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HYDROGELS CONTAINING ALDEHYDE GROUPS FOR
CONTROLLED RELEASE OF BACTERIOPHAGES AND
ANTIBIOTICS TO TREAT INFECTIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
[G001] The present application claims priomty to U.S. Provisional Application No.
63/490,114, filed March 14, 2023, and U.S. Provisional Application No. 63/490,742, filed
March 16, 2023, the full disclosures of which are imcorporated herein by reference m theiwr

entirety for all purposes.

BACKGROUND
[306062] Multi-drog resistant infections have emerged as one of the major health challenges
worldwide, meluding 1n the context of orthopedic joint mfections, wound nfections, ear
mfections {chronic suppurative otitis media}, and ostcomyelitis. Because auntibiotics, the
current standard of care, are often by themselves insufficient to treat these infections, new

approaches are needed.

[G003]  Treatment with Iviic bacteriophages (ak a., phages) provides a promismg alternative
approach to chronic antibiotic vesistant biofilm infections. Phages are viruses that mifect
bacteria, multiply, and then cause lysis and bactenial death. However, the current method of
sustained, mntravenous delivery of active bacieriophages over a time period from days to weeks

can be costly and mefficient.

BRIEF SUMMARY
[3004] In one aspect, the disclosure provides a hvdrogel including a plurality of amne-
containing antimicrobial agents located within the interior of the hydrogel. Each of at least a
portion of the amine-containing antimicrobial agents is connected to the hydrogel via one or
more dynamic covalent mune bonds. The hydrogel s engineered to facilitate a controlied

release of the amune-containing antimicrobial agents from the mtenor of the hydrogel.
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{38051  In anocther aspect, the disclosure provides a method for treating a patient suffering
from a microbial infection. The method includes admpustering to the patient a therapeutically

ctfective arnount of any of the hydrogels disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS
{38861  FIG. 1 presents an ilfustration of bacteriophage release from a hvdrogel mediated by

release of an imine bond between phage and hydrogel {i.¢., dynamic covalent crosshink).

{0607} FiG. 2 presents an illustration of a henuthuoacetal and thiocther crosshinked hyvdrogel

m accordance with a provided embodiment.

[G008]  FIG. 3 Lefu: prescnts a photograph of a hemithicacetal and thioether dual-crossiinked
hydrogel having 4 mg/mL thiolated hyahuronic acid (HA-Thiol}, 1.25 mg/ml PEG-diacrylate
(PEG-DA), and 20 mg/mL 4-arm PEG-aldehvde (4ALD}. Right: presents a photograph of a
henuthioacetal crosslinked bydrogel having 7 mg/mL HA-Thiol and 70 mg/mi 4ALD. These
gels are formed under mild conditions without toxic chemicals o7 radiation, and are injectable,

hydrolytically and enzymatically degradable, and self-healing.

[B009]  FIG. 4 presents an illustration of an mune crosslinked hydrogel in accordance with a

provided embodiment.

I601¢]  FiG. S presents photographs of an imine crossiinked hydrogel having 2% s-poly-L-
lvsine (e~PLL} and 17 mM 4ALD after 1 h of gelation. The 1mine gel 1s formed under nuld
conditions without toxic chemncals or radiation, and is injectable, hyvdrolvtically degradable,

and self-healing.

[3611] FIG. 6 presents an illustration of an tonic crosshinked aldehyde-containing hydrogel
i accordance with a provided embodiment. The ionic crosslinked gel is formed under vuld

conditions without toxic chemicals or radiation, and 15 injectable and hvdrolviically degradable.

(6812} FIG 7 presents an iHustration of a controlled release hydrogel using dynamic covalent
crosshimking to deliver amine-containing antibiotics, an andtnicrobial enzyme, or a peptide, in

accordance with a provided embodiment.

I6013]  FiG. R presents the rheelogical measurement of heouthioacetal and/or thiocther
crosslinked hvdrogel, with the curves showing the storage modulus of the hvdrogels evolves

over time. The hemithioacetal crosshinked hydrogel that included § mg/mb of HA-Thiol and

[R]
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30 mg/mL of 4ALD (bottom curve) did not form a gel, but a robust gel was formed with 10
mg/mb of HA-Thiol and 100 mg/mb of 4ALD {top curve). The thioether crosslinked hydrogel
meluded 5 mg/mk of HA-Thiol and 0.625 mg/mb of PEG-DA {(sccond curve from bottom).
The hemithioacetal and thioether crosslinked hydrogel having 5 mg/ml of HA-Thiol, 0.623
mg/mb of PEG-BA, and 30 mg/mb of 4ALD (second curve from top), shows enhanced

stiffuess compared to hemithicacetal or thioether crosstinking alone.

$014] FIG. 9 presents the gelation timing of various hemuthioacetal and/or thioether
E g 2

crosslinked hydrogel formulations.

[6015] FIG. 10 presents the rheological measurement of imine crosshinked hydrogel with
curves showing that the storage modulus of the hydrogels evolves over time. Higher e-PLE or

4ALD concentration lcads to faster gelation and higher storage modulus.

38167 FiG. 11 presents the gelation timing of vanous imine crosslinked hydrogel

formulations.

{08177 FIG. 12 shows that the hydrazone crosslinked alginate hvdrogels immersed m fhad
release bacteriophages in a sustained manner with tunable rate via modulation of the aldehyde
to benzaldchvde ratio (ic., the ratio of 4-arm PEG aldehvde or 4ALD to 4-amm PEG

benzaldehvde or 4BLD).

I6018]  FiG. 13 shows that the umine crosslinked hvdrogels mmmersed in fluid release
bacteriophages m a sustained manner. The polvmer is epsilon poly-L-lysine and 1s crosstinked

by 4ALD The release rate is tunable via bydrogel component concentrations.

[B819]  FIG. 14 shows that the imine crosshinked hydrogel in contact with minimal fluid
release bacteriophages in a sustained mamner. The polymer 1s epsilon poly-L-lysine and is

crosslinked by 4ALD and 4BLD. The release rate 1s tunable via benzaldehyde ratio.

[602¢] FIG. 15 presents a pair of graphs showing that the hemithioacetal and thicether
crossiinked hydrogel tn contact with minimal fhuid presents sustained release of various strains
of bacteriophage {(e.z, PAML-31-1 and Luz24 phages, both targeting FPseudomonas

aeruginosa bacteria). The encapsulated titer of phage was 1x10" PFU/MmL in hydrogel.

[3621] FIG. 16 presenis a pair of graphs showing that the hemithioacetal and thiocther

crosshinked hydrogel in contact with minimal fluid presents encapsulated phage titer dependent

(98]
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release kinetics. Higher titer of phages m the hvdrogel led to hgher release percentage of

encapsulation.

6622} FIG. 17 presents a graph plotting rheological measurements of hemithivacetal and/or
thioether crosslinked hydrogel, with the plotted curves showing that the storage moduhus of the
bydrogels evolves over time. The thioether crosslinked hvdrogel mncluded 5 mg/ml of HA-
Thiol and 1 mg/mL of HB-PEG (lower curve). The henuthioacetal and thioether crosslinked
hydrogel included 3 mg/mL of GLYCOSIL®, | mg/mb of HB-PEG, and 75 mg/mL of 4-arm
PEGs, 10% of which was 4BLD and 90% was 4ALD {upper curve}. Addition of 4ALD and
4BLD crosslinker aids with faster increase of modulus and provides the sticky texture of the

hydrogel.

DBETAILED BESCRIPTION
{3623}  The present disclosure generally relates to aldehyde-containing hydrogels that release
bacieriophage alone, or in combimation with antibiotics, in a sustained manner over a relatively
long period of time {c.g., days to wecks). The hydrogels arc therefore particulardy effective in
freating infections, ¢.g., infections with a microbe targeted by the bacteriophage or antibiotic
(F1G. 1), Vanous different hyvdrogel formulations for release of a bacteriophage or an antibiotic

are provided.

[3624]  Unless specifically indicated otherwisg, all technical and scientific terms used herem
have the same meaning as commonly understood by those of ordinary skill in the art to which
this disclosure belongs. In addition, any method or material similar or equivalent to a method
or material described herein can be used in the practice of the present disclosure. For purposes

of the present disclosure. the following temms are defined.

{38251  Asused herein, the singular forms “a,” “an,” and “the” include plural referents unless
the content cleardy dictates otherwise. Thus, for example, refergnce to “a thiolated anionic
polysacchanide” optionally mcludes a combmnation of two or more thiclated anionic

polvsacchandes, and the like,

[G026] As used heroin, the terms “abowt” and “approximately.” when used to modity an
amount specified i a numeric value or range, indicate that the numernc value as well as
reasonable deviations from the value known to the skilled person in the art, for example £ 209,

+ 10%, or + 5%, are within the intended meaning of the recited value.
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{38271  As used herein, the term “and/or” refers to and encompasses any and all possible
combinations of one or more of the associated listed items, as well as the lack of combinations
when nterpreted 1o the altemative (For™).

23 2

[6028] As vsed herein, the terms “including,” “comprising,” “having,” “containing,” and
vanations thereof, are inclusive and open-ended and do not exclude additional, unrecited
clements or method steps beyond those exphaitly recited. As used herein, the phrase
“consisting of” i3 closed and exchudes any clement, step, or ingredient not explicitly specified.
As used herein, the phrase “consisting gssentially of ™ Himits the scope of the described feature
1o the specified materials or steps and those that do not materially affect the basic and novel

characteristics of the disclosed feature.

[B029] As used herein, the torms “treat,” “treating,” and “treatment” refer fo a procedurc
resulting m any indicia of success in the elimination or amelioration of an injury, pathology,
condition, or symptom {e.g., pain}, including any objective or subjective parameter such as
abatement; remission; diminishing of symptoms or making the symptom, injury, pathology or
condition more tolerable to the paticnt; decreasing the frequency or duration of the sympiom
or condition; or, in some situations, preventing the onset of one or more symptoms. The
treatment or amelioration of symptoms can be based on any objective or subjective parameter,

mehiding, ¢.g., the result of a phvsical examination or laboratory test.

{3830  As used herein, the term “therapeutically effective amount”™ refers to an amount or
dose that produces the therapeutic effects for which it 1s administered. The exact amount or
dose will depend on the purpose of the treatroent and will be ascertainable by one skilled i the

art using known techmiques.

[B031]  Asused herein, the term “administering” refers o oral administration, admuustration
as a suppository, topical contact, parenteral, intravenous, nfraperitoneal, intramuscular,
miralesional, intranasal, subcutaneous, intrathecal, intracercbroventricular, mtraparenchymal,

subretinal, or mtravitreal admunistration to the subject.

{0832} Asused herein, the term “subject” refers to a vertebrate, and preferably to a mammal.
Mammalian subiects for which the provided composition is suitable include, but are not linuted
to, mice, rats, simians, humans, farm animals, sport animals, and pets. In some embodiments,
the subject is human. In some embodiments, the subject 1s male. In some embodiments, the
subject 1s fermale. In some embodiments, the subject is an adult. In some embodiments, the

subject is an adolescent. In some embodimenis, the subject 15 3 child. In some embodiments,

5
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the subject 1s above 10 vears of age, ¢.g., above 20 vears of age, above 30 vears of age, above
40 years of age, above 50 years of age. above 60 years of age, above 70 vears of age, or above
&0 vears of age. In some embodiments, the subject s less than 80 years of age, ¢.g., less than
70 vears of age, less than 60 vears of age, less than 50 vears of age, less than 40 years of age,

less than 30 vears of age, less than 20 years of age, or less than 10 years of age.

{38331  Inone aspect, the present disclosure provides vanious hydrogels that generally include
a phurality of amine-containing antimicrobial agents located within the interior of the hydrogel.
In some examples, the antimicrobial agents include or consist of a plurality of bacteniophages.
In some examples, the antimicrobial agents include or consist of a plurality of antibiotics. In
some examples, the antimicrobial agents include or consist of a plarality of antimicrobial
cnzymes. In some examples, the antimicrobial agents inchude or consist of a plurality of
antimicrobial peptides. The antimicrobial agents can alternatively include any combination of
different types of antimicrobial agenis, ¢.g., any combination of one or more species of
bacteriophages, one or more species of antibiofics, one or more species of antimicrobial

enzymes, and/or one of more species of antimicrotial peptides.

(6834}  In some embodiments, the plurality of anune-containing anfimicrobial agents in the
provided hydrogel includes a phurality of at least one species of bacteriophage. The
concentration of the bacteriophages in the hydrogel can be, for example, between about 167
PFU/mL and about 10" PFU/mL, e.z. between about 10° PFU/mL and about 2.5+10Y
PFU/mL. between about 2.5x10° PFUAnL and about 6.3+ 10Y PFU/mL, between about 6.3x10°
PFU/mL and about 1.6x10'Y PFU/mL. between about 1.6x10Y PFU/mL and about 4 x10%
PFU/mL, or between about 4x 10" PFU/MmL, and about 10V PFU/mL. In tenms of upper limits,
the concentrations of the bacteriophages in the hydrogel can be, for example, no more than
about 10" PFU/mL, ¢.g., no more than about 4+ 10" PFU/mL, no more than about 1.6%10%
PFU/mL. no more than about 6.3=10" PFU/nL, no more than about 2.53+10" PFU/mL. no
more than about 10" PFU/mL, so more than about 4410 PFU/mL, no more than about
1.6210'° PFU/mL, no more than about 6.3210° PFU/mL, or no more than about 2.5#10°
PFU/mL. In terms of lower Himits, the concentration of the bacteriophages 1 the hydrogel can
be, for exanple, no less than about 10° PFU/mL, ¢.2., no less than about 2.5x10° PFU/ml, no
less than about 6.3x10° PFU/mL, no less than about 1.6x10° PFU/mL, no less than about
4x10' PFU/mL, no less than about 10! PFU/mL, no less than about 2.5+10'" PFU/mL, no
less than about 6.3x10Y PFU/mL, no less than about 1.6x10"? PFU/mL, or no less than abowt

4 10Y PFU/mL.
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[3035] Each of at least a portion of the plurality of anune-contaiming antimicrobial agents in
the provided hydrogel can be connected to the hydrogel by one or more dynamic covalent
bonds, ¢.2., one or more dyvnamic covalent mine bonds. The hydrogel can be configured, 2.,
engineered, to facilitate a controlled release of the antimicrobial agents from the miernior of the
hydrogel. In some embodiments, the controlled release iz facilitated by the release, te.,

unbinding, of the dynamic covalent bonds.

[3836]  In some embodiments, the hydrogel mcludes a thiolated antonic polysaccharide, ¢.g.,
thiolated hyahluwronic acid. The concentration of the thiolated anionic polvsacchande in the
hydroge! can be, for example, between about 1.5 mg/ml. and about 13 mg/ml., ¢.g., between
about 1.5 mg/mL and about 9.6 mg/mL, between about 2.9 mg/mL and about 11 mg/ml,
between about 4.2 mg/mb and about 12.3 mg/mb, between about 3.6 mg/mb and about 13.7
mg/mb., or between about 6.9 mg/mb and about 15 mg/mL. In terms of upper limis, the
concentration of the thiolated anionic polysaccharide i the hydrogel can be, for example, no
more than about 15 mg/ml, e.g., no more than about 13.65 mg/mL, no more than about 12.3
mg/mk, no more than about 11 mg/ml., no more than about 9.6 mg/ml, no more than about
8.3 mg/ml, no more than about 6.9 mg/ml., vo more than about 3.6 mg/md., no more than
about 4.2 mg/mL., or no more than about 2.9 mg/mL. In terms of lower limits, the concentration
of the thislated anionic polysacchande m the hydrogel can be, for example, no less than about
1.5 mg/ml. ¢g., no less than about 2.9 mg/ml, no less than about 4.2 mg/ml., no less than
about 5.6 mg/ml., no less than about 6.9 mg/ml., no less than abowt 8.3 mg/mk., no less than
about 9.6 mg/ml, no less than about 11 mg/ml., no less than about 12.3 mg/mL, orno less than

about 13.7 mg/mb.

(68377  In some embodiments, the hydroge! mncludes an aldehvde-functionalized crosslinker,
¢.g., a mulii-arm PEG-aldehyde sach as PEG-dialdehyde, 4-amn PEG-aldehyde, or a
combination thercof The concentration of the aldehyde-functionalized crossiinker in the
hyvdrogel can be, for exarnple, between about 22 5 mg/ml. and about 225 g/l e.g., between
about 22.5 mg/mL and about 144 mg/mL, between about 42.8 mg/mL and about 164 mg/mL,
between about 63 mg/mb and about 185 mg/mL, between about 83 .2 mg/mi and about 205
mg/ml., or between about 104 mg/mi and about 225 rog/mi. In tems of upper bmis, the
concentration of the aldehvde-functionahized crosslinker i the hydrogel can be, for example,
no more than about 225 mg/mi, ¢.g., no more than about 205 mg/ml. no more than about 183
mg/mk., no more than about 164 mg/mk, no more than about 144 mg/mlL, no more than about

124 mg/ml., no more than about 104 mg/ml., no more than about §3.2 mg/ml., no more than

7
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about 63 mg/ml., or no more than about 42 8 mg/mlL. Interms of lower limits, the concentration
of the aldehyvde-functionalized crosslinker in the hydrogel can be, for example, no less than
about 22.5 mg/ml., ¢.g., no less than about 42.8 mg/mi., no less than about 63 mg/ml., no less
than about 83.3 mg/mkL, no less than about 103 mg/mL, no less than about 124 mg/ml, no less
than about 144 mg/mi., no less than about 164 mg/mlb, no less than about 185 mg/mi, orno

legs than about 205 mg/mb.

{3638 In some embodiments, the hydrogel inclades a benzaldehyde-functionalized
crosslinker, ¢.g., a multi-arm PEG-benzaldehyde such as PEG-dibenzaldehvde, 4-arm PEG-
henzaldehyvde, or a combination thereof. The concentration of the benzaldehyde-functionalized
crosshinker in the hyvdrogel can be, for example, between about 2.5 mg/mL and about 23
mg/mb, e.g., between about 2.5 mg/mL and about 16 mg/mL., between about 4.75 mg/mL and
about 1825 meg/mb. between about 7 mg/mL and about 20.5 mg/mb, between about 925
mg/ml and about 22.75 mg/mL, or between about 11.5 mg/ok, and abowt 25 mg/ml.. o torms
of upper lmits, the concentration of the benzaldehvde-functionalized crosslinker m the
hydrogel can be, for example, no more than about 25 mg/md, e.g., no more than about 22.75
mog/ml, no more than about 26.5 mgAul, no more than about 18.25 mg/ml., no more than
about 16 mg/mL., no more than about 13.75 mg/mL, no more than about 11.5 mg/mlL, no more
than about 9.25 mg/mb., no more than about 7 mg/ml, or no more than abost 4.75 mg/mb. In
terms of lower limits, the concentration of the benzaldehyde-functionalized crosshinker in the
bydrogel can be, for example, vo less than abouwt 2.5 mg/ok, eg., no less than about 4.75
mg/mL, no less than about 7 mg/ml, no less than about 9.23 mg/mk, no less than about 11.5
mg/mkb, no less than about 13.75 mg/mb, no less than abowt 16 mg/mL, no less than about
5

18.25 mg/mL, no less than about 20.5 mg/ml., or no less than about 22.75 mg/mL.

{08391 The relative concentrations between an aldehvde-functionabized crosslinker and a
benzaldehyde-functionalized crosslinker in the provided hydrogel can be selected or
configured to provide the bydrogel with desired rates of rwelease of the amine-containing
antimicrobial agents from the hvdrogel. For example, the mass ratio of the aldehvde-
functionalized crogshinker to the benzaldehvde-fimctionalized crosslinker i the hydrogel can
be at least about 5.1, ¢.g., at least about 71, at least about 10:1, at least about 15:1, at least
about 20:1, at least about 30:1, at least about 45:1, at Jeast about 65:1, at least about 951, at
least about 140:1, or at lgast about 200:1. The mass ratio of the aldehyde-functionalized
crosslinker to the benzaldehyde-functionalized crosstinker in the hvdrogel! can be, for example,

between about 5:1 and about 2060:1, e.g., between about 5.1 and about 451, between about 7: 1

8
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and about 65:1, between about 10:1 and about 95:1, between about 15:1 and about 140:1, or

between about 20:1 and about 200: 1.

[0848]  In some embodiments, the hvdrogel includes an acrviate-functionalized crosslinker,
¢.g., a multi-arm PEG-acrylate such as PEG-diacrylate, a hyperbranched PEG-acrviate, or a
combination thercof. The concentration of the acrviate~functionalized crosslinker in the
hydrogel can be, for example, between about 0.3 mg/mL and about 3 mg/mi., ¢.g., between
about 0.3 mg/mL and about 1.9 mg/ml, between about 8.6 mg/mL and about 2.2 mg/mlL,
between about 0.8 mg/mb and about 2.5 mg/mL, between about 1.1 mg/mb and about 2.7
mg/ml, or between about 1.4 mg/ml and about 3 mg/ml.. In torms of upper hmuts, the
concentration of the acrviate-functionahized crosshinker n the hydrogel can be, for example, no
more than about 3 mg/ml, e.g., no more than about 2.7 mg/mL, no more than about 2.5 mg/mlL,
no more than about 2.2 mg/mL., no more than about 1.9 mg/mL, nomore than about 1.7mg/mL.,
no more than about 1.4 mg/mL., no more than about 1.1 mg/mL, nomore than about 0.8 mg/mL.,
or no more than about 0.6 mg/mb. In terms of lower linuts, the concentration of the acrylate-
functionalized crosslinker in the hvdrogel can be, for example. no less than about 0.3 mg/ml,
¢.g., no less than about 0.6 mg/ml., no less than abowt 0.8 mg/mi., vo less than about 1.1
mg/ml, no less than about 1.4 mg/mL, no less than about 1.7 mg/mkL, no less than about 1.9
mg/ml., no less than about 2.2 mg/mi., no less than about 2.5 mg/mL., or ne less than about 2.7

mg/mi.,

3841}  In some embodiments, the hydrogel includes a polylysing, ¢ g, e-poly-L-lyvsing. The
concentration of the polvlysine in the hydrogel can be, for example, between about 1 mg/mL
and about 40 mg/mL, e.g., between about 1 mg/mi and about 9.1 mg/ml., between about 1.4
mg/ml and about 13 mg/mL, between about 2.1 mg/mL and about 19 mg/ml, between about
3 mg/mb and about 28 mg/ml., or between about 4.4 mg/mL and about 40 mg/mL. In terms of
upper limits, the concentration of the polvlvsineg in the hydrogel can be, for example, no more
than about 40 mg/md, e.g., no more than about 28 mg/mi., no more than about 19 mg/mi, no
more than about 13 mg/mL., no more than about 9.1 mg/mL., no more than about 6.3 mg/mL,
no morg than about 4 4 mg/mb., no more than about 3 mg/ml, no more than about 2.1 mg/mb,
or no more than about 1.4 rag/mi. In terms of lower limits, the concentration of the polvivsine
i the hydrogel can be, for example, no less than about 1 mg/mL, e.g., no less than about 1.4
mg/mb., no less than about 2.1 mg/mL, no less than about 3 mg/mbL, no less than about 4.4
mg/mi. no less than about 6.3 mg/ml. no less than about 9.1 mg/ml, no less than about 13

mg/ml., no less than about 19 mg/ml, or no less than about 28 mg/ml.
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{38421  Insome embodiments, and as shown m FIGS. 2 and 3, the provided controlled release
hydrogel includes thiolated hyaluronic acid (hyaluronic acid polymer with a thiol group
coupled to i), 4-arm PEG-aldchyde, 4-arm PEG-benzaldehyde, and bacieriophage. The 4-arm
PEG-aldehyde and 4-arm PEG-benzaldehvde form dynamic hemithioacetal bonds to the
hyaluronic acid, thereby forming a hydrogel. The 4-arm PEG-aldehyde and 4-arm PEG-
benzaldehyde alsc form imine bonds with the primary amine groups on the bacteriophages.
Therefore, phages are tethered to the alginate hydrogel through the 4-arm PEG crosshinkers.
Release/unbinding of the dyvnamic covalent crosslinks {imine bonds) allows the phage 1o
diffise through the hydrogel and out of the hydrogel into the surrounding area over long times.
In some embodiments, to better allow the dynamic hemithioacetal bonds to form a hyvdrogel
that 1s stable over at timescale for a week, and that has a puntmum mutial elastic modulus of
0.1 kPa, a PEG-diacrylate or hvperbranched PEG-acrylate (HB-PEG) crosslinker is added. The
acrviate groups form a stable thioether bond fo the thiol groups on the hyahwonic acid. Such

thioether bonds are known to foom robust hydrogels.

10643}  Insome embodiments, and as shown in FIGS. 4 and 3, the provided controlled release
hydrogel mchudes s-polv-L-lvsing, 4-amm PEG-aldchyde, 4-amm PHEG-benzaldchyde, and
bacteriophage. The 4-arm PEG-aldehvde and 4-arm-PEG-benzaldehyde form a dynamie imine
bond with the lysime groups on the e-poly-L-lysine polymer to form a hydrogel. The 4-amn
PEG-aldehyde and 4-arm PEG-benzaldehvde also form inine bonds with the primary amine
groups on the bactenophages. Therefore, phages are tethered fo the alginate hydrogel through
the 4-arm PEG crosslinkers. Release/imbinding of the dynamic covalent crosslinks (imine
bonds) allows the phage to diffuse through the hydrogel and out of the hydrogel into the
surrounding area over long times. In some embodiments, to better allow the crosslinked e-poly-
L-lvsine to form a sufficiently robust and stable bvdrogel, an wderpenctrating network of
calcium crosslinked alginate 15 used to make the composite gel In some such embodiments,
the interpenctrating alginate network does not form any bonds with the 4-am PEGs or the
phage. In some embodiments, o better ncrease the viscosity of the crosshinked e-poly-L-
tysine, thickeners are used to make composite gel. Swuitable thickeners include, but are not
fimited to, unmodified PEG, somodified alginate, comn starch, dextran, methvicellolose,
Carbopol, and combinations thereof. In some such embodiments, the thickeners do not form

any bonds with the hvdrogel polymer, 4-arm PEGs, or the phage.

[6844] In some embodiments, phage is coupled to the provided controlied release hydrogel

through a 4-arm-PHG-aldchvde and 4-amm PEG-benzaldebyde crosshivker. Dnfferent base
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polymers can be used in the hvdrogel, leading to different tvpes of bonds formed between the
hydrogel polymer and the 4-arm PEG crosshinkers. In some embodiments, and as shown in
FI1G. 6, a hybnd gel is created where crosslinks forming the hydrogel polymer are ionic and the
bounds between the hvdrogel polymer and the phage are dynamic covalent bonds. Suitable

compositions for forming the provided controlled release hyvdrogel include, but are not linited

{0

[\ ]

T

e

10.

1

14.

16.

17.

138

Hyahuronic acid-amine + PEG aldehyde/PEG benzaldehyde + phage
Hyvaluronic acid-hvdrazide + PEG aldehyde/PEG benzaldchvde + phage
Hyaluronic acid-hydrazine + PEG aldehyde/PEG benzaldehyde -+ phage
PEG-hydrazide + PEG aldehvde/PEG benzaldehyde + phage
PEG-hydrazine + PEG aldehyde/PEG benzaldehyde + phage
Alginate-amine + PEG aldehyde/PEG benzaldehyde + phage
Algimate-hydrazide + PEG aldchyvde/PEG benzaldehyde + phage
Alginate-hyvdrazine + PEG aldehyde/PEG benzaldehyde + phage
Poly-L-lysine + PEG aldehyde/PEG benzaldehvde + phage
Poly-D-Lysine + PEG aldehyde/PEG benzaldehvde + phage

Glycol-chitosan + PEG aldehyde/PEG benzaldehvde + phage

. Alginate coupled to aldehyde and/or benzaldehvde groups in 8 well-defined ratic +

divalent calcium crossiinker + phage

. Hyahsronic acid coupled to aldehyvde and/or benzaldehyde groups in a well-defined

ratio + divalent calcium crosslinker -+ phage

Any of compositions 1-10 above, with an additional mterpenstrating network hydrogel

{c.g., ionically crosslinked alginate) to make the gel more stable and robust

- Hybnid gel of oxadized alginate + divalent calenim crosslinker + phage

Hvbrnid gel of oxidized dextran + divalent calcium crosslinker + phage

Hybrid gel of oxidized chitosan + divalent calcium crosslinker + phage

Hybrnid gel of oxidized Hyaluronic acid + divalent calcium crosslinker + phage

1i
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In some embodiments, one or both of the 4-arm PEG aldehyde and 4-armm PEG benzaldehvde
m any of the above compositions can be substituted with PEG dialdehyde, PEG
dibenzaldehvde, multi-amm PEG aldchvde, multi-arm PEG benzaldehyde, or any combmation

thereof.

[6045] In some embodiments, the aldehyde to benzaldehvde group ratio in the provided
controlled release hydrogel 1s modulated to tune the kinetics of phage release to a desred

timeline.

[0646] In some embodiments, and as shown m FIG. 7, the provided controlled release
hydrogels are formed 1n the presence of antibiotics to also allow release of antibioties fo treat
the infection in parallel with the bacteriophage. For example, amine-containing antibiotics can

be included in any of the above hvdrogels to effect long and sustaived release of the antibiotics.

{3647} In some embodiments, the provided controlied release hvdrogel is administered to a
subject to treat a joint implant infection. In some embodiments, the controlled release hydrogel
is adminustered to a subject to treat a wound infoction. In some embodiments, the controlied
release hvdrogel 1s admimstered to a subject to treat an car infection. In some embodiments,
the controlled release hvdrogel is adounistered to a subject to treat chronic suppurative otitis
media. In some embodiments, the controlied release hyvdrogel is administered to a subject 1o

treat osteomyelitis,

I6048]  The range of bacteriophages that can be delivered with the provided controlied release
hydrogels 1s broad. The hvdrogels are suitable for delivering both enveloped and non-
enveloped phages, and phages with DNA and RNA genomes. Phages suitable for delivery from
the provided controlied release hydrogels include, but are not limited to, those from the
following taxonomic groups: Belfryvirales, Tumivindae, Caudovirales, Ackermannvindae,
Autographiviridae,  Chasevindae, Demerccvindae, Drexlervinidae,  Guenhvindae,
Herellevindae, Myovindae, Siphoviridae, Podoviridae, Rountreevinidae, Salasmaviridae
Schitoviridae,  Zobellviridae,  Halopanivirales,  Sphaerolipoviridae,  Simuloviridae,
Matshushitavindae, Haloruvirae, Pleolipovindae, Kalamavirales, Tectivindae,
Ligamenvirales, Lipothrixvindae, Acidianus Rudivinidae, Mindivirales, Cystoviridae,
Atkingvindae, [Dhanviridae, Fiersvinidae, Solspivindag, Petitvirales, Microvinidae,
Prunavirales, Trstromavirida, Timlovirales, Blumeviridae, Stettzvinidae, Tubulavirales,
Inovinidae, Paulinoviridae, Plectrovindae, Vmawvirales, Corticovinidae, Dumavirales

Picchimavindag, Ampullavinidae,  Autolyvkeviridae, Bicaudavinidae, Globulovindae,

12
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Guttavinidae, Halspivindae, Plasmavindae, Portoglobovindae, Thaspivinidae, and

Spiraviridag.

[6849] The provided controlled release hydrogels can also be used to deliver viral particles
made by fungi {myvcophages) or eskarvotic cells (viruses}. These mchade, but are not lmited
to, for example, Abyssovindae, Ackermannviridae, Adenovindae, Adimtovindae, Alwmsvindae,
Alloherpesvinidae, Alphaflexiviridae, Alphasatellitidae, Alphatetravindae, Alvemavindae.
Amalgaviridae, Amnoonviridae, Ampullaviridae, Anelloviridae, Arenavindae, Artenvindae,
Artoviridae,  Ascoviridae, Astarviridae, Aspiviridae,  Astrovindae, Atkingvindag,
Autographiviridae, Avsunviroidac, Bacilladnaviridae, Baculoviridae, Bamavindae,
Belpaovindae, Benyviridae, Betaflexivinidae, Bicaudavindae, Bidnaviridae, Bimavindae,
Bigmevindas, Bornaviridae, Botourmiaviridae, Bromoviridae, Caliciviridae,
Carmotetraviridae, Caulimoviridae, Chasovinidae, Chrysoviridae, Chuvindae, Cucoviridae,
Clavavindae, Closterovindae, Coronavindags, Corticovindae, Cremegaviridae,
Crepuscuvindae, Crubivindae, Curvalavindae, Cystovindae, Deltaflexavindae,
Demerecvindae, Dicistroviridae, Drexlervinidae, Duinvindae, Endomaviridae, Euronivindae,
Fiersvinidae, Filovindae, Fmmovindac, Fimnlakevindae, Flavivinidac Fusellovindac,
Gammaflexivindae,  Gemumivindae, Genomovindae, Globulovindae, Gresnavindae,
Guelimvinidae, Guttaviridae, Halspiviridae, Hantaviridae, Hepadnavinidae, Hepevindae,
Herelleviridae, Herpesviridae, Hypovindae, Hytrosavinidae, Mavindae, Inovinidae,
Indovinidaec, Kiutaviridae, Kolmioviridae, Lavidaviridae, Leishbuvinidae, Lipothrixvindae,
Lispiviridae, Malacoherpesvindae, Mamavindae, Marseillevinidac, Matonavindae,
Matshushitavinidag, Mayovindae, Medioniviridae, Megabimavindae, Mesomvindag,
Metaviridae, Metaxyviridae, Microviridae, Mimuviridae, Mitoviridae, Monomvindag,
Mymonaviridae, Myoviridae, Mypovindae, Mynavindae, Nairoviridae, Nanghoshavindae,
Nanhypoviridae, Nanovinidas, Narnavinidas, Natareviridae, Nimavindae, Nodaviridae,
Nudiviridae, Nyamivindae, Olifoviridae, Orthomyxoviridae, Ovalivindae, Papillomaviridae,
Paramvxovinidae,  Partiivinidae,  Parvovindae,  Pavbimovindae,  Pertbunyavindae,
Permutotetraviridae, Phasmavindae, Phenuiviridae, Phyveodnavindae, Picobimavindae,
Picornaviridae, Plasmavinidae, Plectroviridae, Pleslinovindas, Paeumoviridae, Podovindae,
Polycipiviridae, Polvdnaviridae, Polymycoviridae, Polyomavindae, Portoglobovindag,
Pospiviroidae,  Potyvindae, Poxviridae, Pseudoviridae, Qmvinidae, Quadnvindac,
Redondoviridae, Reoviridae, Retroviridae, Rhabdoviridae, Roniviridae, Rountreevinidae,

Rudiviridae, Salasmaviridae, Sarthrovinidae, Schitoviridae, Secoviridae, Simuloviridae,
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Sinhaliviridae, Siphoviridae, Smacovindae, Solemoviridae, Solimvivindae, Solspivindae,
Sphacrolipoviridae, Spiravinidae, Steitzviridae, Sunvindae, Tectivindae, Thaspivindae,
Tobaniviridae, Togavindae, Tolecusatcllitidac, Tombusvindae, Tospovindae, Totivindae,
Tristromaviridae, Turnviridae, Tvmovindae, Virgavindae, Wupedevindae, Xinmovirdae,

Yueviridae, and Zobellviridae.

[B850] Modified or engineered bacteriophages can also be suttable for use with the provided
controlled release hydrogels. These include phages stripped of bacterial endotoxin and/or
fipopolysaccharide as well as phages altered to express different proteins, nucleotides, and/or
lipids. Additonal suitable modifications to phage included 1 the provided hydrogels mclude
engineering of phage capsid proteins to deliver retinowds {c.g., Retin-a, ete ), P-hvdroxy acid
{salicvhic acid), hydroguinone, kojic acid, L-ascorbic acid (vitamin {7}, glycosaminoglycans
{c.z., hyaluronan, e¢tc.}. copper peptide, a-lipcic acid, DMAE (dimethylaminoethanol),
hormones, growth factors, thickening agents {¢.g., xanthan, carrageenan, alginate or chemically
modified cellulose compounds), emulsifiers (e.g., 1sopropyl myristate (IPM) or dusopropyl
adipate, polyacrylates, etc ), aromatic agents {¢.g., anise alcchol, benzyl alcchol, coumarin,
cugenol, hydroxveitronella, imonene and geranioh), a-hydroxy acids {glveolic, lactic, tartaric,
citric acids, etc.}, polvhydroxy acids, preservatives, antioxidants, pigments, other additives, or
any combination thereof. Additionally, phages can be encapsulated in other materials and then
crabedded n the hydrogel {e.g., into microspheres, liposome, or microsomes with or without

surface modifications that enable bindmg to the gel).

106517 The range of antibiotics that can be delivered with the provided countrolled release
hydrogels 1s also broad. Antibiotics suttable for delivery from the provided controlled release
hydrogels nclude, but are not hmited to, those from classes including penicilling,
fluoroquunolones, cephalosporing, macrolides, carbapenems, B-lactams with moreased activity
{c.g., amoxicillin-clavulanate), tetracychines, tnmethoprim-sulfamethoxazcle, lincosamides
{e.g., clindamyoin), urinary andi-infectives, and other antibiotics includmg gentamicin, Other
agents known to have anti-microbial properties can also be included i the provided hydrogels
for delivery through controlled release. Modified or enginecred antibiotics could alsoc be
mcluded m the provided hvdrogels. These can include, for example, antibiotics modified to

reduce toxicity or to enable binding to the gel.

(6852 The following embodiments are contemplated. All combinations of features and

crabodiments are contemplated.
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[3053] Embodiment 1. A hydrogel comprising a plurality of amme-containing antimicrobial
agents located within the nterior of the hydrogel, wherein each of at least a portion of the
amine-~containing antimicrobial agents is connected to the hydrogel via one or more dynamic
covalent mune bonds, and wherein the hvdrogel is engineered to facilitate a controlled release

of the amine-containing antimicrobial agents from the micrior of the hydrogel.

[3854] Embodiment 2: An embodiment of embodiment |, wheren the plurality of amine-
containing antimicrobial agents comprises a phurality of bacteriophages, a phurality of
antibiotics, a plarality of antimicrobial enzymes, a plurality of antimicrobial peptides, or a

combination thereof

[0885] Embodiment 3. An embodiment of embodiment 2, wherein the plurality of amine-

containing antimicrobial agends compnises the plurality of bacteriophages.

38567 Embodiment 4: An embodiment of embodiment 3, wherein the concentration of the

plurality of bacteriophages in the hydrogel is between 10° PFU/mL and 10 PFU/mL.

[0857] Embodiment 5 An embodiment of any ong of embodiments 1-4, wherein the
bydrogel is crosslinked with dynamic covalent hvdrazone bonds, dynamic covalent
hemithioacetal bonds, stable covalent thioether bonds, dynamic covalent imine bonds, ionic

bonds, static covalent bonds, or a combmation thereof

I6038]  Erobodiment & An combodiment of embodiment 5, wheremn the hydrogel is
crosslinked with dynamic covalent hemithioacetal bonds, stable covalent thioether bonds, or a

combination thereof.

[385%] Embodiment 7. An embodiment of anv one of embodiments 1-6, wherein the

hydrogel further comprises a thiolated antonic polysacchande.

[6668] FEmbodiment 8 An embodiment of embodiment 7, wherein the thiolated antonic

polysaccharide comprises thiolated hyabwronic acid.

[B861] Embodiment 9 An embodiment of embodiment 7 or 8, wherein the concentration of

the thiolated amonic polysaccharide mn the hydrogel is between 1.5 mg/mb and 15 mg/ml.

[6662] Embodiment 10: An crbodiment of any one of embodiments 1-9, whercin the

hydroge] further comprises an aldchyde-functionalized crosshinker.

[0063] Embodiment 11. An cmbodiment of embodiment 10, wherein the aldehyde-

functionalized crosslinker comprniges a multi-arm poly{cthylene glveol) (PEG)-aldehvde.

1
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[3864] Embodiment 12: An embodiment of embodiment 11, wherein the multi-arm PEG-

aldehyde comprises PEG-dialdehyde, 4-amm PEG-aldehyde, or a combimnation thereof.

(68637 Embodiment 13 An embodiment of anv one of embodiments 10-12, wherein the
concentration of the aldchyde-functionalized crosslinker in the hyvdrogel 1s between 223

mg/mb. and 223 mg/mi.

36667 Embodiment 14: An embodiment of any one of embodiments 1-13, wherein the

hvdrogel further comprises a benzaldehyde-functionalized crosshinker.

[0867] Embodimment 15 Arn embodiment of embodiment 14, wherein the benzaldehyde-

functionalized crosslinker comprises a mudti-arm PEG-benzaldehvde.

[3868] Embodiment 16 An embodiment of embodiment 15, wherein the multi-arm PEG-
benzaldehyde comprises PEG-dibenzaldehyde, 4-amy PEG-benzaldehyde, or a combination

thereof

[0869] Embodiment 17. An embodiment of any one of embodiments 14-16, wherein the
concentration of the benzaldehyde-functionalized crosslinker in the hydrogel 1s between 2.5

mg/mb and 23 mg/mb.

10678] Embodiment 18: An embodiment of any one of embodiments 1-17, wherein the
hydrogel coraprises an aldchyde-fimetionalized crosshinker and a benzaldehyde-functionalized
crosslinker, and wherem the mass ratio of the aldehvde-functionalized crosshinker o the

benzaldehyde-functionalized crosstinker in the hydrogel is at feast 5.1

{38711 Embodiment 19: An embodiment of any one of embodiments [-18, wheren the

hydrogel further comprises an acrylate-functionalized crosslinker.

[6072] Embodiment 20: An cmbodiment of embodiment 19, wherem the acrylate-
finctionalized crosslinker comprises PEG diacrylate, a hyperbranched PEG acrvlate, or a

combination thereof.

{36737 Embodiment 21 Anembodiment of embodiment 19 or 20, wheren the congentration

of the acrylate-functionalized crosstinker 1n the hvdrogel is between 0.3 mg/ml and 3 mg/mlb.

[0874] Embodimment 22: An embodiment of any one of embodiments 1-21, whergin the

hydrogel further comprises a polylysing,

16



15

WO 2024/192248 PCT/US2024/019951

[3875] Embodiment 23. An embodiment of embodiment 22, wherein the polvivsing

comprises e-poly-L-lysine.

(68761 Embodiment 24 An embodiment of embodiment 22 or 23, wherein the concentration

of the polylysine in the hydrogel is between | mg/mb and 40 mg/mb.

{38777 Embodiment 25: An embodiment of any one of embodiments 1-23, wheren the
hydrogel forther comprises an interpenctrating nctwork of an ionically crosslinked

polysacchande.

[0878] Embodimment 26: An cmbodiment of embodiment 25, whercin the ionically

crossiinked polysaccharide comprises calcium crosshinked alginate.

{38797 Embodiment 27. An embodiment of embodiment 25 or 26, wheren the

mterpenctrating network is not bonded to the amine-containing antimicrobial agents.

[6083] Embodiment 28 An embodiment of embodiment 1, wherem: the hydrogel further
comprises thiolated hyaluronic acid and 4-arm PEG-aldehyde; and the amine-containing

antimicrobial agents comprise a plurality of bacteriophages.

{36817 Embodiment 29 An embodiment of embodiment 28, wherein the hydrogel further

comprises a hyperbranched PEG-acrylate.

[6082] Embodiment 30 An embodiment of cmbodiment 1, wheremn: the hydrogel further
comprises e-poly-L-lysine and 4-arm PEG-aldehyde; and the amine-contaming antimicrobial

agents comprise a plurality of bacteriophages.

106837 Embodiment 31 An embodiment of any one of embodiments 28-30, wherein the

hydroge! further comprises 4-arm PEG-benzaldehyde.

[G084] Embodiment 32: An embodiment of embodiment 1, wherein the hydrogel further
comprises a polvmer functionalized with aldchyde groups, with benzaldehvde groups, or with

a combination thereof

13085] Embodiment 33: An embodiment of embodiment 32, wherein the polymer comprises
alginate or a derivative thereot.

[G086] Embodiment 34 Ap embodiment of embodiment 32 or 33, whercin the poivmer

comprises ionically crosshinked alginate.
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{3887 Embodiment 35. An embodiment of embodiment 32 or 33, wheren the polymer

comprises alginate crosslinked with poly-L-lysine.

[0688] Embodiment 36: An embodiment of embodiment 32, wherein the polymer comprises

hyaluronic acid or a derivative thereof,

{38891 Embodiment 37. An embodiment of any one of embodiment 32-36, wherein the mass

ratio of the aldehvde groups to the benzaldehvde groups in the hvdrogel is at least 5:1.

0898 Embodiment 38 A method of treating an infection in a subject, the method

comprising administering o the subject the hvdrogel of any one of embodiments 1-37,

[G091]  Although the foregoing disclosure has been described in some detail by way of
dlustration and example for purpese of claniy of understanding, one of skill in the art will
appreciate that certain changes and modifications within the spirit and scope of the disclosure
may be practiced, ¢.g., within the scope of the appended clavms. |t should also be vaderstood
that aspects of the disclosure and portions of various reciied embodiments and features can be
combined or interchanged either in whole or in part. In the foregoing descriptions of the vartons
crabodiments. those embodiments which refer to another crabodiment may be appropriately
combined with other embodiments as will be appreciated by one of skl in the art. Furthermore,
those of ordinary skill in the art will appreciate that the foregoing description 1s by way of
example only and is not intended to hout the disclosure. In addition, cach reference provided
herein s incorporated by reference in s entirety for all purposes to the same oxtent as if cach

reference was individually ncorporated by reference.
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WHAT IS CLAIMED IS:

i. A hydrogel comprising a plurality of amine-containing antimicrobial
agents located within the interior of the hvdrogel, wherein each of at least a portion of the
amine-containing antimicrobial agents is connected to the hydrogel via one or more dynamic
covalent tmine bonds, and wherern the hvdrogel 1s engineered to facilitate a controlied relcase

of the amine-containing antimicrobial agents from the inferior of the hvdrogel.

2. The hydrogel of clamm §, wherein the plurality of amine-containing
antimicrobial ageonts comprises a plurality of bacteriophages, a plurality of antibiotics, a
plurality of antimicrobial cuzymes, a plurality of antimicrobial peptides, or a combination

thereof.

~
o)

The hydrogel of claim 2. wherein the phirality of amine-containing

antimicrobial agents comprises the plurality of bacteriophages.

4. The bvdrogel of clamm 3, wherein the concentration of the plurality of

bacteriophages in the hydrogel is between 10° PFUAnL and 107 PFU/mL.

3. The hydroge! of claim 1, wherein the bydrogel is crosslinked with
dynamic covalent hvdrazone bonds, dynamic covalent hemithioacetal bonds, stable covalent
thioether bonds, dynamic covalent imine bonds, ionic bonds, static covalent bonds, or a

combination thereof.

6. The hvdrogel of claim 35, wherein the hydrogel is crosslinked with
dynamic covalent hemithioacetal bonds, stable covalent thioether bonds, or a combination

thereof.

7. The hvdrogel of clamn 1, wheremn the hvdrogel further comprises a

thiolated aniomic polysacchande.

8. The hydrogel of claim 7, wherein the thiolated anionic polysacchanide

compnises thiolated hyaluronic acid.

9. The hydrogel of claim 7, wherein the concentration of the thiolated

anionic polysaccharide in the hvdrogel is between 1.5 mg/mL and 15 mg/mi.
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10, The bvdrogel of claim 1, wherein the hydrogel further comprises an

aldchyde-functionalized crosslinker.

11, The hydrogel of claim 10, wherein the aldehyde-functionalized

crosslinker comprises a multi-arm polyv{ethylene glveol} {(PEG-aldehyde.

12, The hydrogel of claim 11, whereimn the mwlti-arm PEG-aldehyde

comprises PEG-dialdehyde, 4-arm PEG-aldehyde, or a combination thereof.

13, The hvdrogel of claim 10, wherein the concentration of the aldehyde-

functionalized crosslinker in the hydrogel is between 22.5 mg/mL and 225 mg/mL.

14, The hydrogel of claim 1, wherein the hydrogel further comprises a

benzaldehyde-functionalized crossiinker.

15, 'The hydrogel of claim 14, wherein the benzaldehyde-functionalized

crosstinker comprises a multi-arm PEG-benzaldchyde.

16, The hvdrogel of claim 15, wherein the multi-arm PEG-benzaldehyde

comprises PEG-dibenzaldehvde, 4-arm PEG-benzaldebyde, or a combination thercof.

17 The hydrogel of claim 14, wherein the concentration of the

henzaldchyde-fumctionalized crosshinker i the hvdrogel 15 between 2.5 mg/mb and 25 mg/ml.

18, The hvdrogel of claim 1, wherem the hvdrogel comprises an aldehyde-
functionalized crosslinker and a benzaldehvde-functionalized crosslinker, and wherem the
mass ratio of the aldchyde-functionalized crosshinker to the benzaldehyde-fuimctionalized

crosshinker in the hydrogel is at least 5.1

19, The hvdrogel of claim 1, whercin the hydrogel further comprises an

acrvlate-functionalized crosstinker.

20, The hydrogel of claim 19, wherein the acrylate-functionalized
crosshinker comprises PEG diacrviate, a hyperbranched PEG acryvlate, or a combination

thereof.

21 The hvdrogel of claim 19, wherein the concentration of the acrylate-

functionalized crosslinker in the hydrogel is between 0.3 mg/mb and 3 mg/mL.

24
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22, The hydrogel of claim 1, wheren the hvdrogel further comprises a
polylyame.

23, The hvdrogel of claim 22, wherein the polylysine comprises s~-poly-L-
tysine.

24 The hydrogel of claim 22, wherein the concentration of the polvlvsine

in the hydrogel 1s between 1 mg/mb and 40 mg/mb.

25, The hvdrogel of claim 1, wherein the hvdrogel further comprises an

mterpenctrating network of an ionically crosslinked polvsaccharide.

26. The hydrogel of claim 235, wherein the ionically crosslinked

polysaccharide comprises calcium crosshinked alginate.

27, 'The hydrogel of claims 23, wheremn the interpenetrating network is not

bonded to the amine-containing antimicrobial agents.

28.  The hvdrogel of ¢laim 1, wherein:

the bvdrogel further comprises thiolated hvaluronic acid and 4-arm PEG-
aldehyde; and

the aminc-containing antimicrobial agents comprise a  plurality  of

bacteriophages.

29, The hyvdrogel of ciaim 28, wherein the hydrogel further comprises a

byperbranched PEG-acryvlate.

30.  'The hydrogel of claim 1, wherein
the bvdrogel further comprises e-polv-L-lysing and 4-arm PEG-aldehyde; and
the amine-containing antimicrobial agents comprise a  plumlity  of

bacteriophages.

31, 'The hydrogel of claim 28, wherein the hydrogel firther comprises 4-arm

PEG-benzaldehyde.
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32 The hydrogel of claim 1, wherein the hydrogel further comprises a
polymer functionalized with aldehvde groups, with benzaldehvde groups, or with a

combination thereof.

33, The hvdrogel of claim 32, wherein the polvmer comprises alginate or a

derntvative thereof.

34, The hvdrogel of claim 32, wherein the polvmer comprises ionically

crosslinked alginate.

35, The hydrogel of claim 32, wherein the polymer comprises alginate

crosslinked with poly-L-lysine.

36.  The hydrogel of claim 32, wherem the polymer comprises hvaluronic

acid or a denvative thereof

37, The hydrogel of clamm 32, wherein the mass ratio of the aldehvde groups

1o the benzaldehyde groups 1o the hydrogel 1s at east 5:1.

38, A mothod of treating an mtection i a subject, the method comprising

administening 1o the subject the hydrogel of claim 1.

22
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