyl valerate under basic con-
ditions. However, it should be understood that PEG-acrylate
could be substituted with other polymers as long as the other
polymers are covalently linked by the response peptide
moiety(ies) (as described previously) and its cleavage results
in hydrogel degradation.

[0071] The instantly-disclosed hydrogel systems can have
varying mesh sizes. Hydrogel mesh size will be calculated
using the Peppas-Merrill model (adapted from the Flory-
Rehner model) in conjunction with the Canal-Peppas model.
'® Changes in polymer molecular weight and concentration
can have an effect on the hydrogel’s mesh size, mechanical
properties, and subsequently, enzyme penetration and deg-
radation rates. An increase in polymer concentration and
photopolymerization times increases crosslinking density,
which has been shown to reduce hydrolytic degradation
rates, diffusivity, and gel swelling which in turn decrease
hydrogel mesh size, but increase hydrogel stiffness and
hydrophobicity. Hydrogels with a high polymeric concen-
tration are expected to degrade at slower rates, preventing
Sap enzyme diffusion into the interior of the hydrogel, as
well as to reduce unwanted diffusion of drug out from the
hydrogels. Higher polymeric concentrations are also
expected to aid antifungal drug retention, owing to the fact
that most antifungal drugs, such as anidulafungin, are hydro-
phobic. Hydrogel mesh size for the 10% (w/v) PEG-LFFK-
PEG hydrogels tested should range between 6.3 to 10.8 nm
as shown by other PEG-peptide-PEG hydrogels of similar
MW prepared using the same photoinitiator, Eosin Y. Since
mesh size is irregular partly due to polymer polydispersity
and entanglements, the hydrogel mesh size of 10% (w/v)
gels may allow Sap penetration to some extent. Increasing
the ratio of non-responsive PEG in the hydrogel backbone
can also slow down degradation rates. A fine balance must
exist, however, since too much non-responsive PEG can
render the hydrogel nondegradable. Thus, we can develop a
highly tunable system that encapsulates and releases drug in
the presence of Saps, whether present in low or high
concentrations. Preliminary results show that 5% PEG-
LFFK-PEG hydrogels that are cultured in buffer (no Saps)
release 3.11+0.12% of their total loaded drug (anidula-
fungin) after just 3 hours because of passive diffusion.
However, 10% PEG-LFFK-PEG hydrogels, which should
have a smaller mesh size, released only 0.43+0.01% of their
total loaded drug (anidulafungin) after 24 hours when cul-
tured in buffer (no Saps). The minimal drug release from
unperturbed hydrogels is due to the drug’s (anidulafungin)
hydrophobicity. PEG, being very hydrophilic, can repel the
drug, allowing it to remain inside the hydrogel’s pores.

[0072] The responsive hydrogel material of the present
invention can also be used to coat a wide range of medical
device surfaces to prevent biofilm formation and subsequent
medical device related infections. Different surfaces, includ-
ing but not limited to, glass, plastic, and metals can be etched
and functionalized with 10% 3(trimethoxysilyl)propyl meth-
acrylate (TMSPMA) in acetone. This allows covalent
attachment of Ac-PEG-responsive peptide-PEG-Ac conju-
gates to the surface of the material using the photopolymer-
ization technique described above, forming thin hydrogel
coatings.
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Antifungal and Anti-Bacterial Therapeutic Agents Useful in
the Hydrogel System

[0073] Any useful anti-fungal and/or anti-bacterial thera-
peutic agent can be utilized with the presently-disclosed
hydrogel system. In some embodiments, antifungal drugs
include, but are not limited to, allylamines, azoles (including
imidazole, triazole, and arylguanidine derivatives),
polyenes, echinocandins, thiocarbamates, antimetabolites,
benzylamines and other antifungal drugs such as griseoful-
vin, ciclopirox, selenium sulfide, tavaborole, amongst oth-
ers.

[0074] Allylamines are synthetic antifungals with activity
against a wide range of dermatophytes. Allylamines act via
inhibition of the squalene epoxidase formation, which
blocks the synthesis of ergosterol. Allylamines (with the
exception of terbinafine) are used as topical treatments. Oral
terbinafine is extensively used for the treatment of onycho-
mycosis (fungal infection of the nail). It acts at an earlier
stage by inhibiting the formation of squalene epoxide, a
precursor of lanosterol. Oral terbinafine is the first choice for
treating infections of fingernails and toenails. Examples of
allylamines include amorolfine (Locery®), butenafine
(Lotrimin®, Mentax®), naftifine (Naftin®), terbinafine
(Lamisil®).

[0075] Azoles (imidazole and triazole derivatives) are a
large group of synthetic antifungal agents. Azoles are essen-
tially fungistatic, and have a relatively broad antifungal
spectrum. The azole antifungals have many drug-drug inter-
actions because of their interference with cytochrome P-450
enzymes. Imidazoles are considered first-line agents for
most dermatophyte infections. Topical formulations are
widely used for the treatment of superficial fungal infections
and vaginal candidiasis. Imidazoles are very toxic when
taken orally, so they are available only as topical formula-
tions. Examples of imidazoles include binfonazole (Cane-
spor®), butoconazole (Femstat®, Gynazole®), clotrimazole
(Canesten®, Clocreme®, Cruex®, Desenex®, Femcare®,
Fungoid®, Gyne-Lotrimin®, Gynix®, Lotrimin,
Mycelex®, Pedesil®, Trivagizole®), econazole (Ecoza®,
Spectazole®), fenticonazole (Lomexin®, Gynoxin®), iso-
conazole (Icaden®, Travogen®), ketoconazole (Nizoral®,
Extina®, Ketodan, Kuric®, Xolegel®), luliconazole
(Luzu®), miconazole (Cavilon®, Cruex®, Desenex®, Fun-
goid®, Lotrimin®, Micatin®, Monistat®, Oravig, Ting®,
Vagistat®, Zeasorb®), omoconazole (Fongamil®), oxicona-
zole (Oxistat®), sertaconazole (Ertaczo®), sulconazole
(Exelderm®), tioconazole (Monistat®, Vagistat®), tercona-
zole (Terazol®, Terconazole®, Zazole®). Triazoles are gen-
erally used for prophylaxis and treatment of invasive fungal
infections and systemic mycosis. Examples of triazoles
include albaconazole, efinaconazole (Jublia®), fluconazole
(Diflucan®), isavuconazole or isavuconazonium (Cre-
semba®), itraconazole (Sporanox®, Onmel®), posacona-
zole (Noxafil®), ravuconazole, terconazole (Terazol®),
voriconazole (Vfend®). Arylguanidines or thiazoles are a
novel class of synthetic antifungal drugs. Examples of
arylguanidines or thiazoles include abafungin (Abasol®).
[0076] Polyenes are naturally occurring compounds with a
very broad antifungal spectrum. Polyenes act by binding to
sterols in the fungal cell membrane, thereby interfering with
membrane integrity and causing leakage of essential
metabolites. Most polyenes are used topically, but intrave-
nous amphotericin remains an important agent for the treat-
ment of systemic fungal infections. The risk of nephrotox-
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icity limits the use of amphotericin B. Examples of polyenes
include amphotericin B (Fungizone, Fungilin®, AmBi-
some®), nystatin (Nilstat®), natamycin (pimaricin), tricho-
mycin (hachimycin).

[0077] Echinocandins are the most recently developed
class of antifungals. Echinocandins are used mainly for the
treatment of severe, invasive Candida infections. Echi-
nocandins are safer than other classes of antifungals and
have a broad spectrum, and synergistic effect in combination
therapy. Examples of polyenes include anidulafungin (Er-
axis®), caspofungin (Cancidas®), micafungin (Myca-
mine®).

[0078] Other potential antifungal drugs for the hydrogel
system of the present invention include thiocarbamates
(such as tolnaftate (Tinactin®, Aftate®, Breezee®, Ting®));
antimetabolites (such as flucytosine (Ancobon®)); benzy-
lamines (such as butenafine (Mentax®, Lotrimin®); and
griseofulvin  (Gris-PEG®,  Grifulvin®, Grisactin®);
ciclopirox (Ciclodan®, Loprox®, Penlac®, Loprox®); sele-
nium sulfide (Selsun®, Exsel®); tavaborole (Kerydin®);
among others.

Combination Therapy

[0079] Combination therapy with two or more therapeutic
agents often uses agents that work by different mechanisms
of action, although this is not required. Combination therapy
using agents with different mechanisms of action may result
in additive or synergetic effects. Combination therapy may
allow for a lower dose of each agent than is used in
monotherapy, thereby reducing toxic side effects and/or
increasing the therapeutic index of the agent(s). Combina-
tion therapy may decrease the likelihood that antifungal
resistance will develop. In addition to antifungal drugs,
antimicrobial peptides can also be encapsulated or cova-
lently tethered to the hydrogel backbone. Furthermore, other
therapeutics such as antibiotics, endothelial growth factors,
hormones, or clotting factors can be encapsulated to also aid
in wound healing. In some embodiments, the therapeutic
agent(s) may be directly encapsulated during the gelation
process by mixing the molecule with the precursor solutions.

Administration Methods

[0080] The compositions of the instant invention may be
administered by methods well known to those skilled in the
art. Such methods include local or systemic administration.
In some embodiments, administration is topical. Such meth-
ods include ophthalmic administration and delivery to
mucous membranes (including vaginal and rectal delivery),
pulmonary (including inhalation of powders or aerosols;
intratracheal, intranasal, epidermal and transdermal), oral or
parenteral. Parenteral administration includes intravenous,
intraarterial, subcutaneous, intraperitoneal or intramuscular
injection or infusion; or intracranial (including intrathecal or
intraventricular, administration).

[0081] Pharmaceutical compositions and formulations for
topical administration include but are not limited to oint-
ments, lotions, creams, transdermal patches, gels, drops,
suppositories, sprays, liquids and powders. Utilization of
conventional pharmaceutical carriers, oily bases, aqueous,
powder, thickeners and the like may be used in the formu-
lations. The pharmaceutical compositions may also be
administered in tablets, capsules, gel capsules, and the like.
Further, the responsive hydrogel material can be used to coat

Aug. 25, 2022

a wide range of medical device surfaces to prevent biofilm
formation and subsequent medical device related infections.
For example, but not by way of limitation, different surfaces
(including but not limited to, glass, plastic, and metals) can
be etched and functionalized with 10% 3(trimethoxysilyl)
propyl methacrylate (TMSPMA) in acetone. This allows
covalent attachment of Ac-PEG-responsive peptide-PEG-
Ac conjugates to the surface of the material using the
photopolymerization technique described in the Example
section, thus forming thin hydrogel coatings.

[0082] Penetration enhancers may also be used in the
instant pharmaceutical compositions. Such enhancers
include surfactants, fatty acids, bile salts, chelating agents,
and non-chelating non-surfactants. Such enhancers are gen-
erally described in U.S. Pat. No. 6,287,860.

[0083] In some embodiments, the hydrogels are delivered
locally either via implantation or as an injection procedure,
potentially through syringes or catheters. Anti-fungal treat-
ment methods comprise administration of the instant com-
positions by any appropriate method to a patient in need of
such treatment. In some embodiments, the patent is a
mammal. In certain embodiments, the patient is a human.

EXAMPLES

[0084] The following examples are given by way of
illustration and are in no way intended to limit the scope of
the present invention.

Example 1 Preparation of the Biocompatible
Hydrogel

LFFK Synthesis and Characterization

[0085] Virulent C. albicans secrete aspartic proteases
(Saps) that aid in pathogen tissue invasion and proliferation.
The biocompatible hydrogels of the present invention take
advantage of this by degrading in the presence of these Saps,
releasing the loaded therapeutic in a triggered manner (see
FIG. 1). Delivering the antifungal on-demand can help in the
prevention of drug resistance and reduce off-site toxicity.

[0086] The peptide LFFK (FIG. 2), which has been shown
to be readily cleaved by C. albicans Saps, was synthesized
using solid-phase peptide synthesis with standard FMOC
chemistry using a protocol adapted from Coin, et al.'’
Briefly, a polystyrene resin, rink amide 4-methylbenzhy-
drylamine (MBHA), was swollen in dimethylformamide
(DMF) for 30 minutes. The resin’s FMOC-protected amine
was deprotected using a 20% piperidine solution in DMF for
20 minutes. Following a wash with DMF, a solution of 0.4
M methylmorpholine in DMF containing HBTU as the
carboxylic acid activator and the first amino acid (lysine) in
the form COOH-AA-NF-FMOC, both at a 0.4 mmol con-
centration, was added to the resin and left to react for 30
minutes under nitrogen bubbling. The reaction was repeated
for each subsequent amino acid and each amino acid was
coupled twice prior to FMOC removal to increase peptide
purity. Lastly, the peptide was cleaved from the resin and its
side-chain protecting groups removed using a solution con-
sisting of trifluoroacetic acid (TFA), phenol, triisopropylsi-
lane (TIPS), and water at an 8.8/0.5/0.5/0.2 ratio, respec-
tively. The peptide was then precipitated and washed in cold
diethyl ether, dried using a rotary evaporator, dissolved in
water, dialyzed, and lyophilized.
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[0087] Liquid chromatography-mass spectrometry (LC-
MS) and matrix assisted laser desorption ionization-time of
flight (MALDI-TOF) mass spectroscopy were used to char-
acterize peptide molecular weight and purity.*® FIG. 3A
depicts LC-MS results for the LFFK peptide showing the
C-18 liquid chromatogram (top) and the mass spectrometry
analysis (bottom). A single peak eluted at 7.5 min and the +1,
+2, and +3 ionization states confirmed the expected LFFK
molecular weight of 1035.56 Da. FIG. 3B depicts the size
exclusion chromatography of a representative conjugate and
PEG starting material. The shift to the left confirms conju-
gation with an average molecular weight of 11.112+0.132
Da (n=3) which includes the expected average conjugate
molecular weight of 11.036 Da.

[0088] After the LFFK peptide was synthesized, its sen-
sitivity towards aspartic proteases was evaluated in vitro.
Initially, the conjugate was cultured at 37° C. with pepsin, a
mammalian aspartic protease. The solution was analyzed
using LC-MS to detect any residual peptide fragments. This
experiment was repeated with secreted aspartic proteases
extracted from C. albicans. As shown in FIG. 4, the syn-
thesized LFFK peptide was degraded in the presence of
aspartic proteases.

PEG-LFFK-PEG Synthesis and Characterization

[0089] After the peptide was fully characterized, it was
reacted with PEG (5 kDa) functionalized with succinimidyl
valerate at one end, and methyl acrylate at the other end at
a LFFK peptide:PEG ratio of 1 to 2. Under basic conditions,
the reactive amines on the C-terminal lysine and N-terminal
leucine performed a nucleophilic substitution at the PEG
succinimide-activated carboxylic acid carbon, forming
amide bonds. After letting the reaction proceed overnight, it
was dialyzed and lyophilized.

[0090] The resulting polymer was characterized using
MALDI-TOF and size exclusion chromatography (SEC).2*
The responsive LFFK peptide was successfully conjugated
to PEG to form the responsive hydrogel backbone (FIG. 3B)
with conjugation efficiencies of 73.73+3.21% (n=3), with no
free LFFK peptide detected (FIG. 5). The degradation rate of
the conjugate in the presence of Saps from C. albicans
28366 compared to free peptide was evaluated using quartz
crystal microbalance with dissipation (QCM-D) to note any
changes in enzyme kinetics that might result from the
conjugation of PEG at lysine and leucine.**** As illustrated
in FIG. 6, the analysis confirmed that the PEG-LFFK-PEG
conjugate was also degraded in the presence of aspartic
protease from C. albicans 28366.

Hydrogel Fabrication

[0091] The biodegradable hydrogel system encapsulating
an antifungal was fabricated via free radical photopolymer-
ization of Acrylate-PEG-LFFK-PEG-Acrylate (PK) using
eosin y and triethanolamine as co-radical initiators (see FIG.
7A). For the bulk hydrogels, the polymer backbone and
model drug, anidulafungin, were dissolved in HEPES buff-
ered saline (HBS). Eosin Y, triethanolamine (TEOA), and
N-vinylpyrrolidone (NVP) were then added as the white
light photoinitiator, co-initiator, and radical propagator,
respectively. After thoroughly mixing the pre-polymer solu-
tion and pipetting it into a clear poly(dimethylsiloxane)
(PDMS) mold, the solution was exposed to high intensity
white light to trigger the photopolymerization. To form drug
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encapsulating microparticles, a similar method was utilized.
Differences included using a dual-photoinitiator and emul-
sion technique.®* Briefly, the pre-polymer solution was
added dropwise to an oil solution containing the hydropho-
bic and UV light photoinitiator 2,2-dimethoxy-2-phenylac-
etophenone. The mixture was then emulsified by vortexing
at high speeds and exposed simultaneously to white and UV
light. Immediately thereafter, HBS buffer was added to the
oil and the vial was centrifuged to collect the microparticles.
Pluronic, dextran, and magnesium sulfate was added to tune
particle size and size distribution.?*** Shown in FIG. 7B is
a drug loaded bulk hydrogel (left) and a drug loaded
microparticle (right).

Example 2 Assessment of the Biocompatible

Hydrogel
[0092] Degradation and Release with Exposure to C.
albicans
[0093] Initially, hydrogel degradation was evaluated over

agar infected with C. albicans 10231 to simulate an infected
wound environment. These 10% (w/v) PEG-LFFK-PEG
hydrogels contained no drug and degraded in approximately
5 days (FIG. 8). The reduction in hydrogel degradation time
was likely the result of the hydrogel only being exposed to
C. albicans on the bottom surface of the hydrogel, which
was in contact with the agar, as opposed to being submerged
in a solution of Saps.

[0094] Subsequent degradation and release studies were
conducted using secreted aspartic proteases extracted from
C. albicans.

Sap Extraction from Candida albicans

[0095] In order to stimulate Sap production, C. albicans
ATCC 10231 was inoculated in yeast carbon base supple-
mented with bovine serum albumin (BSA) as the sole source
of nitrogen.?® Protease extraction protocol was adapted from
Germaine, et al.>” Briefly, after 3-5 days in culture at 28° C.
and shaking at 120 RPM, the solution was transferred to
conical tubes and centrifuged at 4° C. for 30 minutes at
5,000 RPM. The solution supernatant was decanted into a
large bottle on ice to preserve enzyme stability. Then, 61.5%
(w/v) ammonium sulfate was slowly added to the culture
supernatant under gentle stirring. After adding the ammo-
nium sulfate, the solution was allowed to sit for an hour to
ensure maximal enzyme precipitation. The solution was then
once again transferred to conical tubes and centrifuged at 4°
C. for 20 minutes at 15,000 RPM to pellet enzymes. The
supernatant was decanted and the pellet dissolved in 1 mM
potassium phosphate and dialyzed against the same buffer at
4° C. overnight. Finally, the solution was frozen and lyo-
philized to dryness. Extracted Sap molecular weight was
analyzed using SEC.

[0096] Inorderto evaluate extracted Sap proteolytic activ-
ity, the method of Schreiber et al. was used.”® A known
concentration of Saps was dissolved in 25 mM sodium
citrate buffer (SCB) (pH 3.2). This solution was mixed at a
1:4 ratio with a 1% (w/v) BSA solution in 25 mM SCB and
incubated at 37° C. for 3 hours. The reaction was stopped by
adding twice the solution volume of 5% (w/v) trichloro-
acetic acid and chilled on ice. Any undigested albumin
precipitated. The vials were centrifuged at 2,000 RPM for 20
minutes at 4° C. and the absorbance of the soluble peptides
was measured using a plate reader set to 280 nm. One
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proteolytic activity unit (PU) was defined as the proteolytic
activity needed to generate an OD280 of 0.01 for a path-
length of 1 cm per hour.*

Degradation and Release with Exposure to C. albicans Saps
[0097] Degradation and release studies were conducted by
placing the hydrogels in sodium citrate buffer (SCB) pH 4.4
with a 2 mg/ml concentration of C. albicans secreted
aspartic proteases (Saps). At given time points, the solution
was removed and replaced with fresh SCB with 2 mg/ml
Saps. The concentration of released anidulafungin was mea-
sured using a fluorescence plate reader (hex: 250 nm, Aem:
420 nm). As shown in FIG. 9, 10% PK hydrogels loaded
with 0.5% (w/v) anidulafungin were degraded and released
the loaded antifungal drug within three hours when exposed
to a 2 mg/ml concentration of C. albicans secreted aspartic
proteases. No degradation was observed when the hydrogels
were incubated in sodium citrate buffer (SCB) containing no
Saps at 37° C., and only 0.43+0.01% of the total loaded drug
was released in 24 hours.

[0098] PK hydrogels loaded with a different antifungal
drug, 0.05% amphotericin B encapsulated in liposomes
(AmBisome), behaved similarly to those loaded with anidu-
lafungin, releasing 92.31+0.68% and 81.76x4.15% of their
total loaded drug after 4 hours in Saps at 37° C., respectively.
Ten percent PK hydrogels loaded with AmBisome were
exposed directly to C. albicans 10231. Hydrogels were
added to a culture of 10" CFU/mL C. albicans in Sap-
inducing media and cultured while agitating at 37° C. (FIG.
10A). After 48 hours, responsive hydrogels loaded with
AmBisome were able to fully eradicate Candida. Non-
responsive hydrogels loaded with AmBisome did not
achieve the fungal burden of 10'* CFU/mL seen with blank
hydrogels, they instead inhibited Candida growth keeping it
at approximately 10° CFU/mL for 5 days (FIG. 10B).
Maximal proteolytic activity was achieved by the control
cultures within 48 hours. Proteolytic activity was minimal
for hydrogels loaded with AmBisome (FIG. 10C).

Hydrogel Specificity

[0099] Sap-hydrogel specificity was confirmed by testing
other enzymes that might be present at an infection site. As
shown in the upper panel of FIG. 11, PK hydrogels proved
to be stable in penicillinases and lipases, releasing only
0.67+0.59% and 0.64+0.20% of the total loaded drug,
respectively, after 24 hours. Non-responsive PEG hydrogels
(i.e., lacking LFFK in the backbone) remained intact in
aspartic proteases for at least 24 hours, releasing just 0.0520.
003% of the total loaded drug (FIG. 11, lower panel). Other
enzymes tested included human and bacterial proteases, as
well as by adding Sap inhibitors such as pepstatin.

Hydrogel Modifications

[0100] The mechanical properties of the hydrogel, namely
Young’s modulus, the shear modulus, and viscosity, were
assessed for the different hydrogel formulations in an effort
to better understand how structure relates to drug release
properties. Compression testing was used to determine
hydrogel elastic modulus. The hydrogels, of cylindrical
shape with a height of 3.5 mm and a radius of 3 mm, were
compressed between two flat steel plates to 50% strain at a
rate of 0.1 mm/s. As seen with other PEG hydrogel systems,
an increase in stiffness going from 5% (w/v) PEG-LFFK-
PEG to 20% (w/v) PEG-LFFK-PEG was observed. Con-
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versely, a decrease in hydrogel stiffness was observed when
using larger molecular weight PEG chains to form the PK
conjugates. These observations were supported by data in
Durst C A, et al.*°

[0101] Ultimately, an increase in the elastic modulus cor-
related to an increase in cross-linking density and a decrease
in pore size, drug diffusivity, and enzyme penetration.>’
Hydrogel mesh size was calculated using the Peppas-Merrill
model (adapted from the Flory-Rehner model) in conjunc-
tion with the Canal-Peppas model.'®

[0102] Hydrogels with different concentrations of PK
were compared to assess the effects of different hydrogel
mesh size on the rate of degradation and drug release.
Hydrogels fabricated with 5% and 15% (w/v) PK with
0.05% (w/v) anidulafungin released 49.60+5.85% and
7.93£2.03% of the total loaded drug, respectively, after 1
hour in Saps extracted from C. albicans ATCC strain 10231
at 37° C. (FIG. 12A). The concentration of Saps mimicked
proteolytic activity of clinical C. albicans isolates. The
difference in degradation rates can be explained by looking
at hydrogel mechanical properties and mesh size; 15% PK
hydrogels were significantly stiffer and had smaller pore
sizes than 5% PK hydrogels, presumably delaying enzyme
penetration into the interior of the hydrogel structure, slow-
ing degradation (FIG. 12B).

[0103] Responsive hydrogels were also by the covalent
conjugation of the antifungal drug amphotericin B with
acrylated PEG (FIG. 13A). The drug-PEG conjugation was
confirmed with matrix-assisted laser desorption/ionization-
time of flight mass spectroscopy chromatogram noting the
shift in molecular weight (FIG. 13B). A micro-dilution assay
demonstrated the efficacy of the drug-PEG conjugate in
inhibiting Candida growth at 32 pg/ml. (FIG. 13C). Respon-
sive hydrogels with covalently linked Amphotericin B were
as efficacious as responsive hydrogels encapsulating AmBi-
some (liposomal Amphotericin B) in reducing Candida
burden after 24 hours compared to blank hydrogels and a
Candida control (FIG. 13D).

[0104] Hydrogel sensitivity towards Saps was also studied
by incubating the hydrogels at different Sap concentrations.
The prospect of achieving an on-off response with the
hydrogels was investigated by exposing them to cyclically
high and low Sap concentrations. Finally, examination of
photopolymerization times, ratio of responsive to non-re-
sponsive PEG, polymer concentration and molecular weight
effect on hydrogel degradation and drug release were tested.
[0105] Finally, in order to further optimized the hydrogel
degradation rates, LFFK was slightly altered to obtain
peptides with lowered peptide-Sap catalytic efficiencies.
Two variant peptides, LAF(p-NO,)FGAPK (SEQ ID NO:
21) (LFFK.AG) and LAF(p-NO,)FLAPK (SEQ ID NO: 22)
(LFFK.A2) along with LFFK were synthesized using stan-
dard solid phase synthesis with FMOC chemistry. In order
of decreasing catalytic efficiencies, these peptides were:
LFFK.AG, LFFK.A2, and LFFK (FIG. 14A). The peptides
were then analyzed using LC-MS (FIG. 14B). As expected,
hydrogels fabricated with LFFK.AG degraded the fastest in
Saps, followed by LFFK.A2, and LFFK (FIG. 14C).
[0106] Other useful peptides for Sap-triggered hydrogels
include: LRFFLAPK (SEQ ID NO:2), LRF(p-NO,)
|FKAPK (SEQ ID NO: 3), LRFFKAPK (SEQ ID NO: 4),
LRF(p-NO,)|FAAPK (SEQ ID NO: 5), LRFFAAPK (SEQ
ID NO: 6), LRF(p-NO,)|FDAPK (SEQ ID NO: 7),
LRFFDAPK (SEQ ID NO: 8), LRF(p-NO,) | FRAPK (SEQ
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ID NO: 9), LRFFRAPK (SEQ ID NO: 10), LRF(p-NO,)
|FKDPK (SEQID NO: 11), LRFFKDPK (SEQ ID NO: 12),
LRF(p-NO,)|FKRPK (SEQ ID NO: 13), LRFFKRPK
(SEQ ID NO: 14), LRF(p-NO,) | FEIPK (SEQ ID NO: 15),
LRFFEIPK (SEQ ID NO: 16), LAF(p-NO,)| FEAPK (SEQ
ID NO: 17), and LAFFEAPK (SEQ ID NO: 18),
VFILWRTE (SEQ ID NO: 19) and TFSYnRWPK (SEQ ID
NO: 20).

[0107] All references disclosed herein are incorporated by
reference in their entirety.
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[0139] The foregoing written specification is considered to
be sufficient to enable one skilled in the art to practice the
present aspects and embodiments. The present aspects and
embodiments are not to be limited in scope by examples
provided, since the examples are intended as a single illus-
tration of one aspect and other functionally equivalent
embodiments are within the scope of the disclosure. Various
modifications in addition to those shown and described
herein will become apparent to those skilled in the art from
the foregoing description and fall within the scope of the
appended claims. The advantages and objects described
herein are not necessarily encompassed by each embodi-
ment. Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments described herein.
Such equivalents are intended to be encompassed by the
following claims.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 23

<210> SEQ ID NO 1

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 1

Leu Arg Phe Phe Leu Ala Pro Lys
1 5

<210> SEQ ID NO 2

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 2

Leu Arg Phe Phe Leu Ala Pro Lys
1 5

<210> SEQ ID NO 3

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 3

Leu Arg Phe Phe Lys Ala Pro Lys
1 5

Synthetic

Synthetic

Synthetic
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<210> SEQ ID NO 4

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 4

Leu Arg Phe Phe Lys Ala Pro Lys
1 5

<210> SEQ ID NO 5

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 5

Leu Arg Phe Phe Ala Ala Pro Lys
1 5

<210> SEQ ID NO 6

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 6

Leu Arg Phe Phe Ala Ala Pro Lys
1 5

<210> SEQ ID NO 7

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 7

Leu Arg Phe Phe Asp Ala Pro Lys
1 5

<210> SEQ ID NO 8

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide

<400> SEQUENCE: 8

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic
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Leu Arg Phe Phe Asp Ala Pro Lys
1 5

<210> SEQ ID NO 9

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 9

Leu Arg Phe Phe Arg Ala Pro Lys
1 5

<210> SEQ ID NO 10

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 10

Leu Arg Phe Phe Arg Ala Pro Lys
1 5

<210> SEQ ID NO 11

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 11

Leu Arg Phe Phe Lys Asp Pro Lys
1 5

<210> SEQ ID NO 12

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 12

Leu Arg Phe Phe Lys Asp Pro Lys
1 5

<210> SEQ ID NO 13

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic
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<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 13

Leu Arg Phe Phe Lys Arg Pro Lys
1 5

<210> SEQ ID NO 14

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 14

Leu Arg Phe Phe Lys Arg Pro Lys
1 5

<210> SEQ ID NO 15

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 15

Leu Arg Phe Phe Glu Ile Pro Lys
1 5

<210> SEQ ID NO 16

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 16

Leu Arg Phe Phe Glu Ile Pro Lys
1 5

<210> SEQ ID NO 17

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 17
Leu Ala Phe Phe Glu Ala Pro Lys

1 5

<210> SEQ ID NO 18
<211> LENGTH: 8

Synthetic

Synthetic

Synthetic

Synthetic
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<212> TYPE: PRT
<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 18

Leu Ala Phe Phe Glu Ala Pro Lys
1 5

<210> SEQ ID NO 19

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<400> SEQUENCE: 19

Val Phe Ile Leu Trp Arg Thr Glu
1 5

<210> SEQ ID NO 20

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
<222> LOCATION: (5)..(5)
<223> OTHER INFORMATION: Norleucine

<400> SEQUENCE: 20

Thr Phe Ser Tyr Leu Arg Trp Pro Lys
1 5

<210> SEQ ID NO 21

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 21

Leu Ala Phe Phe Gly Ala Pro Lys
1 5

<210> SEQ ID NO 22

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

peptide
<220> FEATURE:
<221> NAME/KEY: MOD_RES
«<222> LOCATION: (3)..(3)
<223> OTHER INFORMATION: Phe (p-NO2)

<400> SEQUENCE: 22

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic
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Leu Ala Phe Phe Leu Ala Pro Lys
1 5

<210> SEQ ID NO 23

<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

peptide
<400> SEQUENCE: 23

Leu Ala Pro Lys
1

What is claimed is:

1. A biocompatible hydrogel comprising:

(a) a plurality of cross-linkers covalently connecting the
biocompatible hydrogel backbone components;
wherein the cross-linker comprises a peptide sequence

that is selectively cleaved by aspartic proteases
secreted by virulent, pathogenic Candida; and
wherein the biocompatible hydrogel backbone compo-
nents are selected from the group consisting of:
polyethylene glycol, polyester, poly(ethylene oxide),
polyurethane, gellan gum, and pectin; and
(b) an antifungal therapeutic agent encapsulated within
the hydrogel;
wherein the antifungal therapeutic agent is encapsu-
lated in a liposomal nanoparticle, and

wherein the liposomal nanoparticle remains encapsu-
lated within the hydrogel until the peptide sequence
is selectively cleaved by aspartic protease, such that
the cleavage by aspartic protease results in the con-
trolled release of the antifungal therapeutic agent.

2. The biocompatible hydrogel according to claim 1,

where the peptide sequence has 5-100 amino acid residues.

3. The biocompatible hydrogel according to claim 1,

where the peptide sequence is selected from the group
consisting of LRF(p-NO2) | FLAPK (SEQ ID NO: 1), LRF-
FLAPK (SEQ ID NO: 2), LRF(p-NO2)|FKAPK (SEQ ID

NO: 3), LRFFKAPK (SEQ ID NO: 4), LRF(p-NO2)
|FAAPK, (SEQ ID NO: 5) LRFFAAPK (SEQ ID NO: 6),
LRF(p-NO2)|FDAPK (SEQ ID NO: 7), LRFFDAPK (SEQ
ID NO: 8), LRF(p-NO2)|FRAPK (SEQ ID NO: 9),
LRFFRAPK (SEQ ID NO: 10), LRF(p-NO2)|FKDPK
(SEQ ID NO: 11), LRFFKDPK (SEQ ID NO: 12), LRF(p-
NO2)|FKRPK (SEQ ID NO: 13), LRFFKRPK (SEQ ID
NO: 14), LRF(p-NO2)|FEIPK (SEQ ID NO: 15), LRF-
FEIPK (SEQ ID NO: 16), LAF(p-NO2)|FEAPK (SEQ ID
NO: 17), LAFFEAPK (SEQ ID NO: 18), VFILWRTE (SEQ
ID NO: 19), and/or TFSYnRWPK (SEQ ID NO: 20),
wherein the | symbol is the cleavage point for the aspartic
protease, and

wherein n refers to the amino acid norleucine.

4. The biocompatible hydrogel according to claim 1,
where the peptide sequence is LRF(p-NO,)| FLAPK [SEQ
ID NO: 1], wherein the | symbol is the cleavage point for
the aspartic protease.

5. The biocompatible hydrogel according to claim 1,
where the antifungal therapeutic agent is selected from the
group consisting of: an allylamine, an imidazole, a triazole,
an arylguanidine, a polyene, an echinocandin, a thiocarbam-
ate, an antimetabolite, a benzylamine, griseofulvin,
ciclopirox, selenium sulfide, and tavaborole.
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