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MATURAL-BASED SALICYLIC ACID POLY(ANHYDRIDE ESTER)
HYDROGELS FOR AGRICULTURAL APPLICATIONS

CROSS-REFERENCES TO RELATED APPLICATIONS

106017 Thus application 1s related to U.S. Provisional Patent Application Serial
No. 63/400,391, fded on August 23, 2022, U.S. Provisional Patent Application Sernial
No. 63/400,730, filed on August 24, 2022, U.S. Provisional Patent Application Serial

No. 63/519.209_ filed on August 11, 2023, all of which are incorporated by reference in their

erdirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[3602] NOT APPLICABLE

BACKGROUND OF THE INVENTION
[6003] Hydrogels are three-dimensional hydrophilic crosshinked polyvmer networks that can
absorb large volumes of water without dissolving. Hyvdrogels may be comprised of both
polymers that are insoluble due to the presence of physical crosslinks {e.g., crystalline
regions, tmtermolecular interactions, and entanglements) or chemical crosslinks {e.g., covalent
bonding) or soluble in water. Hydrogels are bocoming increasingly important for a variety of
agricuitural applhcations, including combating drought stress, delivery of an agent to the
plant, and aid in plant growth and production. To mprove plant growth while combating
drought stress, biclogically active compounds can be chemically or physically incorporated
into hydrogel networks. While plants have natural adaptive response to survive under stress
conditions, their response s not enough to secure food production. Natural polymers have
gained attention for use n combating drought stress due to their biocompatibibity,
biodegradability, and water solability. Unfortunately, natural hyvdrogels can, at times, be

unstable or provide less destred properties necded for a hydrogel in use in agriculture. To
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overcome such deficiencics, it would be great if synthetic polymers that are biocompatible
could be used; however, at present, no synthetics hydrogel compositions exhibit positive
cffects to the plants upon degradation. Thus, there is a need in the art for a synthetic hydrogel

that exhibits posifive effects, such as being bicactive, to plants upon degradation.

(.4

BRIEF SUMMARY OF THE INVENTION
{3684} The present invention provides biocompatible and biodegradable polymers, both
homopolymers and copolymers, derived from salicylic acid and itaconic acid that can be used
to generate hvdrogels usetul for combating drought stress and/or for controlling the release of
10 fertilizers against drought stress. In some embodiments, the hydrogels disclosed herein can
be advantageously used to promote or ingrease the growth of a ssedling, a plant, or a crop

and/or to tncrease the drought tolerance of a seedling

[=d

a plant, or a crop.

[3665]  In one aspect, the present invention provides a homopolymer having a backbone,

wherein the backbone comprises one or morg units of Formula (1)

y e 1w
wherein nis 2 to 1500, In one embodiment, the homopolymer has an average molccular
weight of about 1,000 daltons to about 700,000 daltons. In another aspect, the homopolymer
has an average molecular weight of about 100,000 daltons to about 600,000 daltons. In vet
another embodiment, the homopolymer has an average molecular weight of about 200,000
28 daltons to about 300,000 daltons. In one embodiment, hydrolysis of the homopolymer vields

the following products:

Ay

S gﬁ{vﬁ\ﬁ«@ﬁ
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As will be appreciated by those of ordinary skill in the art, salicylic acid (8A3, a defense plant

hormone, is responsible for regudating many plant functions, such as seed germination, plant
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respiration, cell growth, and response to abiotic stresses, efe. Salicylic acid improves the
photosynthests, membrane permeabibity, and the activity of the antioxidant enzymes, all of
which are negatively impacted by drought or stress conditions. Thus, salicvlic acid can
advantageously be used to promote, 7.e., increase, the growth of a seedling, a plant, or a crop
and/or to increase the drooght tolerance of a secdling, a plant, or a crop. In another
cmbodiment, the homopolymer of Formula (1) further comprises an active ageut, such as, for
example, a fertilizer, urea, monopotassium-phosphate, a pesticide, or any other agent that
would be useful for increasing growth and/or drought or stress tolerance.

{36861 In ancther aspect, the present invention provides a copolymer having a backbone,

wheretn the backbone compnses: {a) ong or more anits of Formula (I):

N

no {1} and

oH

B (1 dr (D,

wherein: nis 1 to 1300; m 18 1 to 1500; and each R is mdependently a linker. In some
embodiments, n is 1 to 2000, In onc embodiment, the linker R is a divalent, branched or
unbranched, saturated or unsaturated, hydrocarbon chain, having from 1 to 25 carbon atoms,
and wherein one or more of the carbon atoms is optionally replaced by {(-0O-), (-NR'-} or
phenvlene, and wherein the chain 1s optionally substituted on one or morve carbon with one or
more substituents selected from the group consisting of (C1-Cslalkoxy, (T5-Celoycloalkyl,
{Ci-Celalkanoyl, (Ci-Usialkanovloxy, (Ci-Celalkoxycarbonyl, (C1-Cejalkylthio, azido, cvano,
nitro, hale, hvdroxy, oxo, carboxy, arvl, arvloxy, hetercaryl, and heteroaryloxy, wherein each

R! is independently selected from H or {(Ci-Cs)alkyl. In one embodiment, the linker R

includes, but is not hmited to, the following:

¥ aVe 3

3



WO 2024/044656 PCT/US2023/072773

5  In one embodiment, the copolymer has an average molecular weight of about 1,000 daltons 1o
about 700,000 daltons. In another aspect, the copolymer has an average molecalar weight of
about 100,000 daltons to about 600,000 daltons. In vet another crubodiment. the copolymer
has an average roolecular weight of about 200,000 daltons to about 300,000 daltons.

[B0477  In one embodiment, the ratio of the (a) one or more units of Formula (1} to the (b)

1 one or more units of Formula (1) ranges from between 10:1 to 1:10. In another embodiment,

the ratio of the {a) one or more units of Formula (§) to the (b) one or more units of Formula

(11} ranges from between 5:1 to 115, fn vet another emboduuent, the ratio of the {a) onc or

more units of Formula (I} to the (b) one or more units of Formula (3} ranges from between

2:1to 1.2, In still another embodiment, the ratio of the (a) one or more units of Formula (1) to

153 the (b) one or more units of Formula () ranges from between 111 or 2:1.

{0608} In one embodiment, hydrolysis of the homopolymer yields the following products:

RO .
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[0809]  In another embodiment, the copolymer further comprises an active agent, such as a
fertilizer, urea, monopotassium-phosphate, a pesticide, or any other agent (such as

20 amdumicrobial, anti-fungal, antioxidant, efc. ) that would be useful for increasing growth and/or
drought or stress tolerance. In some embodiments, the copolymer and active agent are
synthetically combined such that the active agent is embedded, entangled, or contained within

the polymer, such as in the backbone of the copolymer. In some embodiments, the active
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agent 15 added during the synthesis of the copolymer such that the active agent is entangled,

embedded, or contained within the polyvmer structure,

[6818]  In another aspect, the present invention provides a copolymer having a backbone,
wherein the backbone comprises: {a} one or more units of Formuda (HI):

~ {FH}; and

= {1V},

wherein n is 1 to 1500, m 15 1 {0 1500; and cach R is independently a linker. In one
embodiment, the linker R 1s a divalent, branched or unbranched, saturated or unsaturated,
hydrocarbon cham, having from 1 to 25 carbon atoms, and wherein one or more of the carbon
atoms is optionally replaced by (~0-), (-NR'-) or phenylene, and wherein the chain is
optionally substituted oo carbon with one or more substituents selected from the group
gonsisting of {Ci-Celaltkoxy, (Cs-Celeveloalkyl, (Ci-Cojalkanovl, (Ci-Colalkanovioxy, (Ci-
Ceyalkoxycarbonyl, {Ci1-Cealkvithio, amido, cvano, nitro, hale, hvdroxy, oxo, carboxy, arvi,
aryloxy, heteroaryl, and heteroaryloxy, wherein each R' is independently selected from Hor

{C1~-Colalkyl. In one embodiment, the himker R includes, but is not limited to, the following:

a3

M\Owés\ and
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In one embodiment, the copolymer has an average molecular weight of about 1,000 daltons to
about 700,000 daltons. In another aspect, the copolymer has an average molecalar weight of
about 100,000 daltons to about 600,000 daltons. In vet another crubodiment. the copolymer

has an average roolecular weight of about 200,000 daltons to about 300,000 daltons.

[B01E] Inone embodiment, the ratic of the (a) one or more units of Formula () to the (b)
one or more units of Formula (JV) ranges from between 10:1 to 110, Tn another
embodiment, the ratio of the {a) one or more units of Formula () to the (b} one or more
units of Formula (JV} ranges from between 5:1 to 1:5. In vet another embodiment, the ratio of
the {a) one or morg units of Formula (1) o the (b) one or more units of Formmda {IV) ranges
from between 2:1 to 1:2. In still another embodiment, the ratio of the (a) one or more units of

Formula (I} to the (b) one or more units of Formula (TV) ranges tfrom between L1 or 2: 1.

[G012]  Inone embodiment, hvdrolysis of the homopolymer vields the following products:

A, o o
. 'ﬁ;‘\“&wﬁ*ﬁﬁ“
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(6813} In ancther embodiment, the copolvmer further comprises an active agent, such as a
fertilizer, urea, monopotassium-phosphate, a pesticide, or any other agent (such as
antimicrobial, anti-fungal, antioxidant, efc.} that would be useful for increasing growth and/or
drought or stress tolerance. In some embodiments, the copolymer and active agent are
synthetically combined such that the active agent 1s embedded, entangled, or contained within
the polymer, such as in the backbone of the copolymer. In some embodiments, the active
agent 1s added duning the synthesis of the copolymer such that the active agent is entangled,
cmbedded, or contained within the polymer structure. In some embodiments, the active agent

may be attached to the backbone via crosslinking to form a pendant chain.

10614} In anocther aspect, the present invention provides hydrogels formed from the

homopolvroers and/or copolymers disclosed herein, etther on their own or, optionally, in
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combination with a second copolymer, wherein the second copolymer includes, but 18 not

timited to, a synthetic copolymer, a natural copolymer, and combinations thereof.

[6815]  In one embodiment, the present invention provides a hvdrogel compnising a
plurality of homopolymers having a backbone, wherein the backbone comprises one or more

units of Formula (B

0

wherein n is 2 to 1500; and wherein the homopolymers are cross-linked.

i6016] o ancther erabodiment, the present ovendion provides a hvdroge! comprising a
plurality of copolymers having a backbone, wherein the backbone comprises: {8} one or more

units of Formula (§):

(b} one or more units of Fornnula (M}

(i,
wherein: nis 1 to 1500; mis 1 to 1500; and each R is independently a linker; and wherein the
copolymers are cross-linked.
[6017]  In another embodiment, the present fnvention provides a hydrogel comprising a

plurality of copolymers having a backbone, wherein the backbone comprises: {a} one or more

antts of Formula (1)
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- «dn (JF1}; and

m ( E‘yr)"
wherein: nis | to 1500; m is 1 to 1500; and cach R 15 independently a linker; and wherein the

copolymers are cross-linked

[3618] In ancther cmbodiment, the present invendion provides a homopolymer for treating
a plant, seed, or crop comprising one of more units of Formula (IH):

e ~in {(H1):

wherein: nis 1 to 1500; and each R is mdependently a linker. In one embodiment, the Iimker
R is a divalent, branched or unbranched, satorated or unsaturated, hydrocarbon chain, having
from 1 to 25 carbon atoms, and wherein one or more of the carbon atoms is optionally
replaced by (—0-}, (-NR!-} or phenylene, and wherein the chain is optionally substituted on
ong or more carbon with one or more substituents selected from the group consisting of (Ci-
Csralkoxy, (U3-Ceoycloalkyl, (Ci-Celalkanoyl, {Ci-Celalkanovioxy, (Ci-Celalkoxycarbonyl,
(C1-Coyalkvithio, azido, cvano, nitro, halo, hvdroxy, oxo, carboxy, arvl, arvloxy, heteroaryl,
and hetercaryloxy, wherein cach R is independently selected from H or {(Ci-Cedalkyl. In one

cmbodiment, the linker R includes, but 1 not limited to, the following:
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{3819} In yet another embodiment, the present invention provides a hvdrogel comprising a
homopolymer as disclosed herein and a second copolymer, wherein the second copolymer
includes, but is not Himited to, a synthetic polymer, a natural polymer, and combinations
thereof, wherein the homopolyvmer and the second copolymer are cross-linked. in still

14 another, the present invention provides a hydrogel comprising a copolymer as disclosed
herein and 8 second copolymer, wherein the second copolymer inchudes, bat is not hmmted to,
a syothetic polymer, a natural polymer, and combinations thereof, wherein the copolymer and
the second copolymer are cross-linked. In one embodiment, the copolvmer used in forming
the hydrogel with the second copolymer, such as a svnthetic polymer or a nataral polvmer,

15 has a backbone comprising {a) one or more units of Formula (1)

n (I} and
(b} one or more units of Formula (1)

S (I,
wherein: nis 1o 1500; m s 1 1o 1500; and cach R is independently a linker as disclosed

20 herem. In another embodiment, the copolymer used n forming the hvdrogel with the second
copolymer, such as a synthetic polymer or a natural polymer, has a backbone comprising (a)

ong or more units of Formula ()
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- «dn (JF1}; and

m ( E‘yr)"

wherein: nis | to 1500; m is 1 to 1500; and cach R 15 independently a linker as disclosed
herein.

10628]  In ancther embodiment, the hvdroge! 1s formed from the two copolymers disclosed

heremn. Inthus embodiment, the one copolviuer has a backbone comprising {(a} one or more

units of Formula (F):

s n {1}, and
{(b) one or more units of Foomuda (1)

wherett nis 1 to 1500; m is 1 to 1500; and cach R is independently a linker as disclosed

herein, and the second copolymer has a backbone comprismg (a) one or more units of

Formula dHy

14
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oo =dn {IT}}; and

m (E‘Vr)"

wherein: nis | to 1500; m is 1 to 1500; and cach R 15 independently a linker as disclosed

herein. In tlus embodiment, the two copolvmers are crosshnked.

106211  In another aspect, the present invention provides methods of using the hydrogels
disclosed herein to mercase or promote the growth of a seed, a seedling, a plant, or a crop
and/or 1o increase drought or stress tolerance of a seed, a seedhing, a plant, or a crop. In one
cmbodiment, the present invention provides a method for delivering salicylic acid to a seed, a
plant, or a crop, the method comprising applving to (or coating or contacting) the sced, the
plant {or a portion thereof), or the crop a hvdrogel disclosed herem. In another embodiment,
the present invention provides a method for combating drought stress or increasing drought
tolerance, the method comprising applying to {or coating or contacting} a seed, a plant, ora
crop with a hyvdroge! disclosed herein. In yet another embodiment, the prosent invention
provides a method for promoting plant growth and production, the method comprising
applying to {or coating or contacting} a plant a hydrogel disclosed herein. In another
cmbodiment, the present invention provides a method for increasing the growth of a scedling
and/or increasing the drought tolerance of a scedling, the method comprising {8} coating a
seed for the desired seedling with a hydrogel disclosed herein, (b} planting the coated seed in
growth conditions, such as wn soil, and (¢} allowing the seed to grow o a seedling, therehy

mcreasing the growth of the scedling and/or increasing the drought tolerance of the scedling.

BRIEF BESCRIPTION OF THE DRAWINGS
[G022] FIG. 1 s a schematic of an exemplary homopolymer for generating bvdrogels,

according 1o one embodiment of the present disclosure.

1i
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[3023] PG 2A provides photographs of 3%, 10% or 20% {(w/v) CMC with CaCh
crosshinking agent. FIG. 2B provides photographs of 5%, 10% or 20% (w/v) CMC with
CaClz crosslinking agent and incorporation of SAPAE homopolymer. FIG. 2C provides

hotographs of 3%, 10% or 20% (wiv) CMC with CaCl: crosslinking agent and the
phnotograp £ ag

(4]

meorporation of salicylic acid.

{38241 FIG. 3 provides photographs of the surface topography of the hydrogel with no
salicylic actd or SAPAE ( FIG. 3A}, with the incorporation of salicylic acid (FIG. 3B), or

with the incorporation of SAPAF homaopolymer (FIG. 3C).

[6623]  FIG. 4A provides ATR-FTIR illustrations for the CMC, the CMC with CalClz,
10 SAPAE and the hydrogel after formation. FIG. 4B provides ATR-FTIR illustrations for the
CMC, CMC with CaCl2, salicylic acid, and of the hvdrogel after formation.

[3626] TG, 3A provides photographs of degree of swelling for 5%, 109 or 20% (wiv)
CMC with CaClz crosslinking agent at time points 4, 2, 4, 6, and 24 hours. FIG. 5B provides
photographs of degree of swelling for 5%, 10% or 20% (w/v) CMC with Call crosshinking
15 agentat time pomts 0, 2, 4, 6, and 24 hours with the incorporation of SAPAE homopolvmer.
FIG. 3C provides photographs of degree of swelling for 5%, 16% or 20% (w/v) CMC with
CaCl: crosslinking ageut at tae pomnts 0, 2, 4, 6, and 24 bours with the mcorporation of

salicylic acid.

13627] FiIG. 6A provides a graph for the degree of swelling of a hydrogel formed from

20 CMC and crosslinked with CaClz. FIG. 68 provides a graph of the degree of swelling of a
hydrogel formed from CMC, SAPAKE and crosslinking agent CaClz. FIG. 6C provides a graph
of the degrec of swelling of a hydrogel formed from UM, crosslinking agent Calls, and

salicylic acid.

10628} Fi(z. 7 provides a schematic of an exemplary dosage window schedule for the eight
25 groups: Di-water, SAPAE ix (single application of .15 mmeol of SA jncorporated o the
polymer}, SA 3x (three applications of .05 mmol of §SA), SA Ix (single application of 0.15

mmoi of §A), according to one embodiment of the present disclosuare.

[60297  FiG. 8A provides representative images of images of micro~tom plants post dosage
window (7 days} under Di-water, SA Ix, SA 3x and SAPAE Ixtreatments, and death

30 example (FIG. 8A) and FIG. &B provides a graph of the average percent mucro-tom survival

12
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post dosage window (7 days) under Dl-water, SA Ix, S8A 3x and SAPAE Ix treatments (72

plants per group).

[6033]  FIG. YA provides a graph of the percent of plant growth based on plant height. FIG
OB provides a graph of the variation in the total mumber of branches per plant treated Bl-

5 water, SAPAE Ix, SA Ixand SA 3x duning dosage window. FIG. 9C provides a graph of the
variation i the total number of leaves per plant treated with Dl-water, SAPAE Ix, SA Ix and

SA 3x during dosage window.

I6031]  FiG. 10A provides a graph of the percent of plant growth based m plant height afier

14 davs from dosage window. FIG. 10B provides a graph of the vanation in the total number
14 of branches per plant. FIG. 10C provides a graph of the vanation in the total number of

leaves per plant for plants treated with Di-water, SAPAE Ix, SA Ix and SA 3xin 14 days

post dosage under normal and drought stress conditions.

10632} Fi. 11A provides a graph of the average number of flower bads per plant after 14
days from dosage window. FIG. 11B provides a graph of the total number of opened flowers
15 per group for plants treated with Di-water, SAPAE 1x, SA Ix and SA 3xin 14 days post

dosage.

[30633] PG 12 provides a graph of the percent survival post dosage window where the

plants were sebmitted to either drought stress or normal conditions.

16034] FIG. 13A provides a graph of the percent plant growth based on plant height. FIG.
20 13B provides a graph of the vanation in total number of branches per plant treated Dl-water,

SAPAFE Ix, SA Ixand SA 3x during dosage window. FIG. 13C provides a graph of the

variation 1 the total mumber of leaves per plant treated Dl-water, SAPAE Ix, SA Ixand SA

3x during dosage window.

[6635] FiG. 14A provides a graph of the average nuraber of flower buds per plant treated

o]
[

Di-water, SAPAE 1Ix, SA Ix and SA 3x dunng dosage window. FIG. 148 provides a graph
of the average mumber of opened flowers per plant treated Di-water, SAPAE 1x. SA Ixand
SA 3x during dosage window. FIG. 14C provides a graph of the average number of tomatocs

per plant for plants treated Dl-water, SAPAE 1x, SA Ix and SA 3x during dosage window.

[3636] FiG. 15 provides photographs of the individual tomato planis removed from the

30 study at harvest day.
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[30637] FIG. 16A provides a graph of the percent plant growth based n plant height for

plants treated with Dl-water, SAPAE 1x, 5A Ix and SA 3x daring dosage window. FI(. 16B
provides a graph of the initial plant height {cm) for plants treated with Di-water, SAPAE Ix,
SA Ix and SA 3x during dosage window. FIG. 16C provides a graph of the final plant height

{cm} for plants treated with Di-water, SAPAE Ix, SA 1x and SA 3x during dosage window.

[3838] FIG. 17A provides a graph of the vanation in the total number of branches per plant
for plants treated with Dl-water, SAPAFE 1x, 5A Ix and SA 3x during the entirety of the
study (1% dose until harvest). FIG. 178 provides a graph of the variation in the total number
of leaves per plant for treated with Di-water, SAPAE 1x, SA Ixand SA 3x dunng the
entivety of the study (1% dose unti] harvest). FIG. 17C provides a graph of the average plant
mass in grams for plants treated with Dl-water, SAPAE Ix, SA 1x and SA 3x durning the
entirety of the study {1* dose until harvest). FIG. 17D provides a graph of the root length for
plants treated with Di~water, SAPAE 1x, SA Ix and $A 3x during the cutirety of the study

(1 dose unti} harvest).

I603%]  FiG. 18 provides photographs of the harvested tomatoes from cach test group
treated with Di-water, SAPAE 1x, SA Ix and SA 3x during the entirety of the study (1% dose

until harvest).

[3840] FIG. 19A provides a graph of the total number of tomatoes per group for plants
treated with Dl-water, SAPAE Ix, 5A 1x and SA 3x at the harvest day. FIG. 19B provides a
graph of the total number of red tomatoes per group for plants treated with Di-water, SAPAE
1%, SA Ixand SA 3x at the harvest day. F1G. 19C provides a graph of the average tomato
height (mm) for plants for plants treated with Dl-water, SAPAE Ix, SA Ixand SA 3xatthe
harvest day. FIG. 19D provides a graph of the average tomato diameter (mm) for planis

treated with Dl-water, SAPAE Ix, 8A Ix and SA 3x at the harvest day.

DEFINITIONS
{0841} Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as 1s commonty understood by one of skill in the art to which the claimed
subject matter belongs. It 15 to be understood that the foregoing gencral description and the
following detailed description are exemplary and explanatory only and are not restrictive of
any subject matter claimed. The section headings used herein are for orgamzational purposes
onty and are not to be construed as limiting the subject matter described. In this application,
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the use of the singular includes the plural unless specifically stated otherwise. It is noted that,
as used 10 the specification and the appended claims, the singular forms “a,” “an” and “the”
mclude plural referents unless the context clearly dictates otherwise. In this application, the
use of “or” means “and/or” unless stated otherwise. Furthermore, use of the term “including™

as well as other forms, sach as “include.” “includes.” and “mcluded.” s not hmiting.

{38427  As used heremn, ranges and amounts can be expressed as “about” a particular value
or range. About also includes the exact amount, but also allows a reasonable amount of
deviation of the modified term such that the ond result is not significantly changed. The term
about should be construed as including a deviation of at least £5% of the modified term i thas
deviation would not negate the meaning of the word 1t modifies. Generally, the term “about”

mcludes an amount that would be expected to be within expermimental error.

{38431 Specific values listed below for radicals, substituents, and ranges are for illustration
only; they do not exclude other defined values or other values within defined ranges for the

radicals and substituents.

(0844}  As used herein, the terms “comprising” and “comprises” are intended to mean that
the methods, compounds, compositions, and respective components thereof mchude the
recited elements, but do not exclude others. “Consisting essentially of” refers to those
elements required for a given embodiment. The phrase permuis the presence of additional
elements that do not materially affect the basic and novel or functional characteristic{s) of the
given embodiment {(e.g.. methods, compounds, or compositions). “Consisting of” refers to
methods, compounds, compositions, and respective components thereof, as described herein,
which are exclusive of any element not recited in that description of the embodiment.
Embodiments defined by cach of these transition terms are within the scope of this

disclosure.

{38457  As used heren, the term “alkyl” by itself or as part of another substituent, refers to
a straight or branched, saturated, aliphatic radical having the number of carbon atoms
mdicated. Alkyl can nclude any number of carbons, such as Cia, Cia, Cia, Cios, Crs, i,
Cre, Cio, Croto, Cro1, Craaz, Co3, Caea, Cas, Caos, 300, Caos, Cag, Caos, Cas and Cses. For
example, Cis alkyl includes, but 13 not binuted to, methyl, ethyl, propyvl, isopropyl, butvl,
wsobutyl, sec-butyl, tert-butyl, pentyl, isopentyi, hexyl, etc. Alkyl carp also refer to alkyl
groups having up to 20 carbons atoms, such as, but not limited to heptyl, octyl, nonyl, deevl,

ete. Unless otherwise specified, alkyl groups can be substituted or unsubstituted. For

[
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example, “substituted alkyl” groups can be an alkyl group substituted with one or more

groups selected from halo, hydroxy, amino, anminoalkyl, amido, and alkoxy.

(08461  As used herein, the term “alkoxy,” by tself or as part of another substifuent, refers

1o a group having the formula ~-OR, wherein R 15 alkyvl as descnibed above.

[3847]  As used herem, the ferm “cyvcloalkyl,” by itself or as part of another substituent,
refers to a saturaied or partially unsaturated, monocyclic, fused bicyclic or bridged polyeyvciic
ring asscmbly contaiming from 3 o 12 ring atoms, or the number of atoms indicated.
Cycloalkyl can include any number of carbons, such as Ci«s, Cis, Css, Cs, Cas, Css, Coos,
Cas, Csor, Caony, and Csone. Saturated monocyelic eycloalkyl rings melade, for example,
cvelopropyl, evelobutyl, cvelopentyl, evclohexyl, and cyclooctyl. Saturated bicyclic and
polvevelic cycloatkvl rings mclude, for exampie, norbomane, §2.2.2] bicyelooctane,
decahydronaphthalene and adamantane. Cycloalkyt groups can also be partially unsaturated,
having one or more double or triple bonds in the ring. Representative cycloalkyl groups that
are partially unsaturated mchide, bt are not limited to, cyclobutens, cyclopentene,
cvelohexene, cyclohexadicne (1,3- and 1, 4-1somers), cvcloheptene, cycloheptadiene,
cvelooctene, cvelooctadiene (13-, 1,4 and 1,5~1somers), norbomene, and norbormadiene.
When cyeloalkyl 1s a saturated monocyclic Cae oycloalkyl, exemplary groups include, but are
not fimited to cyelopropyl, eyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl and cyclooctyl.
When cycloalkyl 1s a saturated monogyelic Cis cycloalkyi, exemplary groups include, but are
not limited to cyclopropyvl, cyclobotyl, cyvclopentyl, and cyelohexyl. Cycloalkyl groaps can be
substituted or unsubstituted. Unless otherwise specified, “substituted cyoloalkyl” groups can
be substituted with one or more groups sclected from halo, hyvdroxy, aming, alkylamino,

amido, acyl, nitro, cvano, and alkoxy.

[6048]  Specifically, (Ci-Calalkyl can be methyl, ethyl, propyl, 1sepropyi, butvl, iso-butyl,
sec-butyl, pentvl, 3-pentyl, or hexyl; (Cr-Celeveloalkyt can be cyelopropyl, cvclobutyl,
cyclopentyl, or eyelohexyl; (Ci-Celalkoxy can be methoxy, ethoxy, propoxy, isopropoxy,
butoxy, 1so-butoxy, sec-butoxy, pentoxy, 3-pentoxy, of hexyloxy; ({i-Cslalkanoy! can be
acetyl, propanoy! or butanovl; (C:-Celalkoxyearbonyl can be methoxycarbonyl,
cthoxyxarbonyl, propoxycarbonyl, isopropoxyxarbonyl, butoxvearbonyl, pentoxyearbonyl, or
hexvioxyearbonyl; (Ci-Celalkyvithio can be methyithio, ethyithio, propyithio, 1sopropyithio,
butylthio, isobutylthio, pentyithio, or hexythio, {Co-Uslalkanovioxy can be acetoxy,

propanovioxy, butanovloxy, ischutanoyloxy, pentanoyloxy, or hexanoyloxy; arvl can he
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phenvl, indenyl, or naphthyl; and hetercaryl can be furvl, imidazolvl, tnazolvl, tnazinyl,
oxazoyl, isoxazoyl, thiazolyl, tsothiazovl, pyrazolyl, pyrrolyl, pyvrazinyl, tetrazolvl, pyridyl,
{or its N-oxade). Thienyl, pyrmudinyt {or tts N-oxide}, indolyl, isoguinolvl {or its N-oxide) or

quinolvl {or its N-oxide}.

00491  Asused herein, the phrases “dispersed i the matnx of the copolymer” and
“dispersed in the matrix of the polymer” mean that an agent, such as a fertilizer agent, is
located within the matrix of a copolymer/polymer such that it can be released 1 a controlied
fashion when placed within a crop field. Preferably, the copolymer/polymer matrix comprises

a biodegradable polviner.

[08508]  As used herein, “release”™ of an agent refers to the delivery of an agent in a form that
15 bicavailable. For instance, the torm “release” includes degradation of a copolymer/pelvmer
m which the agent is incorporated n the copolyvmer/polymer backbone, or appended to the
copolymer/polymer backbone, to release free agent. The term also includes degradation of 2
copolymer/polymer that entraps molecules of the agent in the matrix of the
copolymer/polymer, thereby allowing the free agent to make direct contact with the

surrounding environment.

[B851]  The torm “linker” as used herein means a chemical moiety comprising or derived
from a group of atoms that is covalently attached to an acid denvative and that is also
covalently attached to a second acid derivative. The linker used described herein comprises
an alkyl chaim that may mchide any number of carbons, such as Cia, Cia, Crg, Crs, Cros,
Cry, Cis, Croo, Croto, Craan, Cin, Coa, Coag, Cos, Coug, Cas, Caos, Cacs, Caos, Caos and Csos. For
example, Cis alkvl includes, but 18 not himited to, methyl, ethyvl, propyvl, 1sopropyl, butvl,
isobutyl, sec-butyl, tert-butyl, pentyl, isopentyl, hexyl, etc. Alkyl can also refer to alkyl
groups having up to 20 carbons atoms, such as, but not houted to heptyl, octyl, nonyl, decvl,
ete. Unless otherwise specified, alkyl groups can be substituted or unsubstituted. For
example, “substitated alky]l” groups can be an alkyl group substituted with one or more

groups selected from halo, hvdroxy. amine, aminoalkyl, amido, and alkoxy.
[0852]  As used herein, the term “hydroxy” refers to the moiety ~OH.

[G033]  As used herein, the term “carboxy” refers to the moiety —~C{O)YOH. A carboxy

moiety can be ionized to form the corresponding carboxylate amon.
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[3854]  As used herem, the ferm “oxo” refers to an oxygen atom that 1s double-bonded to a

compound {i.e., O=},

[B883]  As used herein, the term “photo-induced polymernization” refers to a polymernization
reaction where imitiation s trigeered by a radiation. Unless stated otherwise, photo-induced

pets

may refer to gamma or LY radiation.

13656]  As used herein, the term “crosslink™ can refer to physical (e.g., mtenmolecular
mteractions or entangloments, such as through hydrophobic mteractions} or chemical
crosstinking (e.g., covalent bonding). Chemical crosstinking may be induced for these
hydrogels using ultraviolet (UV) radhation, gamma radiation, an external cross-hnking agent,
or Fenton and photo-Fenton reactions to obtain chemical hydrogels. This chemical
crosshimking may result in a more stable and non-reversible matenal, wherem the bioactive-

based polvmer is trapped within the three-dimensional network.

10657 As used herein “tolerance™ refers to the ability of a plant to endure a stress without
suffering a substantial altcration in metabolism, growth, productivity, and or viability. The

stress may be an abiotic stress or a biotic stress.

[B058]  As used heromn “abiotic stress™ may refer to a stress that occurs as a result of non-

biving factors influcnecing the environment in which the plant hives.

16039 Asused herein, “hiotic stress” may refer to a stress that occurs as a result of damage
done to plants by other living organisms, such as bacteria, viruses, fungi, parasites, bencficial

and harmful msects, weeds, and cultivated or native plants,

[3860]  As used herem drought tolerance {drought resistance) 1s a general concept,
according to the different types of reactions and mchude drought resistance (dehydration
avoidance), drought tolerance and recovery {drought recovery). Here the concept is also
extended to crratic rain and temporal lack of water {(for nstance related to global waming
modification of the environment}. It should be understood that the terms disclosed herein may

be used interchangeably for one ancther as described herein,

DETAILED DESCRIPTION OF THE INVENTION

[6861] The present invention provides novel bioactive and biocompatible polymers derived

from salicylic acid and a biodegradable or biocompatible linker, such as diacyl chlonide or
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taconic acid, as shown in FIG. 1. 1t has advantageously been discovered that the presence of
ttaconic acid in the polvmer backbone allows for the formation of hydrogels that can be used
1o promote growth and/or increase drought or stress tolerance. In one embodiment, the
hydrogels can comprise only a salicylic acid/itaconic acid-based polvmer, or, alternatively,
the hydrogels can comprise a mixture of a salicylic acid/itaconic acid-based polymer with a
syathetic polymer or a natural polymer, such as cellulose, starch, chitosan, or other natural
polymers known by those skilled in the art. The hydrogels disclosed herein can be applied in
the soil or to a seed, seedling, plant, or crop to retain water during drought periods enhancing
the plant growth and crop vield. Hydrogels prepared from the salieylic acid/itaconic acid-
based polymers will advantageousty enhance the ability of the hydrogels to fight drought
stress. The homopolymers and copolymers disclosed herein are not only biodegradabie but
are also bigactive. Additionally, the homopolyvmers and copolymers can advantageously be
used in a singular form to tmprove the plant, seed, or crop health. For example, the
homopolymer o1 copolymer roav be added to the plant, sced, or crop in the form of a powder.
The powder can be applied to the root, stem, leave or fruit of the plant. Altemnatively, the
powder can be mixed into the soil upon planting or seeding to aid in plant growth.
Ahernatively, the homopolymers or copolymers may be in a microsphere structure, generated
via known oil in water solvent evaporation methods, for delivering the salicvlic acid to the
plant, seed, or crop. Upon degradation (e.g., hvdrolysis by exposure to water), the salicyhic
actd/itaconic acid-based homopolymers and copolymers releage salicylic acid to the
environment. Salieyvlic acid, i tum, helps protect against drought stress and promote growth.
Additionally, the administration of salieylic acid can aid in plant flowerning, prevent the
formation of mold on fruits (surprisingly even after the fruit has been cut from the plant and

exposed to air), and aid in plant growth during normal and drought conditions.

{08621 The biocompatible, biodegradable salicylic acid and itaconic acid-based
polv{anhvdride ester) copolymers disclosed herein may be used to produce a variety of useful
products, such as hydrogels, or powders having valuable physical and chencal propertics.
The polvi{anhyvdnde ester} copolymers are usetul in applications, such as, for example, the
delivery of chemical compounds, such as salicylic acid and fertilizers, the production of
hydrogels, and the preparation of coatmgs. In some embodiments, the biccompatible polymer
derived from salievlic acid and a biodegradable linker, such as diacyl chloride or itaconic
acid, heren referred to as the homoepolvimer, may be exogenously applied to a plant in the

form of a powder. The exogenous addition of the homopolymer o the seed, plant, or crop can
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wnprove the drought resistance, growth rate, and crop production of the treated seed, plant, or

crop.

[6863] The addition of the homopolymer or a copolymer as disclosed herein as a powder
can allow for improved drought resistance, increased growth rate, and mmcreased crop
production via a single dosc 1o a plant crop. For example, the addition of a single high dose of
salicylic acid {8A} can impart negative effects on a plant, thus resulting in multiple single
additions of salicvlic acid i lower doses requiring more time mput from a farmer and thereby
increasing costs. For example, a dose of ©.15 mmaol of SA can unpart negative growth affects
on the sced, plant or crop, however, three jndependent doses of 0.5 vunol can wupart
beneficial effects on the seed, plant, or crop. The homopolymer as a powderat a
concentration similar to 5A at 0.15 mmol can additionally impart beneficial properties on the
growth and drought tolerance of the seed, plant. and or crop. obviating the need for the
application of multiple doses. The larger dosc applications of SA results in a negative tmpact
on the development of the plant, seed, or crop. In some embodiments, thehomopolymer
powder may have a concentration of from (.01 mmol to 1.0 mol of salicylic acid within the
powder and the powder administered to a pland, crop, or sced. In some embodiments, the
homopolymer powder can be added to the seed, plant, or crop to administer a concentration
of salicylic acid ranging from (.01 mmol to 1.0 mmol. For example, the concentration dose
of salicylic acid can be 0.05 mmol to .10 mmol, from 0.10 mmol to 0.15 mmaol, from 0.15
mmol to .20 vunol, from 0.20 mmol to 0.25 mmol, from .25 mmol to .30 mmol, from
(.30 mmol to .35 mamol, from 0.35 mmol to 0.40 mmol, from 0.40 mmol to 0.43 mmol,
from 0.43 mmoi to 0.30 mmol, from 0.530 mmol to 0.53 mmol, from $.55 mmol to $.60
mmol, from 0.60 mmaol to 0.65 mmal, from .65 nunoi to 0.70 mmol, from 0.70 mmol to
(.75 numol, from 0.75 mumol to 0.80 mmol, from 080 memol to 0.85 mmol, from 0.835 mmol
10 0.90 mumol, from 0.90 mmol to 0.93 mmol, or from 0.95 mmol to 1.0 mmol. In some
embodiments, the homopolymer powder can be added in a single dose at the initiation of seed
planting. In some embodiments, the homopolymer powder can be added m roultiple doses
across the lifespan of the plant. For example, the homopolymer can be added at the initial
planting of the seed a first time, and added to the plant at a tme later i a seed, plant, or crop
fife cycle, such as when the plant begins to grow fruit. In some embodiments, the
concentration of salicylic acid m the bydrogel may be at a concontration ranging trom 0.01
mmoi to 1.0 mol. In some embodiments, the hydrogel can be added to the plantin a

sufficient quantity such that the concentration of SA within the hydrogel is from 0.05 mmol
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o 0.15 mmol. In some embodiments, the hvdrogel may be added to the plant, seed, or crop to
administer a concentration of salicvlic acid of from 0.01 mmol to 1.0 mmol. For example, the
salicylic acid in the hydrogel may be at a concentration dose of from 0.05 mumol to 10 mamol,
from (.10 mmol to 0.15 mmol, from 0.15 mmol to 0.20 mmol, from 0.20 mmol to 0.23
mmol, from 0.25 mmol to 0.30 mmol, from §.30 mnod to 0.353 mmol, from 0.33 mmol {o
0.40 mmol, from 0.40 mmaol to 0.45 mmol, from 0.45 mmol to 0.50 mumok, from 0.50 mmol
to 0.55 mmol, from 0,55 mmol to .60 mmol, from 0.60 mmol to 0.65 mmol, from .65
ool to 0.70 nunel, from 0.70 mmol to 0.75 mmel, from .73 mmol to .80 yamol, from
(.80 mmol to 0.85 mmol, from 0.85 mmol to .50 mmol, from §.9C mmol to §.95 mmol, or
from .95 mmol to 1.0 mmol. In certain embodiments, the concentration of salicylic acid

apphed to a plant, seed or crop 1s from (.001 mmol to 0.600 mmol of SA.

[8864] Certain embodiments of the invention provide a copolymer having a backbone,
wherein the backbone comprises a) one or more units that comprise a group that will vield a
biologically active agent upon hydrolysis of the backbone, such as one or more units of

Formula () or Formula HY; and b) one or more units of Formala H or Formula 1V,

6863}  In certain embodiments of the mvention, the one or more units that comprise a
group that will vield a biologically active agent upon hydrolysis of the backbone s a
polyvanhydride. In cortain erabodiments of the tnvention, the polvanhydrde s a
poly{(anhydride ester).

10666]  In certain embodiments, the polvanhydride comprises a first group of repeating
units of Formula (1) in the backbone and a second group of repeating uniis of Formula (1) in

the backbone.

[B067] In certain embodiments, the polvanhydride comprises a first group of repeating
units of Formula (1) in the backbone and a second group of repeating units of Formula (IV)

mn the backbone.

[0868] Certamn embodiments of the invention provide a homopolymer having a structure

compnsing Formula (1)

38691  Ceriam embodiments of the invention provide a homopolymer having a structure

comprising Formula (11},

$678}  In certain cmbodiments, the bomopolvmers and copolymers disclosed heremn will
POL PO

yield a biologically active compounnd apon hydrolysis of the backbone, wherein the backbone
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ot the homopolymer or copolymer has an average molecular weight of about 1,000 daltons to
about 700,000 daltons. In certain embodiments, the backbone of the homopolvmer or
copolvmer has an average molecular weight of about 100,000 daltons to about 660,000
daltons. In certam embodiments, the backbone of the homopolymer or copolymer has an
average molecular weight about 200,000 daltons to about 500,000 daltons. In certain
cmbodiments, the backbone of the homopolymer or copolymer has an average molecular
weight of about 100,000 dakons to about 300,000 daltons. To certain embodiments, the
backbone of the homopolymer or copolymer has an average molecular weight of about
54,000 daltons to about 200,000 daltons. In certain embodiments, the backbone of the
homopolymer or copolymer has an average molecular weight of about 10,0006 daltons to

about 30,000 dalions.

(6871} In certain embodiments, the biologically active agent is an antimicrobial agent or an
andioxidant. In certam embodiments, the biclogically active ageut s salicylic acid. In some
embodiments, the copolymer and active agent are synthetically combined such that the active
agent is embedded, entangled, or contained within the polvmer. . In some embodiments, the
active agent 18 added during the synthesis of the copolymer such that the active agent is
entangled, embedded, or contained within the polymer structure. In some embodiments, the

active agent may be attached to the backbone via crosslinking to form a pendant chain.

{36872  In certain embodiments of the copolymers disclosed herein, the ratio of the {a) one
or more units that comprise a group that will yield a biologically active agent upon hydrolysis
of the backbone, such as the one or more units of Forouula (1), to the {(b) one or more units of
Formula (1), ranges from between about 10:1 to about 1:10. In cortain crmbodiments, the
ratio of the (a) one or more units that comprise a group that will vield a biologically active
agent upon hvdrolveis of the backbone, such as the one or more units of Formula (3}, to the
{b} one or more vaits of Formula (1), ranges from between about 5:1 10 15 In certain
crabodiments, the ratio of the {(a) one or more uniis that comprise a group that will yield a
biologically active agent upon hydrolysis of the backbone, such as the one or more units of
Formula (), to the (b} one or more units of Formula (1), ranges from between about 2:1 10
1:2. In certain embodiments, the ratio of the {a) one or more units that comprise a group that
will vield a biologically active agent upon hydrolvsis of the backbone, such as the one or
more units of Formula (1}, to the (b) one or more units of Formuda (113,15, e, 501, 411, 301,

2.1 11, 12, 13, 14, or 15 In certain embodiments, the ratio is 111 or 2:1.
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{38731  In certain embodiments, the ratio of the (a} one or more units that comprise a group
that wili yield a biologically active agent upon hydrolysis of the backbone, such as the one or
more units of Formulda (111, to the (b) one or more units of Formula (1Y), ranges from
between about 11 to about 118 In certan embodiments, the ratio of the {a) one or more
anits that comprise a group that will vield a brologically active agent upon hydrolysis of the
backbone, such ag the one or more units of Formula (1), to the (b) one or more units of
Formula {1V}, ranges from between about 5:1 to 1:5 In certain embodiments, the ratio of'the
{(a) one or more units that comprise a group that will vield a biologically active agent upon
hydrolysis of the backbone, such as the one or more units of Formula (II1), to the (b) one or
more units of Formuda {1V}, ranges from between about 2:1 to 1.2, In certain embodiments,
the ratio of the {a} one or more units that comprise a group that will yield a biclogically active
agent upon hvdrolvsis of the backbone, such as the one or more units of Formula (311}, to the
(b one or more vnits of Formula (IV), 18, .2, 5:1, 41, 31 228, BL 42 13, L4 or 15 In

certam crobodiments, the ratio s i or 2:1.

10674} Certain enmvboduments of the invention provide a block copolymer compnsing a} a
first block compusing a polyvashydride having a backbone, wherein the backbone comprises
one or more wnits that comprises a group that will vield a biologically active agent upon
hydrolysis of the backbone, such as Formula I or Formula I, and b} a second block
comprising one or more units of Formula 1 or Formda IV, whercin R s a hinking agent as
disclosed herein. In one embodiment, R is a divalent, branched or unbranched, saturated or
unsaturated, hyvdrocarbon chain, having from 1 to 25 carbon atoms, and wherein one or more
of the carbon atoms is optionally replaced by (~0-), (-NR!-} or phenylene, and wherein the
chain is optionally substituted on carbon with one or more substituenis selected from the
group consisting ot {Ci-Cs)alkoxy, (Ca-Celoveloalkyl, (Ci1-Coalkanoyi, {Ci-Ceialkanoyvioxy,
{C1-Cslalkoxyearbonyl, (Cr-Celalkyithio, azido, cyano, nitro, hale, hydroxy, oxo, carboxy,
aryl, aryloxy, heteroaryl, and heteroarvioxy, wherein each R! is independently selected from
Hor {Ci-Colalkyl, In one embodiment, the linker R mcludes, but s not imited to, the

following:
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[G075]  In certain embodiments, the homopolymers and copolymers disclosed herein can be
5 synthesized to achieve the desired mechamical properties and release profiles. In certain
embodiments, a homopolymer as disclosed herein can be crosshinked via itself to form a
hydrogel Similarly, in cortain embodiments, a copolymer as disclosed berein can be
crosshinked via itself to form a hydrogel. In certain embodiments, a homopolvmerora
copolymer disclosed herein can be crosstinked with a natural polymer to form a hydrogel. In
10 certain embodiments, the natural polymer includes, but is not limited to, sodivm carboxy
methyl cellulose, starch, cellulose derivative, chitosan, efc. Those of ordinary skill in the art
will appreciate that other natural polyvmers can be used to form hydrogels with the
homopolymer and copolvmers disclosed herein. n certain emboduments, the natural polymer

is a copolymer or blend of two or more natural polvmers.

[
(4]

{08761 In certain embodiments, the homopolymer or copolymer can be crosslinked with a
second synthetic copolymer to form a hvdrogel. In a certain embodiment, the synthetic
polymer may be a hydrophilic polymer. In certain embodiments, the hydrophilic polvmer
mcludes, but is not hmted to, polviN-vinvl-2-pyrrohdones), polvvinvipolypyrrolidone,
polv{vinyi alcobol}, polvurcthane, or poly{cthylenc oxide). Those of ordinary skifl in the art
20 will appreciate that other syothetic polymers and, in particular, other hydrophilic polymers

can be used to form hydrogels with the homopolymer and copolvmers disclosed herein.

G077 In certain embodiments, the hvdrophilic polvmer as described herein has an average
molecular weight of about 40,000 dalions to about 2,000,000 daltons. In certan
embodiments, the hydrophilic polymer as described herein has an average molecular weight

25 of about 160,000 daltons to about 2,000,000 daltons. In certain embodiments, the hydrophilic
polvmer as described herein has an average molecular weight of about 500,000 daltons to
about 2,000,000 daltons. In cerfain embodiments, the hydrophilic polymer as described
herein has an average molecular weight of about 750,000 daltons to about 2,600,000 daltons.
In certain embodiments, the hyvdrophilic polymer as described herein has an average

38 molecular weight of about 1,000,000 daltons to about 2,000,000 daltons. In certain
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embodiments, the hvdrophilic polvmer as desenibed herein has an average molecular weight
of about 1,500,000 daltons to about 2,000,000 daltons. In certain embodiments, the

hydrophilic polymer as described herein has an average molecular weight of about 1,500,000

[6078] In certain embodiments, the crosslinking agent may be aluminum sulfate, fron(3ID

chlonide, Iron(ll} chloride, calcium chioride, or other suitable chlonde derivatives.

{36791 In certain embodiments, the ratio of the poly{anhydnde ester) to the hvdrophilic
polymer ranges between about 1:10 to about 10:1 In certain embodiments, the watio of the
potvi{anhvdride ester} to the hydrophilic polymer ranges between about 1:10 to about 4:6. o
certain embodiments, the ratio of the poly{anhydnde ester) to the hydrophilic polvmer ranges
between about 1:10 to about 3.7 In cortain embodiments, the ratio of the polyv{anhvdride
ester} to the hydrophilic polvmer ranges between about 1:10 to about 2:8. In cortain
embodiments, the ratio of the polvianhvdride ester) to the hydrophilic polymer ranges
between about 1:10. In certain embodiments, the ratio of the poly{anhydnde ester) to the
hvdrophilic polymer ranges between about 10:1. In certain embodiments, the ratio of the
polv(anhvdride ester) to the hydrophilic polymer ranges between about 2:8. In ceriain
embodiments, the ratio of the poly{anhydrnide ester) to the hvdrophihic polvmer ranges
between about 3.7 In certain cmbodiments, the ratio of the poly(anhydnde ester} to the
hydrophihic polvimer ranges between about 4:6. In certain embodiments, the ratio of the

poly{anhydride ester) to the hvdrophilic polymer ranges between about 111

10688]  In certain embodiments, the ratio of the poly{anhydride ester) to the natural polymer
ranges between about 1110 to about 10:1. To certain embodiments, the ratio of the
polv{anhvdride ester) to the natural polymer ranges between about 1:10 to about 4:6. In
certain embodiments, the ratic of the poly{anhydride ester) to the natural polvmer ranges
between about 1:10 to about 3.7, In certain embodiments, the ratio of the poly{anhydride
ester} to the natural polvmer ranges between about 1:10 to about 2:3. In cortain embodiments,
the ratio of the poly(anhydride ester) to the natural polymer ranges between about 1:10. In
certain embodiments, the ratic of the poly{anhydride ester) to the hydrophilic polvmer ranges
hetween about 1071, In certain embodiments, the ratio of the poly{anhydade ester) to the
natural polvmer ranges between about 2:8. In certain embodiments, the ratio of the
poly{anhvdride ester) to the natural polvmer ranges between about 3.7, In certain

crabodiments, the ratio of the poly{anhydride ester) to the natural polymer ranges between

]
(4]



N
(3]

WO 2024/044656

PCT/US2023/072773

about 4:6. In certain embodiments, the ratio of the poly(anhydnide ester) o the natural

polymer ranges between about 111

0681} Addinonal molecules, synthetic or natural, may be incorporated in the
homopolymer powders or hydrogels described herein to achieve enhanced mechanical or
biological properties. In some embodiments, the added compound may be an active agent.
The active agent can mclude, but 1s not imited to, a fertilizer, a plant hormone, a pesticide, an
anfioxidant, an antimicrobial, efc.. For example, a fertilizer may be incorporated into the
blended solution for hydrogel production, resuliing in a material with dual release of
bioactive molecules, such as salicylic acid, as well as, for example, a fertilizer, thereby

providing dual purpose hvdrogels.

[G082]  In some embodiments, the fertilizer may be, for example, urea, monopotassiun-
phosphate, Nitrogen-phosphorous-potassium {(NPK) fertilizers, or other fertilizers known to
and ased by those of skill i the art. In some embodiments, the plant hormone can be, for
example, those plant hormones that auxiliate on plant growth. For example, the plant
hormone can be, for exanple, an auxin, cytokinins, or gibberllins, An antioxidant may be
added to the homopolymer or hydrogel. In some embodiments, the antioxidant can be, for
example, forulic acid. In some embodiments, the pesticide can include, but is not limited to,
chlorpyvrifos, 2,4-dichlorophenoxyacetate, acctanmiprid, bifenthrm, naled, azadivachtin,
fipronil, resmethrin, chiordane, cypermethrnin, DD, carbofuran, acetiochlor, malathion,
mnidacloprid, carbaryl, acephate, carbamate, aldicarb, chlorothaloml, permethrin, or boric

acid.

(68831 In some embodiments, the homopolymer or copolymer may be added to the plant,
seed, or crop as a thin film. For exampie, the thin film may be placed on top of the soil, may
be around the plant stem, may encase a portion of the plant stom, or may coat a small section
ot a plant leaf or bud. In some embodiments, the hydrogel may be produced in the form of
small micro or nanostractares. For example, the hydrogel may be produced as sucroparticles
or nanopatticles having a spherical, rod, cvlindrcal shape. The micro or nano beads may be
added to the sou and mixed into the soil bed under or around the plant. In some

embodiments, a sced may be encapsulated via the thin film.

[G084]  Accordingly, in certain embodiments, the hydrogel further comprises a fertilizer,

urea, or monopotassium-phosphate dispersed i the hydrogel. In certam embodiments, the
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molecule mmcorporated nto the hydrogel may be the bicactive molecule yielded by hydrolysis

of the polymer backbone.

{08831  In certain embodiments, the polyv{anhvdnde ester} is chenmically crosstinked with a

hydrophilic polymer.

[30856] In certain embodiments, the poly{anhvdnide ester) 1s covalently crosshinked with the

hydrophilic polvmer.

{6887} In certain embodiments, the polv{anhvdnde ester) 1s wonically crosslinked with a

natural polymer, a svnthetic polvmer, a hydrophilic polymer, or a combination thercof.

[G088]  In ceriain embodiments, the poly{anbvdnde ester} is crosslinked with the

hydrophilic polvmer using a free radical mechamsm.

I6085] o certain embodiments, the poly{anhvdride ester} 15 a salicviic acid-based

copolymer and may be crosslinked with a hydrophilic polymer.

[G096G]  In ceriain embodiments, the poly{anhyvdride ester} is a salicvlic acid-based

copolymer and may be crosslinked via staconic acid with a hydrophilic polvmer.

[6091]  ¥o certain embodiments, a first polvianbydride ester) is a salicvlic acid-based
copolvmer and may be crosslinked with a second poly{anhydnde ester) 15 a salicvhic acid-

based copolymer.

[G092]  In ceriain embodiments, the hvdrogel may be formed from a salicylic acid-based
copolymer and may be crosshinked with carboxymethy! cellalose. In certain embodiments,
the crosshinking agent may be calcium chlonide. In certain embodimenis, the crosslinking
agent is iron chloride. In certain erabodiments, the crosslinking agent may be aluminum
sulfate. In certain embodiments, the carboxymethvl celinlose crosslinked with salicviic acid-
based poly{anhydride gster) to form a hydrogel may increase the physical shape retention of
the hydrogel. In certain embodiments, the natural polymer crosslinded with salicvlic acid-
based polv{anhydride ester} may retain water for an extended duration. In certain
embodiments, the hvdrogel formed from crosshinking carboxymethyl cellulose with the
salicylic acid-based poly{anhydride ester) copolymer may improve plant growth. In certain
embodiments, the hydrogel formed from the copolymer of salicvlic acid-based

polv{anhvdride ester) and the natural polymer may mncrease water retention of the hvdrogel



14

24

30

WO 2024/044656 PCT/US2023/072773

compared {0 a hvdrogel formed from the copolvmer of salicylic acid-based polv{anhydrde

ester) crosslinked to a second wanit of the salicylic acid-based poly(anhydride ester).

(089931  As described herein, the svnthesis of the hvdrogels may be prepared as films by
one-pot, green solvent free chemistry, or traditional chemistry methods. As described herein,

the materials may be produced at varving ratios to achieve the desired formulation.

13694]  Accordingly, certain embodiments of the invention provide a method of making a
hvdrogel as described herein, comprising one-pot polymer synthesis wherein the one pot
polvmer syothesis improves synthetic efficiency due to a reduced number of steps and
decreases reaction time significantly. Additionally, synthesis involving the use of solvent can
often leave solvent trapped in the polymer matrix making it at times unsuitable for

agricultural purposes.

[3695]  As described herein, the synthesis of the copolymers used to generate hyvdrogels
may be prepared via traditional chemistry techniques or via green esterification methods

using, for example, the dried dowex (H Y/Nal approach.

[6896] Certain embodiments provide a method comprising cross-linking the salicylic acid-
based polvi{ashydride ester} with the byvdrophilic polymer using ultraviolet radiation, garoma

radiation or an external cross-linking agent.

I6097] o certain embodiments, the itaconic acid may be syathesized from agricultural
waste. In certain embodiments, the ftaconic acid may be purchased for use. In certain

cmbodiments, the ttaconic acid may be used as a cross-linking moiety.
[3898] (Certamn embodiments provide a method of making a hvdrogel as described herein.
106991 Certain emibodiments provide a hydrogel prepared as described herein.

[610¢] Certam embodiments provide a method for combating drought stress and promoting

plant growth and production, comprising contacting a plant hydrogel as described herein,

{3161}  In certain embodiments, the bicactive molecule vielded upon hydrolysis of the
polymer backbone has an antimicrobial, antioxidant, or analgesic effect. In ong embodiment,

the bicactive molecule is salicylic acid.
{0162} In certain embodiments, the copolymers described herem improve stress tolerance
of a plant. In certain embodiments the seed of the plant may be coated with the hydrogel

composition described herein.
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[3183]  In certain embodiments, the composition of the hydrogel 1s adapted to be applied on
a plant. In certain embodiments, the hydrogel is adapted to be spraved on the plant. In another
embodiment, the composition of the hydrogel as described herein is adapted to coat parts of
the plant. In certain embodiments, the composition of the hvdrogel 1s adapted to form a

coating hydrogel, such as a seed coating hydrogel.

[3184]  In certain embodiments, the composition of the mvention may be coated on the
plant before planting, coated on the sced before planting, or coated on the plants after

planting.

(6105} In certain embodiments, the hydrogel mav be apphied on the plant. In certaim
cmbodiments, the hydrogel composition may be applied on the acrial parts of the plant, such
as the leaves and stems. In another embodment, the hydrogel composition may be applied on

underground parts of the plant, such as for example on roots.

13106]  In certain cmbodiments, the hydrogel composition 1s treated with a fertibizer or
pesticide or both before being added to the plant and/or seed. In certain embodiments, the
hydrogel composition described herein may provide a controlled release of fertilizer or
pesticide to the acrial sections of the plant. In certain crubodiments, the hydrogel composition
described herein may provide a controlled release of fertilizer or pesticide to the underground

sections of the plant, such as the roots.

{6167} In certain embodiments, the hydrogel composition upon being dissolved, release
small molecules that may treat drought stress  plants, for example, the fortilizer, the

pesticide, or salicylic acid.

EXAMPLES

Homopolymer and Copolymer characterization

[3108]  Structural confirmation of the synthesized compounds 1s performed by proton
nuclear magnetic resonance {H NMR} and by attenuvated total reflectance-Fourier transform
infrared spectroscopy {ATR-FTIR). For 'H NMR, 5-10 mg of the sample is dissolved in
DMSO-d6 and analyzed by a Bruker Avance 600 MHz or 300 MHz (16 scans). The Thermo
MNicolet 6700 FTIR, is used for ATR-FTIR analvsis and the samples are divectly placed at the

mstrument crystal. Thermal properties such as glass transition temperatare (g}, meliing
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temperature {Tw) and decomposition temperature (Ta) are obtained by differential scanming
calorimetry (BSC) and thermogravimetric analysis {TGA}Y under N atmosphere. For TGA,
samples are heated up to 600 °C at 10 °C/min, whereas for DSC, samples undergo a heat-
cool-heat cycle from -25 °C-200 °C unless prevented by the degradation temperature of the
samples. Heating and cooling rates are maintaimed at 10 °C/min. Polymers number-average
molecular weight (M), weight-average molecular weight {(Myw) and polydispersity mndex
(P} are obtained by gel permeation chromatography (GPC) using a TOSOH EcoSEC all n
one GPC system equipped with two sample column in tandem (TOSOH TSKgel GMHm-N
78 mm LD x 30 am, 5 um (2x}}, a reference columm {(TSKgel SuperH-RC 6.0 nm LD x 15
cm, 4 um) both at 30 °C, and a dual flow IR detector. Samples are dissolved in DCM and
filtered through a PVDF (0.45 um) syringe filter prior fo the analysis. DCM 15 used as mobie
phase at 0.6 mE/min. Polvmers that may not be soluble in BCM are dissolved in an

appropriate solvent. Polystyrene is used as a standard.

Hydrogel Characterization

(6109  Hydrogels morphology are evaluated by scanning ¢lectron microscopy (SEM) after
byvdrogels are completely dred. Aliematively, an optical microscope may be eoploved to
mvestigate the physical charactenistics of the hvdrogel. Mechanical properties of the
hydrogels are obtained by rheology and mechanical test experiments. Degree of swelling are

obtained via Egn 1.

, - Ws —Wd .
Degree of swelling = i {13

For swelling experiments, hydrogels are weighed after completely dryving (Wd) and are then
g e B b o o g K

mmersed 10 an excess of water for a predetermined amount of time. At pre~determuned time

potnts, the excess water 1s removed by filtration and the swelled hydrogel 1s weighed (Ws).

Fresh water 1s added 1o each hydrogel until the experimoent is complete.
{3118] The hydrogels may be completely dried after swelling tests to calculate the percent
of gel condent according to Eqn 2

Wda
Wdb

FPercent of gel conlent =

(2)
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wherein Wda is the weight of the dried hydrogel afier swelling and wdb is the dried weight
before swelling experiments. Drving kinetics are evaluated to determine the water content
and the rate of water loss by weighing the hydrogeis dried under controlied temperature and
vacuum conditions at pre-determined time points. DSC and TGA are used to determine the
hydrogels thermal propertics and the characterization technigues for the copolymers is
cmployed. Degradation studics of the hydrogels are performed using the Suntest CPS+ to
wunic the degradation conditions n agricuitural ficlds. Salicyhic acid release 1s monitored by
uliraviolet/visible spectroscopy (UV-vis). Encapsulation efficiency of fertihizers/pesticides
and release studies were performed using either HPLC or UV-vis. Evaleation of the hydrogel
performance on water deprived plands is performed with fow of the most promising hydrogel

compositions considering the appropriate controls.

Example |

i6111]  Svuthetic scheme of salicylate/ttaconic acid-based polv{anhvdride ester)
homopolymer {SAITAPAE): a) Estertfication reaction between salicylic acid and Haconyl
chloride forming the SAITA diacid; and b} synthesis of the homopolymer (SAITAPAE) via

melt-condensation polymenzation

o GHy

Cl Pyridine 2 eq.)
B SRt

aj
THY, BT

O
¥eaconyl Chloride

Salicviic Acid

B 1. excess acedic anhydride, 80 C, 36 min
b}

2. el polymerication, <2 torr

(6312} Preparation of 2,2'-({2~-methyvienesuccinviis{oxydidibenzoic acid (SATTA Dhacid),
Salicylic acid (SA} 1s dissolved in tetrabydroturan (THF, 100 ml) under inert gas i a round-
bottomed flask (RBF). Pyridine is added via syringe and the reaction magnetically stirred for
15 min at oo temperature. ltaconyl chloride is dissolved in 15 mll of THF and transferred,

via an addition funnel, to the SA-THF solution dropwise for | hour. After stirming overmight

31



(4]

10

N
(3]

WO 2024/044656 PCT/US2023/072773

at RT, the remaining solids were re~dissolved in ethyl acetate (S0 mL} and transferred to a
separatory funnel. Extraction was performed with 1M hydrochloric acid (HCL, 50 mbL) and
the organic layer dried with magnesium sulfate (Mg804). Solvent removal was performed
under reduced pressure before the SAITA diacid purification was performed via colwmn

chromatography.

[3113]  In an altemative, the production of SAITA diacid may be performed via green
esterification methods using dried dowex (H"Y/Nal approach. In brief, Amberchrom® 50WX3
hydrogen form {200-400 mesh) resin 13 pre-treated with 2M HCH under stirring for 30 min at
room temperature. The solution 1s then vacuum filtered and the solid washed with Di-water
until the filtrate 18 neutral pH. The resin is dred overmight (120 °C) prior to the esterification

reaction.

[3114]  In around bottom flask, salicviic acid (2-3 eq.), acomc acid {1 eq.), the pre-treated
ion exchange resin (1-10% w/v} and toluene would be added and refluxed until all taconic
acid is consamed. The acid resin i be filtered out and washed with toluene. The filtrate 1s
then washed with sodium bicarbonaic (NaHCOs) and the organic layer is dried i MgSQOs.
The toluene 1s then removed under reduced pressure. The product is the purified by column

chromatography as described n the first approach.

[3115]  Preparation of SAITAPAE copolymer. SAITA diacid is stirred in excess acetic
anhydride at 80 °C under inert gas in 50 mb RBF. Both diacid copolymers undergo
acetylation prior to polymerization. Excess acetic acid is removed 18 vacuo to acquire
activated moonomer. Monomer is placed under vacuum (<2 Torr) and brought to 1735 °C with
active stirring at 120 rpm with overhead stirrer. Reaction proceeds uniil vitnfication or
polymer viscosity is attained. Upon completion, reaction s cooled to RT, dissclved in DCM,
and precipttated in 400 mL chilled dicthyl ether. Resulting polvmer is solated via decantation

or vacuum filtration and dried under vacuum.

10116}  In certain embodiments, R may be an alkyl chain that may include any number of
carbons, such as Cia, Cia, Cia, Cro5, Cig, C17, Cis, Croo, Ciot0, Cro11, Cro1z, Co3, Coua, 205,
Crs, Csua, Csos, Caos, Cas, Cae and Css. For example, Cue alkyl includes, but is not imited to,
methyl, ethyl, propyvl, isopropyi, batvl, iscbutyl, sec-butyl, tert-butyl, peniyi, isopentyl, hexyl,
cte. Alkyl can also refer to alkyl groups having up to 20 carbons atoms, such as, but not
timited to heptyl, octyl, nonyl, decyl, etc. Unless otherwise specified, alkyl groups can be

substituted or unsubstituted. For example, “substitoted alkyl™ groups can be an alkyl group
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substituted with one or more groups selected from halo, hydroxy, amino, amincalkyl, amido,

and alkoxy.

Example 2

{3117} Synthetic scheme of salicviate-based poly{anhydnide estery copolymerized with
itaconic acid (SAPAE-TTA) a) Esterification reaction between salicylic acid and a diacyl
chionde forming the salicylate-based diacid; and b) synthesis of the copolymer (SAPAE-
ITA} via melt-condensation polymerization.

HO, o0
g 8 HOW_e.
e P ,ﬁ\R ,i-Lm Pyridine (2 eq.) A
THE, RT @
Diacyl chloride [’

Saticylic Acid SA Diacid

o CH,
& ) Ot . . .
o \F{ \E'E; Eate) 3. excess acetic z.mh?'dn{le. 80 C, 30 min
8 o o o 2. melt polymserization, <2 torr
SA Diacid Haconic Acid (ITA)
{eq. SAPAE-ITA

I N e e v T T s
’?ﬁ oe §:ﬁ'f%’"o“’wsé\‘ oy #L

10118}  Preparation of SA {(Adipic) Diacid. Salicylic acid {(SA) 1s dissolved in
tetrahvdroturan (THF) under inett gas in a round-bottomed flask (RBF). Pyvridine is added via
syringe and the reaction magnetically stirred for 13 mun at room temperature. Biacyl chlonde
1 added dropwise to the reaction solution over 1 hr. After stirring overmight at RT. Crude
diacid is then disscived 1 acetone with beating and reprecipitated in S-fold excess hexanes
with continued stitring and cooling to R'T. Product 1s then isolated via vacuum filtration and

dried 1 vacuom oven at 60 °C for >12 hrs. The resulting product is SA diacid shown in (a).

[6119] Preparation of SAPAE-ITA copolymer. SA diacid is stirred 1o excess acetic
anhydride at 30 °C under inert gas in an RBF. Excess acetic acid 1s removed in vacuo (o
acquire activated monomer. Monomer is placed under vacuum (<2 Torr) and brought to 175
°C with active stitring at 120 rpey with overhead  sturer. Reaction procecds until vitrification

or polymer viscosity 1s attained. Upon completion, reaction 1s cooled to RT, dissolved in
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DCM, and precipitated in 400 mL chilied dicthy! ether. Resulting polymer is isolated via

decantation or vacuum filtration and dried under vacuum.

[6128] In certam embodiments, R may be an alkyl chain that may include any number of
carbons, such as Cia, Cra, T, Cros, Crs, Cror, Cies, Croo, Crogo, Crony, Creiz, Coz, G, T,
Cas, Caa, Cas, Cses, Coos, Cas and Css. For example, Cro alkyl includes, but is not lunitted to,
methyl, ethyvl, propyl, isopropyi, butyl, isobutyl, sec-butyl, tert-butyl, pentvi, isopentyl, hexyl,
ete. Alkyl can also refer to atkyl groups having up to 20 carboos atoms, such as, but not
timited to heptyl, octyl, nonyl, decyl, etc. Unless otherwise specified, alkyl groups can be
substituted or unsubstituted. For exarple, “substituted atkyl” groups can be an alkvl group
substituted with one or more groups selected from halo, hydroxy, amino, anminoealkyi, amido,

and alkoxy.

[3121]  In certain embodiments, R may be an alkene or cvcloalkene. In certain
embodiments, R may be a (C-Celalkoxy can be methoxy, ethoxy, propoxy, 1sopropoxy,
butoxy, 1so-butoxy, sec-butoxy, pentoxy, 3-pentoxy, of hexyloxy; ({i-Cslalkanoy! can be
acetyl, propanoy! or butanovl; (C:-Celalkoxyearbonyl can be methoxycarbonyl,
sthoxyvxarbonyi, propoxycarbonyl, isopropoxyxarbonyl, butoxvearbonyl, pentoxycarbonyl, or
hexvioxyearbonyl; (Ci-Celalkyvithio can be methyithio, ethyithio, propyithio, isopropyithio,
butylthio, isobutylthio, pentyithio, or hexythio, {Cr-Uelalkanovioxy can be acetoxy,
propanovioxy, butanovloxy, isobutanoyloxy, pentanoyloxy, or hexanoyloxy; arvl can he
phenvl, indenvl, or naphthyl; and heteroarvl can be furvl, immdazolyl, triazolyl, triazinyl,
oxazoyl, isoxazoyl, thiazolyl, isothiazovl, pyrazolvl, pyrrolvl, pyrazinyl, tetrazolvl, pyridyl,
(or tts N-oxade). Thienyl, pyrinudiayl {or #ts N-oxide}, indolvl, isoquinolyi {or its N~oxade) or

quinolvl {or its N-oxide}.
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Example 3

3122] Proposed preparation of SAUTA or SAPAE-ITA Hydrogel. Hydrogels may be
svnthesized via dissolving in an organic solvent followed by purging under nitrogen for 1
hour. Following 3% w/w of Irgacure 2959 {imitiator} will be added to the solution and stirred
at room temperature. The solution is then transferred to an RBF and cured under a UV lany
(363nm). The hydrogel 1s then washed in a solvent mixture {¢.g., acctone water 50:50) to
remove residual matenals, The hydrogels are preferentially composed of salicvlic-acid based

polvmers (homopolymer or copolymer).

Example 4

10123} Proposed preparation of SAITAPAE copolymer with natural polymers as hyvdrogel.
To merease the water absorbency of the hydrogel and further increase the biocompatibility,
the homopolymer or copolymer may be combined with a natural polymer, such as
carboxyvmethyl cellulose, starch, or chitosan. The presence of natural polymers that are

soluble in water would promaote a higher water uptake by the hydrogel network.

°\’u"’oma

Sodinm Carboxymethylceilniose

SATAPAR
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[3124] FIG. 2A provides photographs of 3%, 10% or 20% {(w/v) CMC with CaCh
crossiinking agent. FIG. 2A demonsirates the mpact that CaCh has on the drving or freshly
prepared hvdrogel. The increase of the crosstinking agent provides a hydrogel that appears to

crumble upon drymg when compared to the lower percentage of the crosslinking agent.

[3125] FIG 2B provides photograpbs of 5%, 10% or 20% {(w/vy CMC with CaCl
crosshimking agent and incorporation of SAPAE homopolymer. As demonstrated from the
photographs, the mcorporation of SAPAE into the hvdrogel provides a less uniform hydrogel

structure when compared to FIG. ZA.

i6126] FIG. 2C provides photographs of 59, 10% or 20% (w/v) CMC with CaCh
crossiimking agent and the incorporation of salicvhic acid. As demonstrated by the
photographs, the incorporation of salicvlic acid had nunutmal impact on the visual properties
ot the hydrogel when compared to FIG 2A. These results demonstrate that the incorporation
of SA or SAPAE had no adverse visual effects on the physieal state of the hydrogel after

being dried when compared to the control group (FIG 2A)

(6127}  FIG. 3 provides photographs of the surface topography of the hvdrogel with no
salicylic acid or SAPAE { FIG. 3A), with the incorporation of salicylic acid {FIG. 3B}, or
with the incorporation of SAPAE homopolymer (FIG. 3C}). Scarmng electron microscopy
images demonstrate that the surface topography changes with the mcorporation of SAPAE or
SA mto the hydrogel (FIG 3B and FIG 3C, respectively. when compared to FIG. 3A). These
results demaonstrate that the morphology containing SAPAFE or SA is less smooth or

homogenous when compared to the CMC hyvdrogel.
< o &

[3128] FIG 4A provides ATR-FTIR illustrations for the CMC, the CMC with CalCls,
SAPAE, and the bydrogel after formation. The results demonstrate that the SAPAFE bas

distinguishable cm™ at 1792, 1740, and 1600 with no broad bands around 2300 cor',
S

[6129)  FiG. 4B provides ATR-FTIR illustrations for the CMC, CMC with CaCly, salicvlic
acid, and of the hvdrogel after formation. The results demonstrate that 5A in the hydrogel
with CMC has distinguishable bands at 3230, 2840, and 2080 cm™ when compared to the
hydrogel with SAPAE. These results demonstrate that ATR-FTIR may be an acceptable tool

for distinguishing the chemical makeup of the hydrogel.

13138] FIG. 5A provides photographs of degree of swelling for 5%, 10% or 20% (w/v)

CMC with CaClz crosshinking ageunt at time pounts 0, 2, 4, 6, and 24 hours. As demonstrated
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by the photographs, the hydrogel reached its maximum swelling around the 24-hour mark.
The hydrogel with 20% CMC had a higher degree of swelling visually than did the 10%

CMC hydrogel.

[6131] FIG. 5B provides photographs of degree of swelling for 5%, 10% or 20% {w/v})
CMC with CaClz crosslinking agent at time points 0, 2, 4, 6, and 24 hours with the
incorporation of SAPAE homopolymer. The photographs demonstrate that the more CMC
added to the hydrogel, the lower the swelling capacity with the incorporation of SAPAE

polymer.

(6132} FIG. 5C provides photographs of degree of swelhing for 3%, 10% or 20% (w/iv)
CMC with CalCla crosshinking agent at ttme points 8, 2, 4, 6, and 24 hours with the
meorporation of salicvlic acid. These resulis demonstrate that the hydrogel with the
incorporation of SA or SAPAE may swell faster than the hydrogel with CMC and Callz. The
resolts demonstrate that the incorporation of SAPAE or 5A to the hydrogel formulation may

impart bencficial swelling charactenstics to the hydrogel.

(61331 FIG. 6A provides a graph for the degree of swelling of a hydrogel formed from
CMC and crosslinked with CaClz. The graph demonstrates that when more CMC 15 added to
the hydrogel, the degree of swelling decreased. Additionally, the degree of swelling
decreased as the % of UM increased. As can be seen from the graph, 20% CMC had the
maximum degree of swelling around 40(g/g} while the 5% CMC hydrogel was around

60{g/g) after 24 houss.

[6134] FIG. 6B provides a graph of the degree of swelling of a hydroge! formed from
CMC, SAPAFE and crosslinking agent Callla. As seen in the graph, the hydroge! with 5%
CMC and SAPAE demonstrated a degree of swelling maximoum of over 100{g/g) at the 24-
hour mark while increasing the CMC to 10% and 209 decreased the degree of swelling of

the hydrogel

16135] FIG. 6C provides a graph of the degree of swelling of a hyvdrogel formed from
CMC, crosstinking agent CaCh, and salicvlic acid. As can be seen from the data collected in
FiG 6C, the degrec of swelling demonstrated a sinilar trond to that of FIG. 6A and 6B. The
higher the amount of CMC, the tower the degree of swelling. Additionally, the hydrogel with
SA did not demonstrate the same trend as SAPAE m FIG. 68 (1.e., the degree of swelling was

lower when compared to FIG 6B.

2
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[3136] These resulis demonstrate that the higher the amount of CMC, the hydrogel may
retain their physical shape for a longer time while decreasing their degree of swelling.
Additionally, the resulis demonstirate that the higher the CaClz crosshinking agent
concentration 1s, the hydrogel may retain more water for a longer period of time. The
hydrogels with the incorporation of SA or SAPAE may have improved swelling behavior

when compared to CMC hydrogels.

Example §

(3137 The disclosed hvdrogels can be used as an agent transport mechanism,
Incorporation of fertilizers or pesticides 1s performed by simple mixing of the fertilizer or
pesticide with the polvmer before the chemical cross-linking reaction takes place orby
soaking the hydrogel in satarated solutions containing the molecule or active agent of
mterest. Upon exposure to, for example, a plant, the hvdrogel will decompose in the presence
of water and will release the fertilizer or pesticide 1o combination with bioactive salicvlic acid

onto the plant, thus promoting plant growth and/or drought or stress tolerance.

Example 6

[6138] Exogenous apphication of salievlic acid favors plants under stress by regulating
processes such as photosynthesis, membrane permeability, nutrient uptake, transpiration, and
the activity of antioxidant enzymes. An eovironmentally safe salicylic acid devived
poly(anhydrde ester) (SAPAE} that hvdrolvtically degrades to release salicvhicacidin a
controlled manner has been developed. Here, the effect of the controlled release of salicylic
acid in plants under healthy and drought conditions was investigated by comparing the
exogenous apphication of SAPAE polymer with the direct application of salicylic acid to the
soil of micro-tom tomato plants. The exogenous apphication of all compounds was performe
directly i the powder form to the soil at comparable concentrations during the seedling stage
{~30 days of the life cycle). Plant growth and mortality was monitored from the day the
plants were treated with SAPAE or salicylic acid throngh the remaining days of the plant
cycle {total plant cycle ~74 davs). Final measurements of plant height, water content, root
fength, and tomato production yield were also performed. Plants mortality right after

treatment was higher for plants receiving salicyhic acid when compared with SAPAE,
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[3139]  Salicvlic acid based-poly(anhydride ester) (SAPAE) homopolvmer wags synthesized
via melt condensation polymerization using methods similar to those disclosed above.
Briefly, a salicvlic acud based-diacid was first synthesized by an esterification reaction
between two molecules of sabicylic acid (8A) and adipic acid, usimg pyridine as the catalyst.
After purification and characterization, the diacid was acetyiated in excess acetic anhvdride
for 30 minutes at 80 °C viclding the monomer. Excess acetic anhydride was removed by
vacuwm distillation. Polymernization was performed at 180 °C for 2 hours under stirring (100
rpm) without the presence of solvent. Polymer was characterized by gel permeation
chromatography (GPC) and proton nuclear magnetic resonance ('H NMR) confirming the

structure and purity of the polymer.

(614 Micro-tom was germinated from sceds under hydroponic conditions and grown
under vertical farming conditions. Soilless clay media was used, and smart fertilizer was
applied. Plants were incubated under normal conditions for 16 dayvs. Scedlings were then
transplanted using pre-wet clay and incubated under normal conditions i Percival chambers
with abundant water supply and regelar water exchanges for an additional 34 days. The
Percival chambers were used to mumic environmental conditions. The day and night cycles
were set for 16 hour (day) at 25 °C, followed by & hour (night} at 25 °C . COo levels were

maintained at 410 ppm with 70 % relative hunudity.

[3141] At day 40 of the plant cvele, micro-toms were randomlby separated 1o eight groups
of 12 plants: Di-water - Nommal, Dl-water - Drought, SA 1x - Nommal, SA Ix - Droaght, SA
3x ~ Normal, SA 3x - Drought, SAPAE Ix - Normal, SAPAE 1x - Drought. Each plant was
labeled, and 1nmial measurements were taken including plant height, total number of leaves,
branches, and total number of Hlower buds, flowers and tomatoes if apphicable. Individual
group pictures were taken as visual record and first dose was applicd accordantly to the
group’s requirements and schedules (FIG. 7). Dose regimen was sinilar between all groups
with a total duration of 7 days {(Dosage Window). Doses were applied at davs 0, 2 and 4 of
the dosage window. Remaiming water in the group trayvs were removed right before dose
applications. Chemicals were applied as a powder directly in the clay surface avoiding

=
I
i

contact with the plant. AH plants received 75 mL right after dose application. At day 7,
remaining water in the trays were removed, final plants measurements and visual observation
was recorded. Death plants were removed from the stady. Extra clay and fertilizer were

added, and Di-water was applied to all plants: 150 mbL to normal plants and 50 mb to drought

plants to activate the fertilizer.
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{3142} The treatment window corresponds to the period of time where the groups were
exposed to etther normal conditions with abundant water supply or to intense drought stress
conditions where the water supply was completely removed until plants were found dead. At

day 48 of the plant cycle, groups correspondent to the drought condition had all the water

(4]

removed from the tray and were kept in the chamber. Plants under normal conditions had
regulasly water exchange two times a week until the end of the plant cyele. All plants were
closely monitored, and visible observations were recorded, including measuroments of plant
height, number of leaves, branches, flower buds, flowers, and tomatoed were taken regularly,

Clay and fertilizer were applied as needed and dead plants were removed from the study.

10 j03143] The harvest day was determmed by the abundant number of red tomatoes; plant
measurements were performed as described above. Plants were removed from their pots and
clay was washed out of the roots. Tomatoes were harvested, photographed, and measured
{diameter, height and mass). Individual plants were also photographed. Root and plant leogth

was recorded. and plant mass was measured using a scale.

15 [6144] SAPAE polvmer was successfully synthesized, and characterization was performed

to confirm polymer structure and purity as previously described herein.

Table 1. SAPAE polyvmer molecular weight characterization.

Polvmer Baich # Man (kDa) Mw (kDa) PDI
L51-14 5.0 12.9 2.6
MLZ30713 38 9.7 25
VB230718 32 8.6 2.6
Average 4.8+ 09 .41+ 22 26+01

(6343}  Dioses were successfully applied accordantly to the schedules above. Powder

20 application of (.13 mmol of SA per plant in a single dose (SA 11} was more harmful to
micro-tors when compared with the application of three dosages of 6.05 mmol {SA 3x}.
Plants receiving a single dose of SAPAE which contains equivalent amounts of SA 1o the SA
Ix {015 mmol) did not show any signs of stress or any deaths afier the dosage window (FIG.

8A and 8B). Plants recetving SAPAE behaved as well as the groups receiving Dl-water

o]
A

mdicating pelyvmer powder is not harmfi fo the plants at this dose concentration,

[B1d6]  Stress caused by the single application of SA {0.135 mmol) hindered plant growth
and plant development as indicated by negligible percent plant growth and by the decrease in

the number of branches (FIG. 9A and 9B). The stress caused by the three dosages of SA (0.05

44



(4]

14

15

N
(3]

30

WO 2024/044656 PCT/US2023/072773

mmol per dose) was less significative than the stress caused by SA Ix and did not completely
hinder plant growth. However, % plant growth was smaller than the Di-water control group.
Plants receiving a single dose of SAPAE (1x) had similar growth as the Di-water control
groups. Variation in the number of branches and leaves per plant was similar for SA 3x and

SAPAE 1x {figure 9B and 9C}.

[3147]  Assuming that the drought group would likely not sarvive until the end of the plant
cycle, measarements were performed post 14 days from the start of the treatment window

(FIGS. 10A-10C).

6148] Al plants under drought did not grow likely due to the abiotic stress (FIG. 10A). In
fact, they lost branches and leaves (FIG. 10B and 10C). Group that did not receive any
chemical (Dl-water) scems to have lost more leaves and branches compared with the other
groups receiving SA. The difference at that point might not be significant. On the other hand,
positive plant growth was cbserved for plants under normal conditions dering the same
period of time. Percent plant growth for SAPAE Ix, SA 3x was similar to the Di-water
group which confirms visual observation of recovery from the dosage window for SA 3x.
Group receiving SA Ix presents the lowest percent growth most ikely due to the intense
stress suffered during the dosage window. Number of leaves and branches increases for the
normal groups except for the SA 3x. 1t 1s hypothesized that this group was focusing on

recovery and height growth delaying the new leaves and branches formation,

1314%] Comparison of the number of flower buds per plant were also measured (FIGS. 11A
and 11B}. SAPAFE Ix was the leading group in producing flowers which is indicated by the
higher number of opencd flowers at the 14 days treatment time pomnt (FIG. 11B). Following,
Di-water seems to be the second leading group with the highest mumber of unopened flowers
at the same time point. Plands recciving SAPAE Ix were able to produce flowers and flower
buds despite of drought stress FIG. 1A and 11B). Plants receiving SA 3x were the second-
best group regarding flower production under stress since if also presented flower buds at

this stage. No opened flowers were observed. No tomatocs were observed at this point.

[B188] To evaluate the survival of plants over the course of treatment, plants were all
cvaluated for survival over the course of treatment (F1G. 12). All nommal groups present a
100% survival up oll tomatoes were harvest (90 days of treatment window}. Drought groups
were all completely dead by day 38 of treatment window. For the drought groups, Dl-water

presented the first death after 6 days under drought. SA 1x presented the first death after 17
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days. 8A 3x was the second-best group taking 20 days (o start presenting with dead plants.
SAPAE Ix did not present dead plants until day 35 beimg the most resistant group against

drought stress.

[6151] To evaluate the plant growth, a measurement was taken of the total plant height
during the treatment study (FIG. 134A), a measurements in the variation in total number of
branches per plant (FIG.13B), and a measuwrement of the vanation i the total number of
leaves per plant (FIG. 13C). Percent plant growth of plants receiving chemical treatment was
shightly higher than the negative control {(Di-water group). Indicating that SA supports plant
growth. All groups presented a positive varnation of branches and leaves duning the treatment
window which correspond to the expected plant growth. The highest vanation of nuomber of
branches observed for SA Ixindicates posiive recovery of this group under normal

conditions during the treatment window.

[3152]  Turning to the evaluation of the number of flowers and number of flower buds it
was observed that the nomber of flower buds significandly increased when compared with the
14-day timepoint for all the groups (FIGS. 14A-14C). Average nuraber of open flowers is
small at this stage hikely because the plants have already produced tomatoes. No significant
difference was observed among the normal groups shown in terims of average number of

flower buds, flowers, or tomatoes.

I3153]  Upon completion of the growth cycles, the plants were harvested and images of
mdividual plants subsequent o removal from the study on harvest day were taken (FIG. 15}
It was observed that plants treated with SA Ix resulted in the most plant death across the
study with three plants dead at time of harvest. To study the root growth of these plants, the
roots were measured, and it was cbserved that groups SA 3x and SAPAE Ix were stronger at
holding the clay 0 place after being removed from the pot. After the plants were harvested,
the total plant growth, the initial height and the final height were measured (FIGS. 16A-16C).
The highest percent plant growth observed was for the group receiving the SAPAE Ixand
may likely be due to the shightly small initial plant height of this group. Final height was
roughly the same for all groups indicating that at this point the roicro-toms have reached thewr
maxinum height and dosages of SA of any form (SAPAE Ix, SA 3x or SA 1x) did not affect

the overall plant growth considering the entire plant cvele.

[3154] A final measurement of the total number of branches (FIG. 17A), the total number
of feaves (FIG. 1783, the plaot mass (FIG. 170), and the root length (FIG. 17D) were
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performed. It was observed that the total number of branches and leaves were similar among
all of the groups. Plant mass and root length were observed to also be similar among all test
groups. A visual observation of the harvested tomatocs was also performed, and tnages were

taken on all harvested fruit (FIG. 18).

[3155] The total number of tomatoes produced was measured and compared across all test
groups. Based upon the smgular study performed, the total mumber of tomatoes produced was
stmilar across the DI water and SA 3x sample pools (FIG. 19A). The SAPAE test group
produced a smaller number of tomatoes though not significantly less at 58 compared to Di
water that produced 85 (FIG. 194A). The total number of red tomatoes across all groups was
observed to be varied with the DY water producing the most red fomatoes at 14 (F1G.19B).
The SA Ix and the SAPAE Ix groups were observed to have the least mumber of red
tomatoes (FIG. 19B). The average tomato height was measured across the plants, it was
observed that the average tomato height was not significantly different across all test groups
(FIG. 19C) as well as the average tomato diameter (FIG. 19D} Itis hypothesized that the
lower number of red tomatoes in combination with the smaller height and diameter indicates
that SAPAE Ix likely took longer to produce tomatoes and did not bave enough time to

mature the tomatoes, resulting m smaller and more non-red tomatoes.

[B156) [}t was determined that SAPAE was a safe aliemative to deliver 0.15 mmol of
salicylic acid in a single dose via powder application. The results indicate that the slow
release of salicvlic acid from the polvmer made the plants more resistant to drought stress.
Plants receiving SAPAE and SA 3x sustained the plants for longer periods of stress. Al
plants under drought conditions died after 3% days of stress. All plants under normal
conditions were able to recover from the stress caused by the powder application of SA and
produce tomatoes. For =1, planis recetving the polymer tock longer to produce tomatoes
even though were the first ones to produce flowers. At carlier stages of the treatment window

results indicated SA was promoting plant growth jndependently of the method of application.



WO 2024/044656 PCT/US2023/072773

WHAT IS CLAIMED IS:

I. A homopolymer having a backbone, wherein the backbone comprises

one of more units of Formulda (I}

. =0 (0}
wherein:

nis 1 to 1500,

2. The homopolymer of claim 1, wherein the bomopolvmer has an

average molecular weight of about 1,000 daltons to about 700,000 dalions.

3. The homopolymer of claim 2, wherein the homopolymer bhas an

average molecular weight of about 100,000 daltons to about 600,000 daltons.

4. The homopolvraer of claim 3, wherein the bomopolvmer has an

average molecular weight of about 200,000 daltons to about S00,000 daltons.

5. The horsopolyvmer of claim 1, wherein hvdrolysis of the bomopolymer

vields the following products:
HE 8 Uy

Sxlitplio A B Brconia Said TRy
6. The homopolymer of claim 1, wherein the bomopolvmer further
COMpTises an active agent,

7. The homopolymer of claim 6, wherein the active agent is sclected from

the group consisting of a fertifizer, wrea, and monopotassium-phosphate.

8 The homopolyraer of claim 6, wherein the active agent is a ferilizer,
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9. A copolymer having a backbone, wherein the backbone comprises:

{a} one or more unifs of Forowmla (1)

™,

L =in (1} and

wherein:
nis I to 1500;
s | o 1500; and
cach R 1s independently a hinker.

16, The copolymer of claim 9, wherein R 13 a divalent, branched or
unbranched, saturated or vnsaturated, hydrocarbon chain, baving from 1 to 25 carbon atoms,
and wherein one or more of the carbon atoms is optionally replaced by (-0-), (-NR'-j or
phenvlene, and wherein the chain 1s optionally substituted on carbon with one or more
substituents selected from the group consisting of {(Ci-Cslatkoxy, (Us-Coevcloalkyl, (Ui~
Ceoyatkanoyl, (Ci-Ceralkanovioxy, (C1-Cslaltkoxycarbonyl, {Ci-Ceoalkvlthio, azido, cvano,
nitro, haloe, hydroxy, oxo, carboxy, aryl, aryloxy, heteroarvl, and heteroarvioxy, wherein each

R is independently selected from H or (C1-Csalkyl.
1. The copolvmer of claim 8, wherein each R is independently selected

singor PR AN
¢ group consisting of ,

from th

12, The copolymer of claim 9, wherein the copolymer has an average

molecular weight of about 1,000 daltons to about 700,000 daltons.
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13. The copolymer of claim 12, wherein the copolymer has an average

molecular weight of about 100,000 daltons to about 600,000 dalions.

14 The copelvmer of clatm 13, wherein the copolvmer has an average

molecular weight of about 200,000 daltons to about 500,000 daltons.

15, The copolymer of claim 9, wherein the ratio of the {a} one or more
units of Fornmuda () to the (b} one or more units of Formuda (HH) ranges from between 10:1

to 1:10.

16. The copolyvmer of claim 9, wherein the ratio of the (3} one or more
amits of Formula (1) to the {b) one or more uniis of Formula (1) ranges from between 5:1 1o

1:5.

17 The copolvmer of claim 9, wherein the ratio of the {a) one or more
umis of Formula (I to the {(b) one or more units of Formula (IH) ranges from between 2:1 to

1:2.

18, The copolymer of claim 9, wherein the ratio of the {a} one or more
units of Formmula (I} to the (b} one or more units of Formmuda {IH} ranges from between 111 or

21
19, The copolymer of claim 9, wherein upon hydroiysis the copolymer

vields the following products:

HO 0 0Oy

QB i R
N §# * _}@Kﬁﬁrﬁh
Q«L«ﬁ }.\Wﬁ»\wﬁ\% HE i

Satioyie Sk {84} Sianidd Raconic Sciy {ITAY
26, The copolymer of claim 9, wherein the copolymer further comprises an
active agent,
21, The copolvmer of claim 20, whercin the active agent 1s selected from

the group consisting of a fertilizer, urea, and monopotassium-phosphate.
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22. The copolvmer of claim 21, wherem the active agent 1s a fertilizer.

23, A copolymer having a backbone, wherein the backbone comprises:

{a} one or more units of Formuda (IH:

~(1}; and

wherein:
nis 1 to 1500;
mis 1 to 1500; and
cach R is independently a linker.

24, The copolymer of claim 23, wherem R 18 a divalent, branched or
unbranched, saturated or unsaturated, hvdrocarbon chain, having from 1 to 25 carbon atoms,
and wherein one or more of the carbon atoms is optionally replaced by {(-0-), (-NR'-} or
phenylene, and wherein the chain 1s optionally substituted on carbon with one or more
substituents selected from the group consisting of (Ci-Csatkoxy, (Cs-Celeveloalkyl, (Ca-
Ceialkanoyl, {Ci-Colalkanovioxy, (C-Cealkoxyearbonyl, (C1-Celalkyithio, azido, cvano,
nitro, halo, hydroxy, oxo. carboxy, arvl, arvloxy, heteroaryl, and heteroaryloxy, wherein each

R! s independently selected from H or (C1-Cslatkyl.

25, The copolvmer of claim 24, wherein cach R is independently selected
' 1581 ;ém gfé
from the group consisting of ,
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26. The copolymer of claim 23, wherein the copolymer has an average

molecular weight of about 1,000 dalions to about 700,000 daltons.

27 The copelvmer of clatm 12, wherein the copolvmer has an average

28, The copolymer of claim 13, wherem the copolymer has an average

molecular weight of about 200,000 daltons to about 500,000 daltons.

29.  The copolvmer of claim 23, wherein the ratio of the (a) one or more
amis of Formala (1) to the {b) one or more units of Formala (I1H) ranges from between 10:1

to 110,

30. The copolvmer of claim 23, wherein the ratio of the {a) one or more
umnits of Formula (1) to the (b) one or more uniis of Formula (1H) ranges from between 5:1 to

1:5

31, 'The copolymer of claim 23, wherein the ratio of the (a) one or more
units of Formula (8} to the (b} one or more units of Formula (J) ranges from between 2:1 to

1:2.

32, The copolymer of claim 23, wherein the ratio of the {a} one or more
amits of Formula (1) to the {b} one or more units of Formula (1H) ranges from between 111 or

21,

33 The copolvmer of claim 23, wherein upon hydrolysis the copolymer

vields the following products:

HOL o8 s o % Sy
,\{}N 3 ] N et . 8”0 e q&{‘%ﬁ
5 S T -
:.%s.s{s*jé“&-- g‘(}g@ K J
O
Sotinyiin AckH{ER) LHaoid Havanin Aol {18
34, The copolvmer of claim 23, wherein the copolymer further comprises

an active agent,
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35, The copolvmer of claim 34, whercin the active agent 1s selected from

the group consisting of a fertilizer, urea, and monopotassium-phosphate.

The copolymer of claim 33, whevein the active agent is a fertilizer.

(4l
N

37 A hydrogel comprising a plurality of homopolvmers having a

backbone, wherein the backbone comprises one or more anis of Formula ()

S

wherein n is 2 to 1500; and

wherein the homopolvmers are cross-linked.

38. A hydrogel comprising a plurality of copolvmers having a backbone,
wherein the backbone comprises:

{a} one or more unifs of Formula (I}

™~

~in (1} and

wherein;

nis I to 1500;

s | o 1500; and

cach R is independently a hinker; and
wherein the copolymers are cross-linked.
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39 A hydrogel comprising a plurality of copolvraers having a backbone,

wherein the backbone comprises:

(a) one or more units of Formula (1)

& 4
= {1H); and

wherein:

nis I to 1500;

s | o 1500; and

cach R is independently a hinker; and
wherein the copolymers are cross-linked.
40. A hvdrogel comprising a homopolymer of any one of claims -8 and a

second copolymer, wherein the second copolymer is selected from the group consisting of a
syathetic polymer, a natural polvmer, and combinations thereof, wherein the homopolymer

and the second copolymer are cross-linked.

41, A hydrogel comprising a copolymer of any one of claims 9-22 and a
second copolymer, wheren the second copolymer is selected from the group consisting of a
synthetic polyvmer, a nataral polymer, and combinations thercof, wherein the copolymer and

the second copolvmer are cross-linked.

42, A hydrogel comprising a copolymer of claims 23-36 and a second
copolymer, wherein the second copolymer is selected from the group consisting of a synthetic
polvmer, a natural polymer, and combinations thercof, wherein the copolymer and the second

polymer are cross-linked.

Ln
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43, The hvdrogel of anv one of claims 40-42, wheremn the second

copolymer s a natural polymer,

44, The hydrogel of claim 43, wherein the natural polvmer s selected from

the group consisting of carboxymethyl celtulose, starch, cellulose denvative, or chitosan.

45, The hvdrogel of any one of claims 40-42, wherein the second

copolymer is a synthetic polymer.

46, The hydrogel of claim 45, wherein the synthetic polymeris a

hydrophilic polymer.

47, The hydrogel of claim 46, wherein the hydrophilic polvmer is sclected
from the group consisting of poly{N-vinvi-2-pyrrolidone), polyvinyipolypyrrolidone,

polv{viovi alcohol), polvurcthare, or poly{ethylenc oxide}, and combinations thercof.

48, The hydrogel of any onc of claims 40-47, wherein the copolymer

further comprises an active agent,

49, The hvdrogel of claim 48, wherein the active agent is selected from the

group consisting of a ferfilizer, urea, and monopotassium-phosphate.

56, The hvdrogel of claim 49, wherein the active agent 1s a fertilizer,
51, 'The hydroget of claim 40, wherein the ratio of the homopolvmer to the

second copolymeris 10:1 1o 1:10.

52, The hvdrogel of claim 41, wherein the ratio of the copolymer to the

second copolvmer s 10:1 to 1:10.

33, The hydrogel of claim 42, wherein the ratio of the copolymer to the

second copolymer s 10:1 to 110

54, A hydrogel comprismg a first copolymer of any one of claims 9-22 and
5

a second copolymer of any one of claims 23-36, wherein the first copolymer and the second

copolymer are crogs-linked.

Ln
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55, A method of treating a plant, seed, or crop comprising, the method
comprising adminmstering a homopolymer comprising one or more units of Formula (I} to a

plant, crop, or seed:

oo v (FET);

wherein: nis | to 1500; m s 1 to 1500; and cach R 1s ndependently a linker.

36. The method of claim 55, wheremn R 18 a divalent, branched or unbranched,
saturated or unsaturated, hydrocarbon chain, having from 1 ¢ 25 carbon atoms, and wherein
one or more of the carbon atoms is optionally replaced by (-O-), (-NR'-) or phenylene, and
wherein the chain is optionally substituted on one or more carbon with one or more
substituents selected from the group consisting of (Ci-Csatkoxy, (Cs-Celeveloalkyl, (Ca-
Ceialkanoyl, {Ci-Colalkanovioxy, (C-Cealkoxyearbonyl, (C1-Celalkyithio, azido, cvano,
aitro, halo, hydroxy, oxo, carboxy, arvl, arvioxy, heteroaryl, and heteroarvioxy, wherein each

R! s independently selected from H or (C1-Cslatkyl.

57, The method of claim 55, wherein R 15 selected from the group consisting

of;

e S

Ln
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38, The method of claim 56, wherein the homopolymer is administered as a

powder to the plant, seed, or crop.

39, A method of delivering salicvlic acid 1o a seed, a plant, or a crop, the
method comprising applving to the seed, the plant, or the crop a hvdrogel of any one of

claims 37-54.

60, A method of delivening salicylic acid to a seed, a plant, or a crop, the
method comprising applying to the seed, the plant, or the crop a powdered form of the

homopolvmer of any one of claims 1-8 or the copolymer of any one of claims 9-36.

61. A method for combatimg drought stress, the method comprising
applving to a sced, a plant, or a crop a powdered form of the homopolymer of any one of

claims 1-8 or the copolymer of any one of claims 9-36,

62, A method of increasing the growth of a scedling and/or increasing the
drought tolerance of a seedling, the method comprnising {a) exogenously adding o a seed of
the seedling with a homopolymer of any one of claims 1-8 or the copolymer of any one of
claims 9-36, (b} planting the sced 10 growth conditions, and {(c) aliowing the seed to grow into
a seedhing, thereby increasing the growth of the seedling and/or increasing the drought

tolerance of the seedhing,

63, A method for promoting plant growth and production, the method
comprising applving to a plant a powdered form of the homopolymer of any one of claims I~

& or the copolymer of any one of claims 9-36.

64, A method for combating drought stress, the method comprising

applying to a sced, a plant, or a crop a hydrogel of any one of claims 37-54.

65. A method of increasing the growth of a seedling and/or increasing the
drought tolerance of a seedling, the method comprising (a) coating a sced of the seedhing with

a hydrogel of any one of claims 37-34, (b) planting the coated seed in growth conditions, and
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(¢} allowing the seed to grow into a seedling, thereby mereasing the growth of the scedling

and/or inereasing the drought tolerance of the seedling,

66. A method for promoting plant growth and production, the method

-~

comprising applying to a plant a hydrogel of any one of claims 37-54.
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