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MATERIALS WITH PROGRAMMABLE PROPERTIES CONTROLLED BY LIGHT

RELATED APPLICATION
[6001] This application claims priority under 35 U.S.C. § 119} to U.S. Provisional
Apphcation, U.S.SN. 62/508,244, filed May 18, 2017, which 15 incorporated herein by

reference.

GOVERNMERNT SUPPORT
3602} This invention was made with government support under grant number DMR-
1419807 awarded by the National Science Foundation. The government has certain rights in

the invention.

BACKGROUND OF THE INVENTION
6003} Polvmer networks (7 .. hvdrogels) are at present explored in a variety of biomedical
applications, including synthetic cartilage, subcutaneous drug delivery, biomechanical
actuators, tissue scaffolds, and mjectable wound-healing materials (see, e.g., Kopecek,
Riomaterials, 2087, 28, 5185-5192; Thele ef af., Adv. Marer., 2813, 26, 125-148). Since
conventional, covalently crossiinked hydrogels are typically mechanically weak, and
strategies for optimizing their properties are himited, researchers have recently tumed {o
creating viscoelastic hydrogels with diverse supramolecular architectures wherein the
dominant interactions between polvmer chains are dynamic and reversible. This research has
lead to new hvdrogels with viscoelastic properties that afford vastly improved mechanical
strength and toughness over conventional hyvdrogels, and additional functions such as stimouli-
responsiveness or hiodegradability can now be included by proper engineering of the
supramolecular interactions. A vast array of supramolecular chemistries already exist,
mcluding ionic interactions {see, e.g., Gong et al., Advanced Materials, 2083, 75, 1155-1158;
Sun er al., Nature, 2012, 489, 133-136; Yang et al., ACS Applied Materials & Interfaces,
2013, 5, 10418-10422; Narita ef al., Macromolecules, 2613, 46, 4174-4183), hyvdrophobic
associations (see, e.g., Annable er al., Jowrnal of Rheology, 1993, 37, 695; Kondo ef af.,
Advanced Materials, 2018, 27, 7407-7411), adaptable covalent bonds (see, e.g., Mckinnon ef
al , Advanced Materials, 2014, 26, 365-872), hvdrogen bonds, protein-inspired associating
domains (see, e.g., Glassman ef al., Advanced Functional Materials, 2613, 23, 1182-1193;
Glassman et al., Soft Maiter, 2013, 9, 6814), host-guest complexes (see, e.g., Appel er af.,

Angewandte Chemie International Fdition, 2014, 53, 10038-10043), or metal-ligand
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coordination (see, e g., Grindy ef al.. Nature Materials, 20458, /4, 1210-1216; Rossow ef al |
Polvmer Chemistry, 2814, 5, 3018-3029; Yount ef al., Journal of the American Chemical
Society, 2003, 125, 15302-15303; Loveless ¢f al., Macromolecules, 2005, 38, 10171-10177,
Yount et al., Journal of the American Chemical Society, 2008, 127, 14488-14496). Each of
these strategies to design supramolecular networks have varving advantages and
disadvantages in ease and efficiency of synthesis, possible mechanical property design space,
and responsiveness to vanous stimuli, such as heat, light, or (bio)chemical cues (see, 2.g,

Zhao, Soft Matrer, 2614, 10, 672-687).

SUMMARY OF THE INVENTION
[6004] Designing materials with specific viscoelastic properties @ priori remains a more
challenging task than designing materials with specific elastic properties because instead of
optimizing the elastic modulus as a static materials property, one must engineer the material
functions of the complex modulus G'{@) or relaxation modulus G(1) across orders of
magnitude in frequency and/or ime (see, e.g., Bharadwaj er o/, Volume 3A: 39th Design
Automation Conference, 2813, p. VO3ATO3A058). In addition, modifving a material’s
chenustry to optimize one part of the matenal function {i.e., low frequencies or long
fimescales) may have deleterious effects on another part of the maternial function (.e., high
frequencies or short timescales). The main challenge, therefore, lies in learning how to
engineer a specific viscoelastic material fimction rather than a single scalar materials
property. Therefore, a significant advancement would be the demonstration and developroent
of matertals engineerad with specific viscoelastic material functions.
{6865} Published work has shown that in a four-arm polyethylene glycol based hydrogel
crosslinked by mussel-inspired histidine:M®" coordinate bonds (4PEG-His:M™"), the
characteristic energy dissipation timescale can be controlled by selecting the transition metal
ion acting as the crosslink center (see, e.g., Fullenkamp et al., Macromolecules, 2013, 46,
1167-1174). In addition, it has been shown that the use of more than one transition metal
allows for the design of hydrogels with multiple hierarchical mechanical energy dissipation
timescales, while controlling the magnitude of the individual dissipation modes by varving
the relative metal concentrations {see, e.g., Grindy ef al., Nature Materials, 2038, 14, 1210~
12163, This platform of using metal-crosslinked hydrogels (e g., APEG-His: M*) represents a
syithetically straightforward method for creating hydrogels with precisely-engineered

viscoelastic properties, and therefore a materials platform where different parts of the
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viscoelastic material function may be modified in an independent or quasi-independent
fashion.

0006} Methods, compositions, systers, and kits that allow for the preparation of polymer
networks (i e., metal-crosshinked hydrogels) resulting from the switch of one or more material
properties in a facile manner are disclosed herein. Specifically, the preparation of metal-
crosshinked hydrogels, wherein the oxidation state of metal can be controlled by an external
stimulus to alier viscoelastic properties 1s disclosed. In certain embodiments, the oxidation
state of the metal 1ons is altered by free radicals generated from the photo-dissociation, bond
homolysis due to the absorption of energy from light irradiation, of a photoinitiator.
Adjusting the oxidation state of the metal 1ons dramatically alters the viscoelaslic properties
of metal-crosslinked hydrogels. In certain embodiments, the hydrogel is comprised of a four-
arm polyethviene glvcol polvmer with the end of each arm functionalized with a histidine
moiety (4PEG-His hydrogels).

{3087} o a broad sense, a polymer network, consisting of multi-arm polymers with the ends
of each arm functionalized with ligand moieties capable of forming reversible bonds with
metals, undergoes changes 1o materials properties upon oxidation and/or reduction of one or
more of the metals. In certain embodiments, the oxidation and/or reduction reactions result
from reactions with free radicals generated by photo-dissociation of a photoinitiator by
ultraviolet {UV) irradiation. These hydrogel products may include a single metal or a
combination of different metal jons {e.g., 1, 2, 3, 4, 5, or more} of varying proportions.
6008} In certain embodiments, the present disclosure provides methods for altering the
properties of a polymer network (e. g, metal-crosshinked hyvdrogels) comprising exposing the
polvmer network to light in the presence of a photownitiator; wherein the polyrmer network 13
comprised of polymers non-covalently crosslinked by coordination of the polymers to metals
{e.g.. copper, nickel, cobalt); and wherein the metals undergo oxidation and/or reduction
upon exposure to light in the presence of the photoinitiator. In certain embodiments, the arms
of the polymer consisis of polvmers selected from a group consisting of polyethvlene glycol,
polv(D,L-lactide), polvglveolide, polvi{s—caprolacione), polvethylene, and polypropylene
giveol. In certain embodiments, the polymer comprises polvethviene giveol. In ceriain
embodiment, the resulting polymer network forms a hydrogel.

[6009] In certain embodiment, the altered material properties are selected from the group
consisting of stiffness, toughness, viscosity, elasticity, energy dissipation, dvnamic modulus,
complex modulus, storage modulus, loss modulus, plateau modulus, and relaxation time.

[6019] o certain embodiment, the polymers are of the formula:
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X Li P LZ — LA
n

wherein: X is carbon, silicon, nitrogen, oxvgen, sulfur, optionally substituted alkyl, optionally
substituted heteroalkyl, optionally substituted carbocyclyl, optionally substituted
heterocyclyl, optionally substituted arvl, optionally substituted hetercarvi, optionally
substituted alkoxy, or a combination thereot; each L, and L, are independently substituted or
unsubsiituied, cyclic or acyclic, branched or unbranched aliphatic; substituted or
unsubstituied, cyclic or acvclic, branched or unbranched heteroaliphatic; substituted or
unsubstituted aryi; or substituted or unsubstituted heteroaryl, or a combination thereof’ each P
is independently a linear or branched, homopolymer or copolymer, or a combination thereof,
having a number average molecular weight of about 100 Da to 60000 Da; each L s
independently a ligand moiety that coordinates to a metal (For an exarople of a histidine
moiety coordinated to a metal, see Figure 1); and n 1s an integer between 2 and 4, inclusive.
In certain embodiments, the polymers are muldti-arm polvmers. In certain embodiment, the
polymers are two-arm polymers. In certain embodiment, the polvmers are three-arm
polymers. In certain embodiment, the polymers are four-arm polymers.
[3611} In certain embodiments, L, is selected from the group consisting of proteins,
polysaccharides, nucleic acids, annnoe acids, organic diacids, polypeptides, amines, thiols,
ethers, alcohols, polyvacids. polyamines, heterocycles, and heteroaryls.
{6812} In certain embodiments, the photoinitiator undergoes photo-dissociation o generate
free radicals upon exposure to light trradiation. In certain embodimments, the photo-
dissociation of lithium phenyl-2.4,6-tnimethylbenzoviphosphinate (LAP) generates free
radicals upon UV irradiation. The free radicals are capable of effecting oxidation and/or
reduction of metals. In certain embodiments, the radicals effect multi-electron reduction
and/or multi-electron oxidation of metals. In certain embodiments, the radicals effect single-
electron reduction and/or single-electron oxidation of metals.
{6613} In another embodiment, the present disclosure provides methods to prepare a polymer
network comprising the steps oft providing a subsirate polymer network comprised of non-~
covalently crosslinked by coordination of the polvmers to metals; contacting the substrate
polymer network with a photoinitiator to form a mixture; and irradiating the mixture with
light; whereby the irradiation results in a change 1o the oxidation state of the metal.
[8014] To vet another embodiment, the present disclosure describes kits comprising: a

polymer network of multi-arm polymers covalently bound to ligand moieties which are
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coordinated with one or more metals; a photoinitiator; and optionally, instructions for use. In
certain embodiments, kits comprise of a polymer network of multi-arm polymers covalently
bhound to hgand moieties which are coordinated with one or more metals; one or more metals;
a photoinitiator; and optionally, instructions for use. In certain embodiments, kits comprise of
multi-arm polymers covalently bound to a terminal group selected from the group consisting
of halogen, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted heterocyclyl, optionally substitututed aryi, optionally substituted heteroaryi,
optionally substituted acyl. optionally substituted hyvdroxyl, optionally substituted amino, and
optionally substituted thio, one or more reagents; one or more reactants; one or more metals;
a photoinitiator; and optionally, instructions for use. In certain embodiments, the kits {further
comprise a light source.

[3615] The present disclosure also provides uses of polymer networks. For example, the
present disclosure provides uses of these polymer networks toward applications, such as the
design of adhesives, biomaterials, and coatings.

{6816} The details of certain embodimenis of the invention are set forth in the Detailed
Description of Certain Embodiments, as described below. Other features, objects, and
advantages of the invention will be apparent from the Definitions, Figures, Examples, and

Claims.

DEFINITIONS
{3817} Definitions of specific functional groups and chemical terms are described in more
detai! below. The chemical elements are identified in accordance with the Periodic Table of

th

the Elements, CAR version, Handbook of Chemistry and Physics, 757 Ed., inside cover, and
specific functional groups are generally defined as described therein. Additionally, general
principles of organic chemistry, as well as specific functional moieties and reactivity, are
described 10 Organic Chemistry, Thomas Sorrell, University Science Books, Sausalito, 1999;
Smuth and March, March s Advanced Organic Chemistry, 5™ Edition, John W iley & Sons,
Inc., New York, 2001; Larock, Comprehensive Organic Transformations, VCH Publishers,
Inc., New York, 1989; and Carruthers, Some Modern Methods of Organic Synthesis, 34
Edition, Cambridge University Press, Cambridge, 19%7.

16018} Compounds described herein can comprise one or more asymmetric centers, and thus
can exist in vartous slerecisomeric forms, e.g., enantiomers and/or diastereomers. For
example, the compounds described herein can be 1n the form of an mdividual enantiomer,

diasterecmer or geometric isomer, or can be in the form of a mixture of stereoisomers,
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including racemic nuxtures and nuxtures enriched in one or more stereoisomer. Isomers can
be isolated from miuxtures by methods known to those skilled in the art, including chiral high
pressure hquid chromatography (HPLC) and the formation and crystallization of chiral salts;
or preferred 1somers can be prepared by asyrometric syntheses. See, for example, Jacques ef
al., Enantiomers, Racemates and Resolutions (Wiley Interscience, New York, 1981), Wilen
ef al., Tetrahedron 332725 (1977, Eliel, E.L. Stereochemistry of Carbon Compounds
(McGraw~-Hill, NY, 1962); and Wilen, S H.. Tahles of Resolving Agents and Optical
Resolutions p. 268 (E.L. Ehel, Ed., Univ. of Notre Dame Press, Notre Dame, IN 1972). The
invention additionally encompasses compounds as individual isomers substantially free of
other isomers, and alternatively, as mixtures of various isomers.

[3619] Unlass otherwise stated, structures depicted herein are also meant to include
compounds that differ only in the presence of one or more isotopically enriched atoms. For
example, compounds having the present structures except for the replacement of hydrogen by
deuteriurn or tritium, replacement of 'F with '*F. or the replacement of '*C with "C or "*C
are within the scope of the disclosure.

(6620} The term “aliphatic™ refers to alkyl, alkenvl, alkynyl, and carbocyclic groups.
Likewise, the term “heteroaliphatic” refers to heteroalkyl, heteroalkenvl, heteroalkynyl, and
heterocvchic groups.

[3621] The term “alkyl” refers to a radical of a straight-chain or branched saturated
hydrocarbon group having from 1 to 10 carbon atoms (“C .o alkyl™). In some embodiments,
an alkyl group has 1 to © carbon atoms (“Cy. alkyl”). In some embodiments, an alkyl group
has 1 to 8 carbon atoms ("Cyg alkyl™). In some embodiments, an alkyvl group has 1 t0 7
carbon atoms ("Ci7 alkyl™). In some embodiments, an alky! group has 1 {6 6 carbon atoms
(*Cys alkyl™). In some embodiments, an alkyl group has 1 to 5 carbon atoms (“Cys alkyvl™).
In some embodiments, an alky! group has 1 to 4 carbon atoms (“C;4 alkyl™). In some
embodiments, an alkyl group has 1 to 3 carbon atoms (“C; alkyl”). In some embodiments,
an alkvl group has 1 to 2 carbon atoms (“Cy. alkyl™). In some embodiments, an alkvl group
has 1 carbon atorn (°C, alky!”). In some embodiments, an alkvl group has 2 to 6 carbon
atoms (“Cre alkyi™}. Examples of Ci¢ alkyl groups include methyl (Cy), ethyl (Cy), propyl
(Cs) fe.g., n-propyl, 1sopropyl), butyl {Cy) (.2, n-butyl, teri-butyl, sec-buiyl, iso-butyl),
pentyl (Cs) (e.g., n-pentyl, 3-pentanyl, amvl, neopentyl, 3~-methyi-2-butanyl, teriiary amvl),
and hexyl (Cs) {e.g . n-hexvl). Additional examples of altkyl groups include n-heptyvl (C5), n-
octvl (Cs), and the Tike. Unless otherwise specified, each instance of an alkvl group is

mdependently unsubstituted (an “unsubstituted alkyl”) or substituted (a “substituted alkyvl™)
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with one or more substituents {(e.g , halogen, such as F}. In certain embodiments, the alkvl
group is an unsubstituted Cy.10 alkyl {such as unsubstituted C 4 alkyvi, e. g, ~CH; (Me),
unsubstituted ethyl (Et), unsubstituted propyl (Pr, e.g., unsubstituted n-propyl (n-Pr),
unsubstituted isopropyl (i-Pr)), unsubstituted butyl (Bu, 2. g, unsubstituted n-butyl (n-Bu),
unsubstituted fert-butyl (tert-Bu or -Bu), unsubstituted sec-butyl (sec-Bu), unsubstituted
isobutyl (i-Bu)). In certain embodiments, the alkyl group is a substituded Cy.56 alky! (such as
substituted Cy¢ alkvl, e.g., —CFs, Bn)

6022} The term “heteroalky!” refers to an alkyl group, which further includes at least one
hetercatom {e.g., 1, 2, 3, or 4 heteroatoms) selected from oxygen, nitrogen, or sutfur within
(i.e., mserted between adjacent carbon aloms of) and/or placed at one or more terminal
position(s} of the parent chain. In certain embodiments, a hetercalkyl group refers to a
saturated group having from 1 to 10 carbon atoms and T or more heferoatoms within the
parent chain CheteroCiye alkyl”). In some embodiments, a heteroalkyl group 13 a saturated
group having 1 to 9 carbon atoms and 1 or more heteroatoms within the parent chain
{(“heteroC . alkyl”). In some embodiments, a heteroalkyi group is a saturated group having 1
10 8 carbon atoms and 1 or more heteroatoms within the parent chain (“heteroC, 5 alkyl™). In
some embodiments, a heteroalkyl group 1s a saturated group having | to 7 carbon atoms and
1 or more hetercatoms within the parent chain (“heteroC.7 alkvl™}). In some embodiments, a
heteroalkyi group 1s a saturated group having 1 to 6 carbon atoms and 1 or more heteroatoms
within the parent chain (CheteroC16 alkyl”). In some embodiments, a hetercalkyl group is a
saturated group having 1 1o 5 carbon atoms and 1 or 2 heteroatoms within the parent chain
{“heteroCy s alky1”). In some embodiments, a heteroalky! group is a saturated group having |
1o 4 carbon atoms and 1 or 2 heteroatoms within the parent chain (“heleroC 4 alky!™). In
some embodiments, a heteroalkyl group is a saturated group having | to 3 carbon atoms and
1 heteroatom within the parent chain (“heteroC 5 alky!™). In some embodiments, a
heteroallyi group is a saturated group having 1 to 2 carbon aioms and 1 heteroatom within
the parent chain (“heteroC, ., alkvl™). In some embodiments, a heteroalkyl group is a saturated
group having 1 carbon atom and 1 heteroatom (“heteroC, alkyl™). In some embodiments, a
heteroalkyl group is a saturated group having 2 to 6 carbon atoms and 1 or 2 heteroatoms
within the parent chain (“heteroC,4 alkyl™). Unless otherwise specified, each instance of a
heteroalkyl group is independently unsubstituted (an “unsubstituted heteroaltkyl™) or
substituted (a “substituied heteroalkyl”) with one or more substituents. In certain
embodiments, the heteroalkyl group 19 an unsubstituted heteroC 1 alkyl. In certain

embodiments, the heteroalkyl group 1s a substituted heteroC,. 4 alkyl
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6023} The term “alkeny!” refers to a radical of a straight-chain or branched hydrocarbon
group having from 2 6 10 carbon atoms and one or more carbon-carbon double bonds (e.g.,
1,2, 3, or 4 double bonds). In some embodiments, an alkenyi group has 2 to 9 carbon atoms
(*Cy alkeny!”). In some ernbodiruents, an alkenvl group has 2 to 8 carbon atoms (“Cyg
alkenyl™}. In some embodiments, an alkenyl group has 2 to 7 carbon atoms (“C,.7 alkenyl™).
In some embodiments, an alkeny! group has 2 {o 6 carbon atoms (“Cs6 alkeny!™). In some
embodiments, an alkenyl group has 2 to 5 carbon atoms (“Co.s alkenyl”™). In some
embodiments, an alkenyl group has 2 to 4 carbon atoms (“C,4 alkenyi™). In some
embodiments, an alkenyl group has 2 to 3 carbon atoms (“C,.; alkenyl™). In some
embodiments, an alkeny! group has 2 carbon aloms (©C, alkeny!”). The one or move carbon-
carbon double bonds can be internal (such as in 2-butenvl) or terminal (such as in 1-butenvl).
Exampies of C,4 alkenyl groups include ethenyl (C,}, 1-propenyl (Cs}, Z-propenyi (G5}, 1-
butenyl (Cy), 2-butenvl {Cy), butadienyl (Cy), and the like. Examples of C, alkeny! groups
mclude the aforementioned C,.4 alkenvl groups as well as penteny! {C:), pentadienyl (Cs),
hexenyl (C¢}, and the like. Additional examples of alkeny! include heptenyl {C+), octenvl
{Cg}, octatrienyl (Cg), and the like. Unless otherwise specified, each instance of an alkenvl
group is independently unsubstituted (an “unsubstituted alkenvl™) or substituted (a
“substituted alkeny!™} with one or more substituents. In certain embodiments, the alkenvl
group is an unsubstiituted C,. 1o alkenyl. In certain embodiments, the alkenvl group is a
substituted Ca.40 alkenyl. In an alkenvl group, a C=C double bond for which the

stereochemistry is not specified (e g, ~CH=CHCH; or % } may be an (F}- or (Z)-

double bond.

[6024] The term “alkynyl” refers to a radical of a strarght-chain or branched hydrocarbon
group having from 2 to 10 carbon atoms and one or more carbon-carbon triple bonds {e.g., 1.
2. 3, or 4 triple bonds} (“C,.1p alkynvl™). In some embodiments, an alkvnyvl group has 210 9
carbon atoms (“Ca.g alkynvl™). In some embodiments, an alkynyl group has 2 to 8 carbon
atoms {(“Cyp.s alkynyl”). In some embodiments, an alkynvl group has 2 to 7 carbon atoms (“Cs.
7 alkyny!l”}. In some embodiments, an alkynyl group has 2 to 6 carbon atoms ("Cy alkynyl™).
In some embodiments, an alkynyl group has 2 to 5 carbon atoms {"C,_s alkvnvl™). In some
embodiments, an alkvovl group has 2 to 4 carbon atoms (“Cry alkvnyl™). In some
embodiments, an alkynvl group has 2 to 3 carbon atoms (“C,.3 alkynyi™). In some
embodiments, an alikynyl group has 2 carbon atoms (“C, altkynyl™}). The one or more carbon-

carbon triple bonds can be internal (such as in 2-butynyl) or terminal (such as in -butynyl).
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Examples of C, 4 alkynvl groups include, without imitation, ethynyi (Cy), 1-propynvl (Cs), 2-
propynvl {Cs), -butvavi (Cy), 2-butynvi (Cy). and the like. Examples of C,¢ alkenyl groups
include the aforementioned C,.4 alkvnyl groups as well as pentynyvl (Cs), hexyovl (Cs), and
the like. Additional examples of alkyny! include heptynyl {(C5), octynyl {Cy), and the hike.
Unless otherwise specified, each instance of an alkynvi group is independently unsubstituted
(an “onsubstituted alkyny!”) or substituted (a “substituted alkvoyl™) with one or more
substituents. In certain embodiments, the alkynyl group 1s an unsubstituted Cy.1p alkynvl In
certain embodiments, the atkynyl group is a substituted .44 alkynvl

{6025} The term “carbocyelyl” or “carbocyclic” refers to a radical of a non—aromatic cyclic
hydrocarbon group having from 3 to 14 ring carbon atoms (7Cs_j4 carboeyclyl™) and zero
heteroatoms in the non-aromatic ring system. In some embodiments, a carbocyclyl group has
3 to 10 ring carbon atoms {“Cs 1o carbocvelyi™). In some embodiments, a carbocvelvl group
has 3 to 8 ring carbon atoms (“Cs g carbocyelyl™). In some embodiments, a carbocyclyl group
has 3 to 7 ring carbon atoms ("Cy » carbocyelvl™). In some embodiments, a carbocycelyl group
has 3 to 6 ring carbon atoms {“Cs ¢ carbocvelvl™). In some embodiments, a carbocyclvl group
has 4 to 6 ring carbon atoms {“Cy ¢ carbocvelvl™). In some embodiments, a carbocyclvl group
has 5 to 6 ring carbon atoms (“Cs.¢ carbocyelyl™). In some embodiments, a carbocyclvl group
has 5 to 10 ring carbon atoms ("Cs o carboeyclvl™). Exemplary (s ¢ carbocyely! groups
include, without Himitation, cyvclopropyvi (C1), eyclopropenyl (C5), cvclobutyl (Ty),
cyclobutenyl (Cy), cvclopeniyl (Cs), cyclopentenyl (Cs), cvelohexyl (Ce), cyclohexenyl (Ce).
cyclohexadienyl (Cy), and the like Exemplary €5 4 carbocyelyl groups include, without
limitation, the aforementioned C; ¢ carbocyclyi groups as well as cycloheptyl (C5),
cyeloheptenyl (Cy), oydohepiadienyt (Cr), cycloheptatrienyt (Cq), cyclooctyl (Cg).
cyclooctenyi (Cg), bicvelo[2.2. 1 fheptanyl (C-), bicyclo]2.2 2foctany] (Cy), and the like.
Exemplary Cs 4o carbocvelvl groups include, without limitation, the aforementioned C; g
carbocyclyl groups as well as cvelononyl (Co), cyclononenvl {(Co), cyclodecyl (Tyo),
cyclodecenyl (C ), octahvdro—1 A—indenvi (Cs), decahydronaphthalenvi (Cyy),
spirof4.5]decanyl {Cyo), and the like. As the foregoing examples illustrate, in certain
embodiments, the carbocyclyl group is either monocvelic ("monocyclic carbocyelyl™) or
polveyclic (e.g.. containing a fused, bridged or spiro ring svstem such as a bicyclic system
(“bicychic carbocvelvl™) or tricvclic system (Mtricyclic carbocycly!™)) and can be saturated or
can contain one or more carbon-carbon double or triple bonds. “Carbocyelvl™ also includes
ring svstems wherein the carbocyelyl ring, as defined above, is fused with one or more arvl or

heteroaryl groups wherein the point of attachment is on the carbocyclyl ring, and in such
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mstances, the number of carbons continue to designate the number of carbons in the
carbocyclic ring system. Unless otherwise specified, each instance of a carbocyelyl group is
mdependently unsubstituted (an “unsubstituted carbocyclyl™) or substituted (a “substitutec
carbocvelyl”y with one or more substituents. In certain embodiments, the carbocyclyl group is
an unsubstituted Cs_y4 carbocyclyl. In certain embodiments, the carbocycelyl group is a
substituted C5_14 carboceyelyl.

[8026] Tn some embodiments, “carbocyelyl” 1s a monocvclic, saturated carbocycelyl group
having from 3 to 14 ring carbon atoms {(“Cs 14 cycloalkyl™}). In some embodiments. a
cycloatkyl group has 3 to 10 ring carbon atoms {“C5_y cveloalkyi™). In some embodiments, a
cyeloalky! group has 3 to 8 ring carbon atoms (“Cs g cycloalkyl™). In some embodiments, a
cycloalkyi group has 3 to 6 ning carbon atoms (“Cs ¢ cycloalkyl™). In some embodiments, a
cycloalkyl group has 4 to 6 ring carbon atoms (“Cy ¢ cycloalkyl™). In some embodiments, a
cycloalky! group has 5 1o 6 ning carbon atoms ("Cs ¢ cycloalkyl™). In some embodiments, a
cycloatkyl group has 5 to 10 ring carbon atoms (“"Cs.1p cycloalkyl™). Examples of Cs.g
cveloatkyi groups include cvciopentyl {Cs) and cyclohexyl (Cs). Examples of {5 ¢ cycloalkyvl
groups include the aforementioned Cs ¢ cycloalkyl groups as well as cyclopropyl (Cs) and
cyclobutyl (Cy). Examples of Cs 3 cycloalkyl groups include the aforementioned Cy6
cycloalky! groups as well as cvcloheptyl {C5}) and cyclooctyl (Cy). Unless otherwise specifiad,
each instance of a cvcloalkyi group is independently unsubstituted {an “unsubstituted
cycloalky!™) or substituted {3 “substituied cycloalkyl”) with one or more substituents. In
certain embodiments, the cycloalkyl group 1s an unsubstitited C4 14 cvcloalkyl In certain
embodiments, the cvcloalkvl group is a substituted C; 14 cycloalkyl. In certain embodiments,
the carbocyelyvl includes 0, 1, or 2 U= double bonds in the carbocyclic ring system, as
valency permuts.

(36271 The term “heterocyelvl™ or “heterocyclic” refers to a radical of a 3- to 14-membered
non-aromatic ring system having ring carbon atoms and 1 to 4 ring hetercatoms, wherein
each heteroatom 1s independently selected from nitrogen, oxygen, and sulfur (*3-14
merabered heterocyclyl™). In heterocyelyl groups that contain one or more nitrogen ators,
the point of attachment can be a carbon or nitrogen atom, as valency permits. A heterocyclyl
group can either be monocyelic (“monocyclic heterocyclyl™ or polyeyelic {e.g., a fused,
bridged or spiro ring syster such as a bicvclic system (“bicvelic heterocyelyl™ or tricychic
svstem {“tricvchic heterocyclvl™)), and can be saturated or can contain one or more carbon-
carbon double or triple bonds. Heterocvely] polycychic ring svstems can mclude one or more

heteroatoms in one or both rings. “Heterocyclyl” also includes ring systems wherein the
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heterocyclyl ring, as defined above, 1s fused with one or more carbocyclyl groups wherein the
point of attachment is either on the carbocyclyl or heterocyclyl ring, or ring systems wherein
the heterocyclyl ring, as detined above, is fused with one or more aryl or heteroaryl groups,
wherein the point of attachment 1s on the heterocyclyl ring, and in such instances, the number
of ring members continue o designate the number of ring members in the heterocvelyl ring
system. Unless otherwise specified, each instance of heterocyclyvl is independently
unsubstituted (an “unsubstituted heterocyclyl™) or substituted (a “substituted heterocyclyl™)
with one or more substituents. In certain embodiments, the heterocyclyl group is an
unsubstituted 3-14 membered heterocvelyl In certain embodiments, the heterocyclyl group is
a substituted 3-14 membered heterocyclyl.

{3028} In some embodiments, a heterocyclyl group is a 5-10 membered non-aromatic ring
system having ring carbon atoms and 1-4 ring heterpatoms, wherein each heteroatom is
independently selected from nitrogen, oxygen, and sulfur (¥5-10 membered heterocycly!™). In
some embodiments, a heterocvclyl group 1s a 3-8 membered non-aromatic ring system having
ring carbon atoms and 1-4 ring heteroatoms, wherein each heteroatom 1s independently
selected from nitrogen, oxvgen, and sulfur {“5-8 membered heterocyelyi™). In some
embodiments, a heterocyclyl group 15 a 5-6 membered non-aromatic ring system having ring
carbon atoms and 1-4 ring heteroatoms, wherein each heteroatom is independently selected
from nitrogen, oxvgen, and sulfur {“5-6 membered heterocvelyi”). In some embodiments, the
5-6 membered heterocvclyl has 1-3 ring heteroatoms selected from nitrogen, oxygen, and
sulfur. In some embodiments, the 5-6 membered heterocyclyl has 1-2 ring heteroatoms
selected from nitrogen, oxvgen, and sulfur. In some embodiments, the 3-6 membered
heterocvelvl has 1 ring heteroatom selected from nitrogen, oxygen, and sulfur.

60291 Exemplary 3-membered heterocyclyl groups containing 1 heteroatom include, without
fimitation, azirdinyl, oxiranyl, and thitranyl. Exemplary 4-membered heterocyciyl groups
containing 1 heteroatom include, without limitation, azetidinyl, oxetanyl, and thietanvlh
Exemplary S-membered heterocyclyl groups containing 1 heteroatom include, without
limitation, tetrahvdrofuranyl, dihydrofuranyl, tetrahydrothiophenyl, dihvdrothiophenyvl,
pyrrolidinyl, dihydropyrrolyl, and pyrrolvl-2,5-dione. Exemplary S-membered heterocyclyl
groups containming 2 heteroatorms include, without himitation, dioxolanyl, oxathiotanyl and
dithiolanyl. Exemplary 5-membered heterocvelyl groups containing 3 heteroatoms include,
without limitation, triazolinyl, oxadiazolinyl, and thiadiazolinyl. Exemplary 6-membered
heterocyelyl groups containing 1 heteroatom include, without limitation, pipendinyl,

tetrahydropyranyl, dihydropyridinyl, and thaanyl. Exeroplary 6-merbered heterocyelyl
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groups containing 2 heteroatoms include, without limitation, piperazinyl, morpholinvi,
dithianyl, and dioxanyl. Exemplary 6-membered heterocyclyl groups containing 3
heteroatoros include, without limutation, triazinyl. Exemplary 7-membered heterocyclyl
groups contaiming 1 heteroatom include, without imitation, azepanyl, oxepanyl and
thiepanyvl. Exemplary §-membered heterocyclyvl groups containing 1 heteroatom include,
without lunitation, azocanyl, oxecanyl and thiocanyl. Exemplary bicyelic heterocvelvl groups
include, without limitation, indolinvl, isoindolinyl, dihvdrobenzofuranyl,
dihydrobenzothienyl, tetrahydrobenzothienyl, tetrahydrobenzofuranyl, tetrahyvdroindoiyl,
tetrahydroquinolinyl, tetrahvdroisoquinolinyl, decahydroquinolinyl, decahvdroisoquinolinyi,
octahiydrochromenyl, octahvdroisochromenyl, decahivdronaphthyridinyl, decahydro-1,8-
naphthyridinyi, octahvdropyrrolo{3,2-bipyrrole, indolinyl, phthalimidy!, naphthalimidyl,
chromanyl, chromenyl, 1H-benzoel{1,4|diazepinyl, 1,4,5 7-tetrahvdropyrano|3.4-bipyrrolyl,
5,6-dihydro~-4H-furo]3,2-blpyrrolvl, 6,7-dihydro-5H-furo{3.2-blpyranyl, 5.7-dihydro-4H-
thienof2,3-clpyranvl, 2,3-dihtydro-H-pyrrolof2,3-blpyridinyl, 2.3-dihydrofurof{2,3~
blpyndinvi, 4,5.6,7-tetrahydro-1H-pyrrolo] 2, 3-blpyridinyl, 4,5,6,7-tetrahydrofurof 3,2~
clpvridinyl, 4,5,6,7-tetrahydrothieno|3,2-bipyridinyl, 1,2,3 4-tetrahydro-1,6-naphthyridinyl,
and the like.

(3038} The term “ary!” refers to a radical of a monocyclic or polyeyelic {e. g, bicyclic or
tricyclic) 4n+2 aromatic ring system (e.g., having 6, 10, or 14 = electrons shared in a cyclic
array} having 6-14 ring carbon atoms and zero heteroatoms provided in the aromatic ring
svstem {“Cs.14 aryl”). In some embodiments, an aryl group has 6 ring carbon atoms (“Cq
aryl”; e g., phenyl). In some embodiments, an ary] group has 10 ring carbon atoms ("Cyg
arvl”; e.g., naphthyl such as 1-naphthyl and 2-naphthvl). To some embodiments, an arvl group
has 14 ring carbon atoms (“Cyy aryl”; e.g, anthracyl). “Aryl™ also includes ring systems
wherein the arvl ring, as defined above, is fused with one or more carbocyelvl or heterocyelvl
aroups wherein the radical or point of attachment 1s on the aryl ring, and in such instances,
the number of carbon atoms continue to designate the number of carbon atoms in the aryl ring
svstem. Unless otherwise specified, each instance of an arvl group is independently
unsubstituted (an “unsubstituted arvl™) or substituted (a “substituied aryl™) with one or more
substituents. In certain embodiments, the aryt group is an unsubstituted Ce.y4 arvl In certain
embodiments, the arvl group is a substituted Cgq4 arvi.

{6831} The term “heteroaryi” refers to a radical of a 5-14 membered monocyclic or

polycvehic (e.g., bicyclic, tricyclic) 4n+2 aromatic ring system {e.g., having 6, 10, or 14 n
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electrons shared in a cyclic array) having ring carbon atoms and 1-4 ring heteroatoms
provided in the aromatic ring system, wherein gach heteroatom is independently selected
froro mitrogen, oxvgen, and sultur ("5-14 mernbered heteroaryl”). In heteroaryl groups that
contain one or more nitrogen atorns, the point of attachment can be a carbon or nitrogen
atom, as valency permits. Heteroaryl polyeyelic ring svstems can include one or more
heteroatoms in one or both rings. “Heteroaryl” includes ring systems wherein the heteroaryl
ring, as defined above, 15 fused with one or more carbocycelyl or heterocyclyl groups wherein
the point of attachment is on the heteroaryl ring, and in such mnstances, the number of ring
members continue to designate the number of ring members in the heteroarvl ring system.
“Hetercary!” also mncludes ring sysiems wherein the hetercaryl ring, as defined above, 15
fused with one or more aryl groups wherein the point of attachment is either on the arvl or
heteroarvl ring, and in such instances, the number of ring members designates the number of
ring members in the fused polyeyclic (aryVhetercaryl) ring system. Polyeyclic heteroaryl
groups wherein one ring does not contain a heteroatom (e.g., indolyl, quinolinyl, carbazolvl,
and the like) the point of attachment can be on either ring, /.e., etther the ring bearing a
hetercatom {(e.g., 2-indolyl) or the ring that does not contain a heteroatom {e.g., S-indolyi).
{6032} A group is optionally substituied unless expressly provided otherwise. The term
“optionally substituted” refers to being substituted or unsubstituted. In certain embodiments,
alkvl, alkenyl, alkvnyvi, hetercalkvi, heteroalkenvl, heteroalkynyl, carbocycivl, heterocycivi,
aryl, and heteroaryl groups are optionally substituted. “Optionally substituted” refers to a
group which may be substituted or unsubstituted {e.g., “substituted” or “unsubstituted” alkyi,
“substituted” or “unsubstituted” alkenvl, “substituted” or “unsubstituted” alkynyi,
“substituted” or “unsubstituied” heteroalkyl, “substituted” or “unsubstituted” heteroalkenyl,
“substituted” or “unsubstituied” heteroalkynyvl, “substituted” or “unsubstituted” carbocyclyl,
“substituted” or “unsubstituted” heterocyciyl, “substituted” or “unsubstituted” arvl or
“substituted” or “unsubstituted”™ heteroaryl group). In general, the term “substituied” means
that at least one hvdrogen present on a group 15 replaced with a permissible substituent, e g, a
substituent which upon substitution results in a stable compound, e.g., a compound which
does not spontaneously undergo transformation such as by rearrangement, cyclization,
elimination, or other reaction. Unless otherwise indicated, a “substituted” group has a
substituent at one or more substitutable positions of the group, and when more than one
position in any given structure is substituted, the substituent is either the same or different at
each position. The term “substituted” is contemplated o include substitution with all

permissible substituents of organic compounds, and mcludes any of the substituents described
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hereimn that results in the formation of a stable compound. The present invention contemplates
anv and all such combinations in order to arrive at a stable compound. For purposes of this
mvention, heteroatoms such as nitrogen may have hydrogen substituents and/or any suitable
substituent as described herein which satisfy the valencies of the heteroatoms and results in
the formation of a stable moigty. The invention is not intended fo be limited in any manner by
the exemplary substituenis described herein.
[3033] Exemplary carbon atom substituents include, but are not Himated to, halogen, —CN, -
NG», -N3, ~8O,H, ~SO:H, ~OH, ~OR™, ~ON(R™),, -N(R"™),, ~NR™) "X -N(OR™IRY -
SH, ~8R™ -8SR™, ~C(=0ORY, ~CO,H, ~CHO, ~C(OR™),, ~CORY ~OCHE=OR™, -
OCOR™, ~C=OINR™),, ~OC(=0INR™),, -NR™PC(=0)R™, NR™CO,R®, -
NRPCEOMNER™),, ~-CENRMRY -C(=ENRDIORY, -OC(ENRDIRY, -OC(ENRPIORY, -
CENRINR® Y, ~OCENRINERYY,, -NRPCENRPINER™Y,, ~C=0INRPSO,RY, -
NR™SO,R™, —SON(R),, —80,R* —§0,0R™, ~080,R®, —S§(=0)R¥ —0OS{=0)R* —
SIHR™), —0OSHRY —CENR Y, ~C(=0)SR® —C(=8)SR™ —SC(=S)SR™ -SC(=0SR™,
~OCEOISRY, -SC(EOIORY, -SCEORY, -P(=0RRY, ~OPE0ORRY, —PEOWR™),, -
OP(=ONR™),, ~OPEONOR™Y,, ~P(=0)NR™),, ~OP(=0)LNRY®),, ~P(=0)}NR™),, -
OP(=0)(NR™)z, -NR¥P(ONOR™ ). -NR"P(=O)(NR™ ), ~PR™). ~P(R*)s, ~OP(R ). —
OP(R ), -BR™),, -B(OR™),, -BR™OR"), €y jp alkvl, €y yo perhaloalkyl, C; o alkenyi,
o 5o alkynvi, heteroCy 14 alkvi, heteroC, 1o alkenvl, heteroCy 19 altkynyl, Cs 10 carbocvelvl,
3—-14 membered heterocyelyl, Coy4 arvl, and 5-14 mermbered heteroaryl, wherein each atkyl,
alkenvl, alkynvl, heteroalkyl, heteroalkeny!, heteroatkynyvl, carbocyclvl, heterocyelvl, aryl,
and heteroaryl is independently substituted with 0, 1, 2. 3. 4, or 5 R™ groups;

or two gerinal hvdrogens on a carbon atorn are replaced with the group =0, =S,
=NNR™),, =NNRPCEOR®, =NNR™C(=0)0R®, =NNR™S(=0),R™, =NR" or =NOR™:

each instance of R™ s, independenily, selected from Cy g alkyl, C1 1o perhaloalkyi,
o 5o alkenvi, Cy g alkynyl, heteroCy o alkyl, heteroC, jpalkenyl, heteroC, palkynvi, Ts ¢
carbocyelyl, 3—14 membered heterocvelyl, Co e aryl, and 5-14 membered heteroarvl, or two
R™ groups are joined to form a 3—14 membered heterocvelvl or 5-14 membered heteroaryl
ring, wherein each alkyl, alkenvi, alkynyl, hetercalkyl, hetercalkenyl, heteroaliovnyvi,
carbocvelvl, heterocvelvl, aryl, and heteroarvl is independently substituted with 0, 1,2, 3, 4,
or 3 R groups;

cach instance of R" is, independently, selected from hydrogen, ~OH, ~OR™, -
NR*), ~CN, -CEOR™, —CEOIN(R™),, ~COR™, —SO,R™, ~C(=NR™0OR™
CENRTINER D, —SONR™),, -SOR™, -SGH0R™, -SOR™, —C(=SIN(R™);, -C(=OISR™, -
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C(=S)SR™, ~P(=ORR™, -P(=OHR™ ), ~P(FORNR ), ~PEOYNR™),, Crog alkyl, Croyg
perhaloatkvl, 5y alkenyl, €y 15 alkynyl, heteroCy jealkyl, heterol, jpalkenyl, heteroC,
walkynyl, C5 40 carbocyelvl, 3-14 membered heterocyclyl, Ce 14 arvi, and 5-14 membered
heteroaryl, or two R groups are joined to form a 3-14 membered heterocyclyl or 514
membered heteroaryl ring, wherein each alkyl, alkenyi, alkynyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, carbocyclyl, heterocyelyvl, arvl, and hetercaryl is independently substituted
with 0, 1,2, 3,4, or 3 R 2roups;

each instance of R™ is, independently, selected from hydrogen, € ¢ alkyl, Cy 5
perhaloatkvl, T 15 alkenyl, C; 14 alkynyl, heteroCy 14 atkyl, heteroC, g alkenyl, heteroC» 15
alkynyl, C5 o carbocyelvl, 3—14 membered heterocyelyl, Co 14 arvl, and 5-14 membered
heteroarvl, or two R groups are joined to form a 3-14 membered heterocyclvl or 5-14
membered heteroaryl ring, wherein each alkyl, alkenyi, alkynyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, carbocyelyl, heterocyelyvl, arvl, and heteroaryl is independently substiivted
with 0, 1,2, 3,4, or 3 R 2roups;

each instance of R™ is, independently, selected from halogen, ~CN, ~NQO,, -Ns, -
SO,H. ~SOsH, ~OH, ~OR™, ~ONRT),, -NRT),, -NERD,'X . -NOR®RE -8H, ~SR*, -
SSR, -C(=0)R", -CO:H, -COR™, “OC(=0)R™, -OCOR®, ~-C(=ON(R "), —
OCEOINRY,, ~-NRICE=OIR®, -NRICOR®, -NR'CEOINERD,, ~CENRHOR™, -
OCENRDR®, -OCENRHOR®, ~CENRONRD,, ~OCENRHNERD,, -
NRICENRONERD, -NRISO,R®, —SO,NRT),, ~80,R%, —§0,0R™, ~0SO,R®, —§(=0)R*,
~SH(R®Y;, ~O8IHR™), ~CESHNR T, ~C=0ISRT, ~C(=8)SR™, ~SC(=8)SR*, -P(=0),R*, -
P(=0}R"*),. ~OP(=0XRT),, ~OP(=0NOR™Y,, C; 4 alkyl, C; ¢ perhaloatkyvl, €, ¢ alkenvl, €,
¢ alkvnyl, heteroCy_salkyl, heteroCy salkenvl, heteroC, galkvnyl, Cs_yp carboeyclyl, 3-10
membered heterocyclyl, Ceo10 aryl, 5-10 membered heteroaryl, wherein each alkyl, alkenyl,
alkvnyl, heteroatkyl, hetercalkenyi, heteroalkynyl, carbocyclyl, heterocyclyl, aryl, and
heteroaryl is independently substituted with 0, 1. 2, 3, 4, or 5 R® groups, or two geminal R
substituents can be joined to form =0 or =8,

each instance of R™ is, independently, selected from C 4 atkyl, C ¢ perhaloalkyl, C,.
¢ atkenyl, C; ¢ alkynyl, heteroC ¢ alkvl, heteroC, salkenyl, heteroC, ¢ alkynyl, Cs 4
carbocvelvl, Cooo aryl, 3—10 membered heterocyelvl, and 3-10 membered heteroaryl,
wherein each alkyl, alkenyl, alkyovl, heteroalkyl, heteroalkenyl, heteroalkynyl, carbocycelyl,
heterocvelyl, aryl, and heteroarvl is independenily substituted with 0, 1, 2, 3, 4, or 5 R®®

groups;
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each instance of R” is. independently, selected from hydrogen, Ci_¢ alkyl. Ci¢
perhaloatkvl, C; ¢ atkenvi, Cy s alkynyl, hetero( galkyl, heteroC, salkenyl, heteroC;
catkynyl, Cs 40 carbocvelyl, 3-10 membered heterocyclyl, Cg o arvl and 5-10 membered
heteroaryl, or two RY groups are joined to form a 3-10 membered heterocyelyl or 5-10
membered heteroaryl ring, wherein each alkvl, alkenvi, alkynyl, heteroalkyi, heteroalkenyi,
heteroalkynyl, carbocyclyl, heterocyelyvl, arvl, and hetercaryl is independently substituted
with 0, 1, 2, 3, 4, or 5 R™ groups; and

each instance of R®® is, independently, halogen, -CN, -NG,, -Na, -SO,H, -SO:H. -
OH, -0C ¢ alkyl, ~ON(C ¢ allyl}, ~N{C ;4 alkyl)y, -N(C ¢ alkyl)s X, -NH(C ¢
alkyly, X7, NHHCq alkyD) "X, =NH; X7, -N(OC, ¢ alkyI{C )¢ alkyl), -N{OHXC ¢ alkyl),
~NH(OH), -SH, -8C 5 alkyl, -8S(C_¢ alkyl), -C(=0)C ¢ alkyly, ~-COH, ~CO(C5
atkyl), ~OCE=OKC s alkyly, ~OCO{C i alkyl}, ~CEOINH,, ~CEOIN(C 6 akyl), -
OCEOINH(C 6 alkyl), -NHCEOY Cis alkyl), —N{C s alkyDCEOX Cig alkyl), -
NHCOHC 6 alkyl), -NHC(=OIN(C ¢ alkyly, -NHC(EOWH(C, ¢ alkyl), -NHC(=0)NH,, —
C(ENHI(C s alkyl ), ~OC(ENHNC L atkyl), ~OC{(=NH}}OC, ¢ alkyl, ~CENHINC
alkyly. ~C(=ENHINH(C g alkyl), ~C=NH)NH,. ~OCENHINC s alkyl), ~OCNEDNH(C,
¢ alkyly, —“OC{NHINH,, -NHCONHON{C ¢ alkvly, -NHC(ENH)INH,, -NHSO(C 6 alkyl), —
SON{C 6 atkyl)y, ~-SONH(Cs alkyl), ~80.NH,,~S0,C 6 alkyl, -80,0C 4 alkyl, —
080, ¢ atkyl, -SOC ¢ alkyl, -8i(Cy_¢ alkyl)s, ~O8S1(C_¢ alkyl)s ~C(=8)N(C 6 alkyl),,
C(=S)NH(C ¢ alkyl), C(=S)NH,, -C(=0)S(C e alkyly, —C(=8)8C ¢ alkyl, -SC(=8)58C ¢
alkyl, ~P(=0(C ) ¢ alkyl), ~P(=0KC 5 alkyl}y, ~OP(=0XC 16 alkyly, ~OP(=0)0C 1
alkvly,, Cy ¢ alkyl, Cy ¢ perhaloalkyl, €, ¢ atkenvl, C, ¢ alkynyl, heteroC galkyl, hetero(,
salkenvl, heteroC, salkynvl, €5 g carboeyclyl, Co 1o aryl, 3-10 membered heterocyclyl, 5-1¢
membered heteroarvl; or two geminal R®® substituents can be joined to form =0 or =S,
wherein X is a counterion.
3834} In certain embodiments, the carbon atom substituents are independently halogen,
substituted or unsubstituted C ¢ alkyl, —OR™ —SR® —N(R™),, —CN, -SCN, -NO,,
~C(=0)R™, —CORY, ~C(=0)N(R");, —OC(=0)R™, ~0COR™, ~OCEOINER™),.
~NRPCEORY ~NRPCO.R™, or ~NRPCHEOIN(R™),. In certain embodiments, the carbon
atom substituents are independently halogen, substituted or unsubstituted Cy6 alkyl, ~OR™,
—SR¥™ —N(R"),, —-CN, —~SCN. ot -NO».
[3635] The term “halo” or “halogen™ refers to fluorine (fluoro, —F), chlorine {chioro, ~Cl1},

bromune (bromo, —Br), or iodine {icdo, -F).
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{6036} The term “hydroxyl” or “hydroxy” refers fo the group —OH. The term “substituted
hydroxyl” or “substituted hydroxyl,” by extension, refers to a hvdroxyl group wherein the
oxygen atorn directly attached to the parent molecule 15 substituted with a group other than
hydrogen, and includes groups selected frorn —OR®, —ON(R™),. ~OC(=0)SR™,
~OCEOR®, ~OCO,R™, ~OC(=0N(R),, ~OC(E=NR™IR®, ~OC(=NROR™,

~OP(OR™ ), —OP(OR™ )X, —OP(=0)R™);, ~OP(=0)OR™);, and —OP(=O}NR"")),,
wherein X, R™ R™ and R® are as defined herein.

(6837} The term “amino” refers {o the group ~NH,. The term “substituted amino,” by
extension, refers to a monosubsiituted amino, a disubstituted amino, or a tnisubstituted amino.
In certain embodiments, the “substituted amino™ is a monosubstituted amino or a
disubstituted amino group.

[3838] The term “thiol” or “thio” refers o the group —SH. The term “substituted thiol” or
“substituted thio,” bv extension, refers to a thiol group wherein the sulfur atom durectly
attached 1o the parent molecule is substituted with a group other than hvdrogen, and includes
groups selected from —~8R™, ~§=8R® -SCE=8)SR™, -SC(=0)SR™ ~-SCEOHOR™, and ~
SC{(=0R", wherein R* and R are as defined herein.

(8039} The term “acy!” refers to a group having the general formula —C(=0)R™’,

~CESNR™ ), and ~CESHBER™M), ~CENRTHRY, ~CENRMHOR™Y, ~CENRMSRY, and
—C(=NREON(R™ Y, wherein R™' is hydrogen; halogen; substituted or unsubstituted
hydroxyl; substituted or unsubstituted thiol; substituted or unsubstituted amino; substituted or
unsubstituied acyl, cyclic or acvelie, substituted or unsubstituted, branched or unbranched
aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched alkyl;
cyclic or acvelic, substituted or unsubstituted, branched or unbranched alkenvi; substituted or
unsubstituted alkynyl; substituted or unsubstituted aryl, substituted or unsubstituted
heteroaryl, aliphaticoxy, heteroaliphaticoxy, alkvioxy, heteroalkyloxy, arvioxy,
heteroarvloxy, aliphaticthioxy, heteroaliphaticthioxy, alkylthioxy, heteroalkvlthioxy,
arvithioxy, heteroarvithioxy, mono- or di- aliphaticamino, mono-~ or di- heteroaliphaticamino,
mono- or di- alkylamino, mono- or di- heteroalkvlamino, moono- or di-arviamino, or mono- or
di-heteroarylamine; or two R groups taken together form a 5- to 6-membered heterocyclic
ring. Exemplary acyl groups inchude aldehvdes (—CHO), carboxvhc acids (—COoH), ketones,

acvl halides, esters, anudes, imines, carbonates, carbamates, and ureas. Acyl substituents
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mclude, but are not limited to, any of the substituents described herein, that result in the
formation of a stable moiety {e.g, aliphatic, altkyl, alkenyl, alkvnyl, heteroaliphatic,
heterocvelic, aryl, heteroaryl, acyl, oxo, imino, thiooxo, cvano, isocyano, amino, azido, nitro,
hydroxvl, thiol, halo, aliphaticamine, heteroaliphaticamino, alkylamino, heteroalkvlamino,
arylamino, heteroarviamino, alkvlaryl, arylalkyl, aliphaticoxy, heteroaliphaticoxy, alkvioxy,
heteroatkyvioxy, arvioxy, heteroarvioxy, aliphaticthioxy, heteroaliphaticthuoxy, alkvithioxy,
heteroatkvithioxy, arvithioxy, heteroarvithioxy, acyloxy, and the like, each of which may or
may not be further substituted).

[6040] The term “polymer” refers to a molecule including two or more {e.g., 3 or more, 4 or
more, 5 or more, 10 or more) repeating units which are covalently bound together. In certain
embodiments, a polvmer comprises 3 or more, 5 or moreg, 10 or more, 50 or more, 100 or
more, 1000 or more, 2000 or more, or 4000 or more repeating units. In certain embodiments,
a polymer comprises more than 4000 repeating units. The repeating unils of a polymer are
referred to as “monomers.” A “homopolymer™ 15 a polymer that consists of a single repeating
monomer. A “copolymer” is a polymer that comprises two or more different monomer

subunits. Copolymers include, but are not limited to, random, block, alfernating

o0

segmented,
linear, branched, grafied, and tapered copolymers. Polymers may be natural {e.g., naturally
occurring polypeptides), or synthetic {e. g.. non-naturally occurring). A polvmer may have an
overall molecilar weight of 50 Da or greater, 100 Da or greater, 500 Da or greater, 1000 Da
or 50000 Da or greater. Exemplary polymers include, without limitation, polyethylene glycol,
poly{I> L-lactide), polvglvcolide, poly{s—caprolactone), polvethvlene, and polypropylene
glveol,

(60411 The terms “nurnber average molecular weight,” “number average molar mass,” and
“My~ are measurements of the molecular mass of a polymer. The number average molecular
mass is the ordinary artthmetic mean or average of the molecular masses of the individual
polymers. 1t is determined by measuring the molecular mass of n polymer molecules,
sumnung the masses, and dividing by n. For example, a polymer having 100 repeating units
of a monomer with a molecular weight of 100 g/mol would have a number average molecular
weight (M) of 10,000 g/mol [M, = (100y*(100 g/mol} / (1) = 10,000 g/mol}}. The mumber
average molecular mass of a polymer can be determoined by gel permeation chromatography,
viscometry via the Mark-Houwink equation, colligative methods such as vapor pressure

osmometry, end-group determination, or "H NMR.,
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{6042} The term “gel” refers to a non-fluid colloidal network or non-fluid polymer network
that is expanded throughout its whole volume by a fluid {e.g., a solvent, such as water}. A gel
has a finite, usually rather small, yvield stress. A gel may contain: (1) a covalent molecular
network {e.g , polvmer network), e.g., a network formed by crosslinking molecules (e.g..
polymers) or by nonlinear polvmerization; (i1} a molecular network {e.g., polymer network)
formed through non-covalent aggregation of molecules (e.g., polvmers), caused by
complexation {e.g.. coordimation bond formation), electrostatic interactions, hydrophobic
mteractions, hydrogen bonding, van der Waals interactions, n-n stacking, or a combination
thereof, that resulis in regions of local order acting as the network junction points. The term
“thermoreversible gel” refers to a gel where the regions of local order in the gel are thermally
reversible; (i1} a polymer network formed through glassy junction points, e.g., one based on
block copolymers. If the junction poinis are thermally reversible glassy domains, the
resulting swollen network mayv also be termed a thermoreversible gel: (iv) lamellar structures
including mesophases, e.g., soap gels, phospholipids, and clays; or (v) particulate disordered
structures, e.g., a flocculent precipitate usually consisting of particles with large geometrical
anisotropy, such as in V05 gels and globular or fibrillar protein gels. The term
“thermoresponsive gel” refers to a gel that exhibits a drastic and discontinuous change of
their physical properties with temperature. Typically, the term is commonly used when the
physical property concerned is solubility in a given solvent, but it may also be used when
other properties are affected. In particular, thermoresponsive gels display a miscibility gap in
their temperature-composition diagram. The term “hydrogel” refers to a gel, in which the
fluid 13 waler.

[0043] The term “small molecule” refers to molecules, whether naturally-occurring or
artificially created {e.g.. via chemical synthesis) that have a relatively low molecular weight.
Typically, a small molecule is an organic compound (7.2., it contains carbon). The small
molecule may contain multiple carbon~carbon bonds, stereocenters, and other functional
groups {e.g., amines, hydroxyl, carbonyls, and heterocvclic rings, ef¢.). In certain
embodiments, the molecular weight of a small molecule is not more than about 1,000 g/mol,
not more than about 900 g/mol, not more than about 800 g/mol, not more than about 700
g/mol, not more than about 600 g/mol, not more than about 500 g/mol, not more than about
400 g/mol, not more than about 300 g/mol, not more than about 200 g/mol, or not more than
abowt 100 g/mol. In certain embodiments, the molecular weight of a small molecule 1s at least

about 100 g/mol, at least about 200 g/mol, at least about 300 g/mol, at least about 400 g/mol,
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at least about 500 g/mol, at least about 600 g/mol. at least about 700 g/mol, at least about 800
g/mol, or at feast about 900 g/mol, or at least about 1,000 g/mol. Combinations of the above
ranges {e.g., at feast about 200 g/mol and not more than about 500 g/mool) are also possible. In
certain embodiments, the small molecule is a therapeutically active agent such as a drug (e.g.,
a molecule approved by the U.S. Food and Drug Adminisiration as provided in the Code of
Federal Regulations {C.F.R)). The small molecule may also be complexed with one or more
metal atoms and/or metal 1ons. In this instance, the small molecule 1s also referred to as a
“small organometallic molecule.” Preferred small molecules are biologically active in that
they produce a biological effect in animals, preferably mammals, more preferably humans.
Small molecules include, but are not limited to, radionuchides and imaging agents. In certain
embodiments, the small molecule is a drug. Preferably, though not necessarily, the drug is
one that has already been deemed safe and effective for use in humans or animals by the
appropriate governmental agency or regulatory body. For example, drugs approved for
human use are listed by the FDA under 21 CF.R. §§ 330.5, 331 through 361, and 440
through 460, incorporated herein by reference; drugs for veterinary use are listed by the FDA
under 21 C.FR. §§ 300 through 589, incorporated herein by reference. All fisted drugs are
considered acceptable for use in accordance with the present ivention.

13644] The term “monomer” refers to a molecule that may bind covalently to other molecules
to form a polymer. The process by which the monomers are combined to form a polvmer is
called polymerization. Molecules made of a small number of monomer units are called
oligomers. Common monomers usefuld in the methods described herein include, but are not
limited to, ethviene oxide, Di-lactide, glycolide, e—caprolactone, ethvlene, and propviene
glveol.

[0045] The term “photoinitiator” refers to a chemical compound that can produce radical
species and/or promote radical reactions when exposed to light trradiation. Common
photoinitiators useful in the methods, compositions, kits, and systems described herein
mclude, but are not limited to, benzoin ethers, benzy! ketals, a-dialkoxvacetophenones, u-
hydroxvalkylphenones, a-amino alkylphenonones, acvlphophine oxides. peroxides, and
acylphosphinates, azobisisobuivroniirile, 1,1'-azobis{cyciohexanecarbonitrile), di-tert-butyl
peroxide, benzoyl peroxide, methyt ethyl ketone peroxide, and acetone peroxide. An
exemplary photoinitiator is hithium phenyl-2.4,6-trimethylbenzoviphosphinate.

[30646] The term “solvent” refers to a substance that dissolves one or more solutes, resulting
in a solution. A solvent may serve as a medium for anv reaction or transformation described

herein. The solvent may dissolve one or more reactants or reagents in a reaction rixture. The

20



WO 2018/213614 PCT/US2018/033240

solvent may facilitate the mixing of one or more reagents or reactants in a reaction mixture.
The solvent may also serve to increase or decrease the rate of a reaction relative to the
reaction in a different solvent. Solvents can be polar or non-polar, protic or aprotic. Common
organic solvents useful in the methods described herein include, but are not linuted to,
acetone, aceionitrile, benzene, benzonitrile, 1-butanol, 2-butanone, butyl acetate, fers-butyl
methyl ether, carbon disulfide carbon tetrachloride, chlorobenzene, I-chlorobutane,
chloroform, cyclohexane, cyclopentane, 1,2-dichlorobenzene, 1,2-dichloroethane,
dichloromethane (DCM), N N-dimethviacetamide N N-dimethviformamide (DMF), 1,3-
dimethyl-3.4,5 6-tetrahydro-2-pyrimidinone {DMPU), 1,4-dioxane, 1,3-dioxane, diethvlether,
2-sthoxyethy! ether, sthyl acetate, ethyl alcohol, ethylene glycol, dimethyl ether, heptane, #-
hexane, hexanes, hexamethyiphosphoramide (HMPA), 2-methoxyethanol, 2-methoxyethyl
acetate, methyl alcohol, Z-methylbutane, 4-methvl-2-pentanone, 2-methvi-1-propanol, 2-
methyl-2-propanol, I-methyl-2-pyrrolidinone, dimethylsulfoxide (DMSO), nitromethane, 1-
octanol, pentane, 3-pentanone, I-propanol, 2-propanol, pyridine, tetrachloroethvlene,
tetrahyrdofuran (THF), 2-methyHetrahvdrofuran, toluene, trichlorobenzene, 1,1,2-
trichlorotrifluoroethane, 2,2 4-trimethylpentane, trimethyvlamine, triethylamine, NN~
ditsopropylethylanine, ditsopropylanune, water, o-xylene, p-xylene.

38471 A “protein,” “peptide,” or “polypeptide” comprises a polymer of amino acid residues
linked together by peptide bonds. The term refers {o proteins, polvpeptides, and peptides of
any size, structure, or function. Typically, a protein will be at least three amino aads long. A
protein may refer to an mdividual protein or a collection of proteins. Inventive proteins
preferably contain only natural amino acids, although non-natural amino acids (f.e.,
compounds that do not occur 1n nature but that can be incorporaled mto a polypeptide chain)
and/or amino acid analogs as are known in the art may alternatively be emploved. Also, one
or more of the amino acids in a protein may be modified, for example, by the addition of a
chemical entity such as a carbohvdrate group, a hyvdroxyl group, a phosphate group, a
farmesyl group, an isofamesyl group, a fatty acid group, a linker for conjugation or
functionalization, or other modification. A protein may also be a single molecule or may be a
multi-molecular complex. A protein may be a fragment of a naturally occurring protein or

peptide. A protein may be naturally occurring, recombinant, synthetic, or any combination of
[3048] The term “carbohvdrate”™ or “saccharide” refers to an aldehvdic or ketonic derivative

of polvhvdric alcohols. Carbobvdrates mclude compounds with relatively small molecules

{e.g., sugars) as well as macromolecular or polymernic substances {(e.g., starch, glveogen, and
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cellulose polysaccharides}. The term “sugar™ refers to monosaccharides, disaccharides, or
polvsaccharides. Monosaccharides are the simplest carbohydrates in that they cannot be
hydrolyzed to smaller carbohvdrates. Most monosaccharides can be represented by the
general formula C,H», 0, {e.g., CsH2 05 (a hexose such as glucose}), wherein y is an integer
equal to or greater than 3. Certain polvhvdric alcohols not represented by the general formuia
described above may also be considered monosaccharides. For example, deoxyribose is of the
formula CsH 404 and 15 a monosacchande. Monosaccharides usually consist of five or six
carbon atoms and are referred 1o as pentoses and hexoses, receptively. If the monosaccharide
contains an aldehyde it is referred to as an aldose; and if it contains a ketone, it 1s referred {0
as a3 ketose. Monosaccharides may also consist of three, four, or seven carbon atoms in an
aldose or ketose form and are referred 1o as trioses, tetroses, and heptoses, respectively,
Glyceraldehyde and dihvdroxvacetone are considered to be aldotriose and ketotriose sugars,
respectively. Examples of aldotetrose sugars include erythrose and threose; and kelotetrose
sugars include ervihrulose. Aldopentose sugars include ribose, arabinose, xvlose, and lyxose;
and ketopentose sugars inchude nibulose, arabulose, xylulose, and lvxulose. Examples of
aldohexose sugars include glucose (for example, dextrose), mannose, galactose, allose,
altrose, talose, gulose, and idose; and ketohexose sugars include fructose, psicose, sorbose,
and tagatose. Ketoheptose sugars include sedoheptulose. Each carbon atom of a
monosaccharide bearing a hydroxyl group {(—OH)}, with the exception of the first and last
carbons, is asymmetric, making the carbon atom a stereocenter with two possible
configurations (R or S). Because of this asymmetry, a number of isomers may exist for any
given monosaccharide formula. The aldohexose D-glucose, for example, has the formula
CeH1206, of which all but two of ifs six carbons atoms are stereogenic, making D-glucose one
of the 16 (i.e., 2%) possible sterecisomers. The assignment of D or L is made according to the
orientation of the asymmetric carbon furthest from the carbonyl group: in a standard Fischer
projection if the hydroxyl group is on the right the molecule is a D sugar, otherwise it is an L
sugar. The aldehvde or ketone group of a straight-chain monosaccharide will react reversibly
with a hydroxyl group on a different carboun atom to form a hemiacetal or henuketal, forming
a heterocyclic ring with an oxygen bridge between two carbon atoms. Rings with five and six
atoms are called furanose and pyranose forms, respectively, and exist in equilibrium with the
straight-chamn form. During the conversion from the straight-chain form to the cyclic form,
the carbon atom containing the carbony! oxygen, called the anomeric carbon, becomes a
stereogenic center with two possible configurations: the oxygen atom may take a position

either above or below the plane of the ring. The resulting possible pair of sterecisomers is
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called anomers. In an o anomer, the —OH substituent on the anomeric carbon rests on the
opposite side (irans}) of the ring from the —~CH,OH side branch. The alternative form, in
which the “CH>OH substituent and the anomeric hvdroxyl are on the same side (cis) of the
plane of the ring, 1s called a P anomer. A carbohvdrate including two or moore joined
monosaccharide units is called a disaccharide or polvsaccharide {e.g., a trisaccharide},
respectively. The two or more monosaccharide units bound fogether by a covalent bond
known as a glycosidic linkage formed via a dehydration reaction, resulting in the loss of a
hydrogen atom from one monosaccharide and a hydroxyl group from another. Exemplary
disaccharides include sucrose, lactulose, lactose, maltose, 1somaltose, trehalose, cellobiose,
xylobicse, laminaribiose, gentiobiose, mannobiose, melibiose, nigerose, or rutinose.
Fxemplary trisaccharides include, but are not imited to, isomaltotriose, nigeroiriose,
maliotriose, melezitose, maltotriutose, raffinose, and kestose. The term carbohvdraie also
includes other natural or synthetic siereoisomers of the carbohydrates described herein.
[0049] The terms “polynucieotide”, “nucleotide sequence”, “nucleic acid”, “nucleic acid
molecule”, “nucleic acid sequence”, and “oligonucleotide” refer to a series of nucleotide
bases {also called “nuclectides™) in DNA and RNA, and mean any chain of {wo or more
nucleotides. The polynucleotides can be chireric mixtures or derivatives or modified
versions thereof, single-stranded or double-stranded. The oligonucleotide can be modified at
the base muoiety, sugar moiety, or phosphate backbone, for example, to improve stability of
the molecule, tis hybridization parameters, efc. The antisense oligonuculeotide may comprise
a modified base motety which is selected from the group including S-fluorouracil, 5-
bromouracil, 5-chlorouracil, S-1odouracil, hypoxanthine, xanthine, 4-acetyicytosing, 5-
{carboxyhydroxylmethyl) uracil, 5-carboxymethvliaminomethyl-2-thiouridine, 5-
carboxyroethyvlamimonethvluracil, dihvdrouracil, beta~-D-galactosylqueosine, inosine, N6-
isopentenviadenine, 1-methyiguanine, 1-methylinosine, 2.2- dimethviguanine, 2-
methyladenine, 2-methviguanine, 3-methylcvtosine, 5- methyleytosine, N6-adenine, 7-
methyvlguanine, S-methylaninomethyluracil, 5- methoxyaminomethyl-2-thiouracil, beta~-D-
manuosylqueosine, 5 ~-methoxycarboxyvmethyhuracil, 5-methoxyuracil, 2-methylihio-N6-
isopentenviadenine, wybuioxosine, pseudouracil, queosine, 2-thiocytosine, S-methyl-2-
thiouracil, 2-thiourac, 4-thiouracil, 5-methyluracil, uracil- S-oxyacetic acid methylester,
uracil-5~oxyacetic acid, S-methyl-2-~ thiouracil, 3~(3-amino-3-N-2-carboxvpropvl) uracil, a
thio-guanine, and 2 6-diaminopurine. A nucleotide sequence typically carries genetic
mformation, including the information used by cellular machinery to make proteins and

enzvmes. These terms include double- or single-stranded genomic and cDNA, RNA, any
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synthetic and genetically manipulated polynucleotide, and both sense and antisense
polvnucieotides. This includes single- and double-stranded molecules, i.e., DNA-DNA,
DNA-RNA and RNA-RNA hvbrids, as well as “proten nucleic acids™ (PNAs) formed by
conjugating bases to an anuno acid backbone. This also includes nucleic acids containing
carbohvdrate or lipids. Exemplary DNAs include single-stranded DNA {ssDNA), double-
stranded DNA (dsDNA), plasmid DNA (pDNA}, genomic DNA (gDNA), complementary
DNA (cDNA), antisense DNA, chloroplast DNA (CtDNA or ¢cpDNA), microsatellite DNA,
mitochondrial DNA (mtDNA or mDNA), kinetoplast DNA (kDNA), provirus, lvsogen,
repetitive DNA, satellite DNA, and viral DNA. Exemplary RNAs include single-stranded
RNA (ssRNA), double-stranded RNA (dsRNA), small interfering RNA (5iRNA), messenger
RINA (mRNA), precursor messenger RNA (pre-mRNA), small hairpin RNA or short hairpin
RINA {(shRNA}, microRNA (miRNA}, guide RNA (gRNA), transfer RNA ({RNA), antisense
RNA {asRMNA), heterogeneous nuclear RNA (hnRNA), coding RNA, non-coding RNA
{ncRNA), long non-coding RNA (Jong ncRNA or IncRNA), satellite RN A, viral satellite
RNA, signal recognition particle RNA, small cytoplasmic RNA, small nuclear RNA
{(snRNA}, ribosomal RNA (rRNA}, Piwi-interacting RNA (piRNA}, polyinosinic acid,
ribozyme, flexizyme, sroall nucleolar RNA (snoRNA), spliced leader RN A, viral RNA, and
viral satellite RNA.

{6030} The terms “plateau modulus™, “rubbery plateau”, or “G,” refer to the area above the
glass transition {emperature and the below the melting temperature of a polymer. The
appearance of a rubbery plateau is the result of entanglements or crosstinks. Both the width of
this region as well as the properties in this region depend on the molecular weight between
entanglerents (M) or crosshinks. Only polyruers that are sufficiently long can form stable,
flow restricting entanglements. The rubbery plateau modulus, G, 1s inversely proportional to
the molecular weight between the entanglements, M,

[3651] The ierm “relaxation fime” refers to a time constant for a system (i.e., polvmer
network) to retum to equilibrium in response to a disturbance (j.e., pressure change,
ternperature change, eic.} The progress of the relaxation can be observed electromcally by
measuring the change in properties, such as electrical conductivity or spectroscopic
absorption.

[0052] The term “terminal velocity” refers to the highest velocity attainable by an object as it
falls through a fluid. It occurs when the sum of the drag force and the buoyancy is equal to
the downward force of gravity acting on the object. Since the net force on the object is zero,

the object has zero acceleration. In fluid dynamics, the object is moving at 113 terminal
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veloctty if its speed is contant due to the restraining force exerted by the fluid through which
it 1S moving.

[0053] The term “stiffness” refers to the ngidity of an object — the extent to which it resists
deformation in response to an applied force. The stiffness, &, of a body 1s a measure of the
resistance offered by an elastic body to deformation. For an elastic body with a single degree
of freedom, the stiffness 13 defined as & = F/d, where F is the force on the body and d is the
displacement produced by the force along the same degree of freedom. Rotational stiffness is
defined as & = M/0, where M is the applied moment and 8 is the rotation. Axial stiffness is
defined as & = AE/L, where A 1s the cross-sectional area, E is the tensile elastic modulus (or
Young's modulus}, and L 1s the length of the element. Rotational stiffness 1s defined & =
GJ/L, where J is the torsion constant for the section, G is the rigidity modulus of the material
and L is the length of the element.

[30854] The term “loughness™ refers to the ability of a matenal {o absorb energy and
plastically deform without fracturing. Toughness can be defined as the amount of energy per
unit volume that a maierial can absorb before rupturing. Toughness can also be defined as a
material’s resistance to fracture when stressed. Toughness can be determined by imtegrating

the stress-strain curve. The mathematical description is:

. €5
toughness = nergy .. f o de
volume o

where € 18 straim, €18 the strain upon failure, and & is siress.

[8055] The term “viscosity” refers to the measure of a fluid’s resistance to gradual
deformation by shear stress or tensile stress. Viscosity is a property of a fluid which opposes
the relative motion between the two surfaces of the fluid in a fluid that are moving at
different velocities.

[3056] The term “elasticity” refers 1o the ability of a body to resist a distorting influence or
deforming force and to return {o its original size and shape when influence or force is
removed. Sohid objects will deform when adequate forces are applied on them. If the material
is elastic, the object will retum to its initial shape and size when these forces are rernoved.
16057} The term “viscoelasticity” refers to the property of materials that exhibit both viscous
and elastic characteristics when undergoing deformation. Viscoelastic materials have

elernents of both of these properties and, as such, exhibit ime-dependent strain.
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{6058} The terms “dynamic modulus™ or “complex modulus™ refer to the ratio of siress to
strain under vibratory conditions (calculated from data obtained from whether free or forced
vibration tests, in shear, compression, or elongation).

[0059] The term “storage modulus™ refers the measure of stored energy of a viscoelastic
material.

{3860} The term “loss modulus™ refers 1o the measure of energy dissipated as heat of a
viscoelastic material.

{6061} The term “energy dissipation” refers to a physical process (as the cooling of a body in
open air} by which energy becomes not only unavailable but irrecoverable in any form.

LA

6662} The term “adhesive” may be used interchangeably with “glue”, “cement”, “mucilage”,
or “paste”, and refers to any substance applied to one surface, or both surfaces, or two
separate items that binds them together and resists their separation.

{3863} The term “biomaterial” refers to any substance that has been engineered to inleract
with biological svstems for a medical purpose — either a therapeutic (treat, augment, repair or
replace a tissue function of the body) or a diagnostic one. Biomaterials can be denved either
from nature or synthesized in the laboratory using a variety of chemical approaches utilizing
metallic components, polymers, ceramics, or composite matertals. They are often used and/or
adapted for a medical application, and thus comprises whole or part of a living structure or
biomedical device which performs, augments, or replaces a natural function.

[3864] The term “self-healing” describes an artificial or synthetically-created substances that
have the built-in ability to automatically repair damage to themselves without any extemal
diagnosis of the problem or human intervention. Seif-healing materials counter degradation
through the initiation of a repair mechanism that responds to damage. Healing mechanisms
vary from an intrinsic repair of the material to the addition of a repair agent contained in a
microscopic vessel Self-healing polymers may activate in response to a external stimulus
(i.e., light, temperature change, etc.) to mitiate the healing process.

[8065] The term “coating” refers to a covering that is applied to the surface of an object. The
purpose of applying the coating may be decorative, functional, or both. Functional coatings
may be applied to change the surface properties of the object, such as adhesion, wettability,

COTTOSIon resisiance, or wear resistance.
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BrIEF DESCRIPTION OF THE DRAWINGS
[6066] The accompanying drawings, which constitute a part of this specification, ilfustrate
several embodiments of the invention and together with the description, serve to explain the
principles of the invention
3867} Figure 1 shows the four-arm polyethylene glvcol of which the hydrogels are
composed, where the end of each arm 15 {unctionalized with an N-terminal histidine residue
(4PEG-His). The histidines form complexes with transition metal ions M (M = Ni, Cu, Co),
which crosslink the 4PEG-His polymers resulting in a viscoelastic hydrogel. A water-soluble
radical photo-initiator, lithium phenyl-2.4,6-trimethvibenzoyiphosphinate (LAP), was used to
create hvdrogels with viscoelastic properties that are responsive to longwave (~365 nm)
irradiation. The radicals generated by the photo-dissociation of LAP react with the His:M*'
crosslinks in duff erent wavs depending on the metal ion, resulting in a variety of viscoelastic
properties which can be {riggered by low-intensity UV trradiation, as shown in the bottom
figure: Cu’'-based hvdrogels lose all rigidity, while Co”"-based hvdrogels become several
orders of magnitude stiff er. In contrast, Ni*'- based hydrogels are not strongly aff ected by
UV-generated radicals.
[6068] Figures 2A4-2C show the viscoelastic moduli across an expanded frequency regime
both pre- and post-UV treatment and highlights the extreme diff erences in response, Ni*'-
contaiming hvdrogels are relatively unaff ected, with a slight decrease in both plateau rodulus
Gy (defined as G' (o — ) and relaxation time 1 (o(G' = G") ') (Figure 2A). In contrast,
Cu™-based hydrogels become viscous fluids, with ' and G decreasing by several orders of
magnitude (Figure 2B). Co™'-based gels stiff en substantially post-UV. and gain a low-
frequency modulus which explains their sohd-like behavior (Figure 2C). A high-frequency
resonant dissipation mode remains, although at lower frequencies {longer timescales} than the
pre-UV hydrogels.
[0069] Figure 3 shows that 4PEG-His:Co:LAP hvdrogels stiff en dramatically under UV
irradiation by gaining a low-frequency relaxation mode associated with His:Co’" crosslinks.
However, the hydrogels maintain their resonant energy dissipation at higher frequencies,
similar to the timescale associated with the His:Co™" crosslinks. This high-frequency energy
dissipation decreases 1n magnitude with increasing LAP concentration, while low-frequency
energy dissipation increases in magnitude as shown at right. Error bars show standard
deviations of 3 measurements.
[3070] Figure 4 shows that because the ligand exchange kinetics control the energy

dissipation timescale, and the exchange kinetics vary by orders of magnitude depending on
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the metal ton, using combinations of metal 1ons results in hydrogels with multiple
characierisiic energy dissipation timescales. Here, hydrogels made with the three metal ion
pairs are highlighted: Ni*":Cu™", Ni*":Co™, and Co™":Cu’". Because the ligand exchange
kinetics for Ni*" complexes are ~100x slower than Co’” and Cu™", using Ni*" to crosslink
4PEG-His results in a relatively slow dissipation fimescale, while Co®” or Cu®' result in
hydrogels with much shorter, and similar, relaxation times. Hybrid hydrogels made with Ni**
and either Co™" or Cu”" show both slow and fast energy dissipation timescales. All hydrogels
shown use a constant His:M”' ratio of 2:1.

{60711 Figure S shows that because His:Cu bonds are eff ectively removed with LAP + UV,
Ni:Cu hydrogels with a small amount of Cu exhibit a fast relaxation mode that can be deleted
with UV irradiation, leaving the slow Ni*"-controlled mode to dominate the post-UV
viscoelastic properties. In hydrogels with lower concentrations of Ni*", there is little evidence
of a slow, Ni*"-associated energy dissipation mode before UV irradiation. However, a new
relaxation mode emerges in these hydrogels after UV irradiation which was associated with
new His/Ni®" crosstinks forming when His ligands switch from coordinating Cu to
coordinating Ni. Arrows indicate the approximate terminal relaxation time of the material as
a guide to the eye. All hydrogels shown here use a constant His:M* " LAP ratio of 2:1:2.
{3672} Figare 6 shows that because UV wrradiation can cause His ligands to swiich from
coordinating Cu to coordinating Ni, at intermediate Ni:Cu ratios, UV uradiation causes the
terminal viscosily ne*| of the hydrogel to increase (Mo lpos-uv/| No'lpre-uv > 1), At higher
amounts of Cu, there are not enough His:Ni crosslinks to contribute mechanically to the
network and removing His:Cu crosslinks via UV irradiation causes the viscosity to decrease.
[3673] Figure 7 shows that while 4PEG-His:N1:Co hydrogels in the pre-UV state exhibit
both a fast energy dissipation mode (o ~ 50 rad/s) and slow energy dissipation mode {w ~ 1
rad/s) similarty to 4PEG-His:Ni:Cu hydrogels, their viscoelastic material functions respond
very diff erently to UV irradiation because His: Co crosshinks strengthen in response to
oxidation, while His:Cu crosslinks weaken.

13674] Figure 8 shows that because Co and Cu have relatively similar pre-UV viscoelastic
properties, mixtures of the two metals do not result in large shifts in moduli. However, they
react very diff erently 1o photo-generated LAP radicals, as shown at right. Therefore, a wide
array of post-UV viscoelastic property pairs can be achieved.

6875} Figures 9A-9C show characterization of LAP photomnitiator. Figure 9A shows UV-

vis absorption of a 2.5 wi% solution of LAP shows the strong absorbance band at ca. 350-400
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nm, and Figure 98 shows that its characteristic absorbance is lingarly proportional fo its
concentration. In Figure 9C, the functionality of LAP was confirmed by using it to
photopolymerize a 10 wit%, 10 kDa four-arm PEG-acrvlate hydrogel (structure above figure).
The gel point occurs within ~2-3 minutes after initiating UV wradiation, and full cure of the
gel on the apparatus occurs in approximately 5-10 minutes as measured by G'(1 rad/s).
[3876] Figare 10 shows mechanical properties of hydrogels with increased LAP loading,
While using additional LAP further decreases the moduli and relaxation time of 4PEG-His: N1
hydrogels, the effect pales in comparison to the effects observed in Cu-crosshinked or Co-

crosstinked hydrogels.
[6077] Figuve 11 shows LAP-concentration dependence of |G | =V G™+G" at @ = 10 rad/s

for 4PEG-His:Cu hydrogels. Even at the highest LAP loading measured here, the modulus of
4PEG-His: Cu hydrogels is still higher than the 4PEG-His solution itself, suggesting that
His:Cu crosshinks stilf exist after UV trradiation. An estimate of the modulus of H2O s
provided for reference (assuming nmo =~ mPa.s).

[6078] Figure 12 shows evidence for Co’” oxidation. (left) UV irradiation distinctly changes
the color of 4PEG-His: Co:LAP hydrogels. The lower figure zooms in on how the color
changes over the course of UV irradiation. (tight} Ascorbic acid reduces Co’t, dissolving
hydrogels significantly faster than EDTA. After 24 h, the hydrogel treated with ascorbic acid
{a reducing agent) has lost its orange color, and after 48 h it 1s fully dissolved. In contrast,
hydrogels treated with H,O or ethylenediaminetetraacetic acid (EDTA, a strong, broad-
spectrum metal chelator) do not dissolve after 48 h.

60879} Figure 13 shows the UV-rheology apparatus. The light source used is the “HQRP
Longwave 12 LED UV Flashlight 365 nm” modified to be powered by a DC power source

and to fit onto the rheometer,

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS
6080} Before the disclosed systems, compositions, methods, reagents, and kits are described
in more detail, it 1s to be understood that the aspects described herein are not limited to
specific embodiments, methods, apparati, or configurations, and as such can, of course, vary.
It is also to be understood that the terminology used herein is for the purpose of describing
particular aspects only and, unless specifically defined herein, is not intended to be limiting.
{6681} Provided herein are polymer networks capable of undergoing changes to static and

dynamic properties due to oxidation and/or reduction reactions. In certain embodiments, the
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present disclosure describes methods of switching between material properites of polymer
networks of the general form: polymer-ligand:metal, by exposure fo light. Also included
within the present disclosure are descriptions for the uses of these polvmer networks {e.g.,
hydrogels), kits comprising these polymer networks, and materials and reagents to synthesize,
prepare, modify, and manipulate these polymer networks.

(30882} In one embodiment, the present disclosure describes methods for aliering the
properties of a polyvmer network comprising exposing the polymer network to light in the
presence of a photoinitiator; wherein the polymer network is comprised of polymers non-
covalently crosslinked by coordination of the polymers to metals; and wherein the metals
undergo oxidation and/or reduction reactions upon exposure (o light in the presence of the
photoinitiator. In certain embodiment, the resulting polymer network forms a hydrogel. In
some embodiments, the metal 1ons form complexes with ligand moieties, which act as
transient crosshinks to control the properties of a polymer network, and diff erent metal ion
complexes respond m dramatically diff erent fashions when exposed to light-generated
radicals from the photoinitator. By selecting the metal ion mixtures which form the transient
crosshinks, it is possible {o create materials with specific energy-dissipation properties and
therefore “designer” viscoelastic material functions. With the understanding of how each
metal ion complex responds to radicals generated from photo-dissociation of a photoinitiator,
the energy-dissipation modes can be programmed {6 adopt a new set of strengths and
characteristic timescales, creating materials with viscoelastic material functions that are
programmable with light irradiation. These types of sirategies could be applied to the the
design of soft adhesives or in the creation of biomaterials optimized for specific dvnamic

loading contexis.

Components of Polymer Neswork

Palymers

13683} One aspect of the present disclosure relates to polymers. In certain embodiments, the
polymers are multi-arm polymers. In certain embodiments, the end of each polvmer arm is
covalently bound to a ligand moiety. In certain embodiments, the arms of the multi-arm
polymers are attached to a central atom, an optionally substituted alkyl group, an optionally
substituted heteroalkyl group, optionally substituted alkoxy group, or a combination thereof

6684} In certain embodiments, the polymers are of formula;
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X Li P LZ — LA

n
wherein: X is carbon, silicon, nitrogen, oxvgen, sulfur, optionally substituted alkyl, optionally
substituted heteroalkyl, optionally substituted carbocyelyl, optionally substituted
heterocyclyl, optionally substituted arvl, optionally substituted hetercarvi, optionally
substituted alkoxy, or a combination thereot; each L, and L, are independently substituted or
unsubsiituied, cyclic or acyclic, branched or unbranched aliphatic; substituted or
unsubstituted, cyclic or acyclic, branched or unbranched heteroaliphatic; substituted or
unsubstituted aryi; or substituted or unsubstituted heteroaryl, or a combination thereof’ each P
is independently a linear or branched, homopolymer or copolymer, or a combination thereof,
having a number average molecular weight of about 100 Da to 60000 Da; each L s
independently a ligand moiety that coordinates to a metal (For an example of a histidine
moiety coordinating to a metal, see Figure 1); and n is an integer between 2 and 4, inclusive.
6885} In certain embodiments, the polymers are muiti-arm polymers consisting of covalently
bound ligand moieties at the end of each polyvmer armm. In certain embodiments, the polvmers
are selected from a group consisting of one-arm polymers, two-arm polymers, threg-arm
polymers, four-arm polymers, five-arm polyvmers, six-arm polymers, seven-arm polymers,
and eight-arm polymers. In certain embodiments, X is carbon and the polymers are four-arm
polymers. In certain embodiments, X is silicon and the polvmers are four-arm polymers. In
certain embodiments, X is nitrogen and the polyvmers are three-arm polymers. In certain,
embodiments, X is oxygen and the polvmers are two-arm polymers. In certain, embodiments,
X 1s sulfur and the polymers are two-arm polymers.
(3086} In certain embodiment, each arm of the polymer comprises repeating units covalently
bound together. In certain embodiments, the repeating units are monomers selected from the
group consisting of ethvlene oxide, DL-lactide, glvcohide, e—caprolactone, ethylene, and
propylene glycol. In certain embodiments, each arm of the polymer comprises 1 to 100
repeating units, inclusive. In certain embodiments, each arm of the polvmer comprises 2 to
100 repeating units, inclusive. In certain embodiments, each arm of the polymer comprises 2
1o 75 repeating uniis, inclusive. In certain embodiments, each arm of the polymer comprises 2
to 50 repeating units, inclusive. In certain embodiments, each arm of the polymer comprises 2
to 25 repeating units, inclustve. The polymers of the polvimer arms may be of any molecular
weight. In certain ernbodiments, the polymers of the polymer arms each independently have a

number average molecular weight ranging from about 100 to about 60000 Da, about 500 to
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about 60000 Da, about 1000 to about 60000 Da, about 2000 to about 60000 Da, about 5000
1o about 60000 Da, about 10000 to about 60000 Da, about 20000 to about 60000 Da, about
10000 to about SO000 Da, about 20000 to about 30000 Da, about 30000 to about 50000 Da,
or about 30000 to about 60000 Da; each range being inclusive.

{38871 In certain embodiment, each arm of the polymer comprises a polymer selected from
the group consisting of linear homopolymer, branched homopolymer, random copolyvmer,
block copolymer, alternating copolymer, segmented copolvmer, linear copolvmer, branched
copolymer, grafied copolvmer, and tapered copolymers. In certain embodiment, each
polvmer arm contains a polymer sefected from the group consisting of polvethviene glycol,
polv{D.L-lactide), polvglycolide, poly{e—caprolactone), polyethvlene, and polvethyvlene
gdycol (PEG).

[3088] In certain embodiments, the ligand moiety covalenily bound to the end of the polymer
arms are selected {rom the group consisting of proteins, polysaccharides, nucleic acids, amino
acids, organic diacids, polypeptides, amines, thiols, ethers, alcohols, polyacids, polvamines,
heterocycles, and heteroarvis. In certain embodiments, the end of each arm of the polymer is
covalentiv bound to the same ligand moiety. In certain embodiments, the end of each arm of
the polvmer s covalently bound to the different ligand moieties. fn certain embodiments, the
ligand moiety is terpyridine. In certain embodiments, the ligand moiety is catechol. In certain
embodiments, the ligand moiety is histidine.

(3089 In certain embodiments, the polymers are multi-arm polymers, wherein each arm of
the polymer comprises polyethviene ghycol {PEG). In certain embodiments, the polymers are
nmti-arm polymers, wherein each arm of the polymer comprises polvethylene glycol (PEG)
substituled with a histidine moiety. In certain embodiments, the polvmers are four-arm
polymers, wherein each arm of the polymer comprises polyethylene glycol (PEG) substituted
with a histidine moiety. In one embodiment, each arm of the polymer comprises a histidine

moiety. In certain embodiment, the polymer is of the fornmuila:
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wherein n 1s between 1 and 100, inclusive.

Metals

{3690 In certain embodiments, one or more metals are selected from the group consisting of
scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zing,
vitrium, zirconium, niohium, molybdenum, technetium, ruthenium, rhodium, palladium,
stiver, cadmium, hafnium, fantalum, tungsten, rhenium, osmium, iridium, platinum, gold,
mercury, rutherfordium, dubnium, seaborgium, bohrium, hassium, and meitnerium. In cerfain
embodiments, the metal 1¢ one metal. In certain embodiments, the metal 1¢ cobalt. In certain
embodiments, the metal 13 nickel. In certain embodiments, the metal is copper. In certain
embodiments, the metal 1s zinc. In certain embodiments, the metal is a combination of two to
five different metals, inclusive. In certain embodiments, the metal is a combination of two o
four different metals, inciusive. In certain embodiments, the metal is a combination of two to
three different metals, inclusive. In certain embodiments, the metal is a combination of five
metals. In certain embodiments, the metal is a combination of four metals. In certain
embodiments, the metal 1¢ a combination of thres metals. In certain embodiments, the meial
is a combination of two metals. In certain embodiment, the metal is a combination of nickel
and copper. In certain embodiment, the metal is a combination of nickel and cobalt. In certain
embodiment, the metal is a combination of cobalt and copper. The molar ratio of the metal
ions of the double-metal polymer networks can range between 1:99 to 99:1. In certain
embodiments, the molar ratio of the metal 1ons of the double-metal polvmer networks can

range between 1:99 and 10:90, 10:90 and 20:80, 20:80 and 30:70, 30:70 and 40:6¢, 40:60 and
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50, 50:50 and 60:40, 60:40 and 70:30, 70:30 and 80:20, 80:20 and 90:10, or 90:10 and
1.

o)

6091} The oxidation number of the metal can range from 0 1o &, inclusive. In certain
embodiment, the oxidation number of the metal is 1. In certain embodiment, the oxadaiion
number of the metal is 2. In certain embodiment, the oxidation number of the metal is 3. In
certain embodiment, the oxidation mumber of the metal 15 4. In certain embodiment, the
oxidation number of the metal 15 5. In cerfain embodiment, the oxidation number of the metal
is 6. In certain embodiment, the oxidation number of the metal is 7. In certain embodiment,
the oxidation number of the metal i3 8. In certain embodiments, the oxidation number of
nickel 1s between 0 and 4, inclusive. In certain embodiments, the oxidation number of nickel
is 2. In certain embodiments, the oxidation number of cobalt is between 0 and 3, inclusive. In
certain embodiments, the oxidation number of cobalt is 2. In certain embodiments, the
oxidation number of cobalt is 3. In certain embodiments, the oxidation number of copper 13
between 0 and 4, inclusive. In certain embodiments, the oxidation nuraber of copperis 2. In
certain embodiments, the oxidation number of copper is 1. In certain embodiments, the
oxidation number of nickel 1s the same throughout the polymer network. In certain
embodiments, the oxidation nurnber of nickel differs within the polymer network. In certain
embodiments, the oxidation number of cobalt is the same throughout the polymer network. In
certain embodiments, the oxidation number of cobalt differs within the polymer network. In
certain embodiments, the oxidation number of copper 15 the same throughout the polymer
network. In certain embodiments, the oxidation number of copper differs within the polvmer

network.

Metheds for Preparing and Altering Properties of Polymer Networks

(6892} In certain embodiments, the present disclosure provides methods for altering the
properties of a polyroer network {e. 2., metal-crosslinked hydrogels) comprising exposing the
polymer network to Hght in the presence of a photoinitiator; whergin the polymer network is
comprised of polymers non-covalently crosslinked by coordination of the polymers to metals
{e.g., copper, muckel, cobalt); and wherein the metals undergo oxidation and/or reduction
upon exposure to light in the presence of the photoinitiator.

6093} In certain embodiments, the polymer network was formed by mixing in order: (1) a
solution of polymer in solvent, (2} a buffer solution, (3) solvent, (4) a solution of
photoinitiator, and (5) and a solution of metal salts. Upon adding the solution of metal salts,

gelation (polymer network formation) was observed nearly instantaneously at the site of
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injection. Samples were thoroughly homogenized by vortex mixing, centrifuged to remove
air bubbles, and stored at room temperature in the dark. This protocol allows for the
formation of the polymer network in the presence of the photomnitiator, but avoids
uncontrolled photo-dissociation of the photoinitiator. In certain embodiment, the solution of
polymer in solvent is 200 mg/mL solution of 4PEG-His in MilhQ HyO. In certain
embodment, the buffer solution 15 1.0 M solution of 3-(N-morpholino)propanesulfonic acid
{(MOPS) buffer at pH 7 4. In certain embodiment, the solvent is Milh(3 H,0. In certain
embodiment, the solution of photoimitiator an aqueous solution of LAP. In certain
embodiments, the solution of metal salts is an aqueous solution of NiCl,»6H,0, CuCl,*2H,0,
or CoCly*6H, 0. In certain embodiments, the solution of metal salts consists of one type of
metal ion. In certain embodiments, the solution of metal salts consists of two types of metal
ions. In certain embodiments, the solution of metal salis consists of more than two types of
metal ions. In certain embodiments, the final buffer concentration was 0.2 M in polymer
network. In certain embodiment, the samples were centrifuged for S minudes.

13694 In certain embodiments, polymer networks containing a photoinitiator is irradiated
with light. In certain embodiment, the light irradiation causes photo-dissociation of the
photoinitiator to generate free radicals. In certain embodiment, the free radicals can effect
oxidation and/or reduction of the metals. In certain embodiment, the oxidation and/or
reduction of the metals aliers properties of the resulting polymer network.

6895} In certain embodiments, a polymer network preparad by a process comprising the
steps of: providing a substraie polymer network comprised of polymers non-covalently
crosslinked by coordination of the polymers to metals; contacting the polymer network with a
photoinitiator to form a mixture; irradiating the mixtare with light: whereby the wrradiation
results in a change in the oxidation state of the metal. In certam embodiments, the mixture
further comprises a solvent. Solvents can be polar or non-polar, protic or aprotic. Common
organic solvents usefull in the methods described herein include acetone, acetonitrile,
benzene, benzonitrile, 1-butanol, 2-bitanone, butvl acetate, teri-butvl methyl ether, carbon
disulfide carbon tetrachloride, chlorobenzene, 1-chlorobutane, chloroform, cyclohexane,
cyclopentane, 1,2-dichlorobenzene, 1,2-dichloroethane, dichioromethane (DCM), N N-
dimethylacetamide N N-dimsthyHormamide (OMF), 1,3-dimethyl-3,4,5 6-tetrahydro-2-
pyrimidinone (DMPU), 1,4-dioxane, 1,3-dioxane, dicthylether, 2-ethoxvethvl ether, ethyl
acetate, ethyl alcohol, ethvlene glveol, dimethyl ether, heptane, n-hexane, hexanes,
hexamethylphosphoramide (HMPA), 2-methoxyethanol, 2-methoxyethy! acetate, methyl

alcobol, 2-methylbutane, 4-methyl-2-pentanone, 2-methyl-I-propanol, 2-methyl-2-propancl,
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I-methvi-2-pyrrolidinone, dimethylsulfoxide (DMSQO), nitromethane, I-octanol, pentane, 3-
pentanone, 1-propanol, 2-propanol, pvriding, tetrachloroethvlene, tetrahyrdofuran (THF), 2-
methyletrahvdrofuran, toluene, trichlorobenzene, 1,1, 2-trichlorotrifluoroethane, 2.2 4~
trimethylipentane, trimethvlamine, triethylanune, N N-diisopropylethylanune,
ditsopropvlamine, water, o-xvlene, p-xylene. In certain embodiments, the solvent 1s water. In
certain embodiments, the mixture does not include a solvent.

[3096] To certain embodiments, the photoimitiator is selected from a group consisting of
benzoin ethers, benzyl ketals, a-dialkoxyacetophenones, g-hydroxyalkyiphenones, a-amino
alkylphenonones, acylphophine oxides, peroxides, acylphosphinates, azobisisobutyronitrile,
1, V-azobis{cyclohesanecarbonitrite), di-tert-buiyl peroxide, benzoyvl peroxide, methyl ethyl
ketone peroxide, and acetone peroxide. In certain embodiments, the photoinitiator is an
acviphosphinate. In certain embodiment, the photoinitiator is lithium phenvyl-2,4,6-
trimethyibenzoylphosphinate (LAP). In certain embodiments, the photoinitiator is 1s soluble
in one or more solvents. In certain embodiments, the photoimtiator 15 soluble in one or more
organic solvents and one or more non-organic solvents. In certain embodiments, the
photoinitiator is soluble in one or more organic solvents. In certain embodiments, the
photoinitiator 1s soluble in one or more non-~organic solvents. In certain ernbodiment, the
photoinitiator is soluble in water.

{38971 In certain embodiments, the photoinitiator undergoes photo-dissociation {0 generate
free radicals upon exposure to light irradiation. In certain embodimments, the photo-
dissociation of lithium phenyl-2.4 6-trimethylbenzoviphosphinate (LAP) generates free
radicals upon UV irradiation. The free radicals are capable of effecting oxidation and/or
reduction of metals within the polyvmer network. In certain embodiments, the {ree radicals
etfect multi-electron reduction and/or multi-electron oxidation of metals within the polymer
network. In certain embodiments, the free radicals effect single-eleciron reduction and/or
single-electron oxidation of metals within the polymer network. In certain embodiments, the
percentage of metal 1ons of any type that undergo reduction by the free radicals 1s in the
range between 0% to 10%, 10% to 20%, 20% to 30%, 30% to 40%, 40% to 50%, 30% to
60%, 60% 10 70%, 70% 1o 80%, 80% 1o 90%, or 90% o 100%. In certain embodiments, the
percentage of metal 1ons of any type that undergo oxidation by the free radicals 15 in the
range between 0% to 10%, 10% to 20%, 20% to 30%, 30% to 40%, 40% to 30%, 50% {o
60%, 60% to 70%, 70% to 80%, 80% to 90%, or 90% to 100%.

[30698] The wavelength of light trradiation to the photoinitiator corresponds to at least encugh

energy o effect photo-dissociation of the photoimitiator. o the present disclosure, the
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wavelength of light irradiation to the photomitiator can range from 10 nm to 1000 nm. In
certain embodiments, the wavelength of light irradiation is between approximately 10 nm and
approximately 100 nm, inclusive. In certain ernbodiments, the wavelength of light wrradiation
is between approximately 100 nm and approximately 200 mm, inclusive. In certain
embodiments, the wavelengih of light irradiation is between approximately 200 nm and
approximately 300 nm, inclustve. In ceriain embodiments, the wavelength of hight irradiation
is between approximately 300 nm and approximatelv 400 nm, inclusive. In certain
embodiments, the wavelength of light irradiation is between approximately 400 nm and
approximately 500 nm, inclusive. In certain embodiments, the wavelength of light irradiation
is between approximately S00 nm and approximaiely 600 nim, inclusive. In certain
embodiments, the wavelength of light irradiation is between approximately 600 nm and
approximately 700 nm, inclusive. In ceriain embodiments, the wavelength of light irradiation
1s between approximately 700 nm and approximately 800 nm, inchusive. In certain
embodiments, the wavelength of light 1rradiation 1s between approximately 800 nm and
approximately 900 nm, inclusive. In certain embodiments, the wavelength of light irradiation
is between approximately 900 nm and approximately 1000 nm, inclusive. In certain
embodiments, the wavelength of hight irradiation 1s within the ultraviolet range of the
electromagnetic spectrum. The wavelength of ultraviolet irradiation is between approximately
10 nm and approximately 400 nm, inclusive. In certain embodiments, the ultraviolet light
irradiation is between approximately 10 nm and approximately 100 nm, inchusive. In certain
embodiments, the wavelength of the ultraviolet light is approximately 365 nm.

6099} In certain embodiments, the altered properties are viscoelastic properties. In certain
embodiments, the altered properties are mechanical properties. In certain embodiments, the
altered properties are stress-relaxing properties. In certain embodiments, the altered
properties are energy-dissipating properties. In certain embodiment, the altered properties are
selected from the group consisting of stiffness, toughness, viscosity, elasticity, energy
dissipation, dynanmic modulus, complex modulus, storage modulus, loss modulus, plateau
modulus, and relaxation time. In certain embodiments, the altered properties are measured by

a rheometer.

Kits
[60100] In vet another aspect, the present disclosure describes kits. In certain embodiments,
the kats are coraprised of a polymer network comprised of roulti-armo polymers covalently

bound to higand moieties which are coordinated to one or more metals; a photomitiator; and
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optionally_ instructions for use. In certain embodiments, the kits further comprise of one or
more metals. In certain embodiments, the kits further comprise a light source, wherein the
light has a wavelength in the range of about 10 nm to about 1000 nm.

[66103] In certain embodments, the kits are comprised of roulti-arm polymers covalently
bound to a terminal group selected from the group consisting of halogen, optionally
substituted alkenyl, optionally substituied alkynyl, optionally substituted heterocyclyl,
optionally substituted arvl, optionally substituted heteroarvi, optionally substituted acvl,
optionally substituted hvdroxyi, optionally substituted amino, and optionally substituted thio;
one or More reagents; one or more reactanis; a photoimitiator; and optionally, instructions for
use. In certain embodiments, the kits further comprise of one or more metals. In cerlain
embodiments, the kits further comprise a light source, wherein the light has a wavelength in

the range of about 10 nm to about 1000 nm.

Uses

[38102] The polymer networks descnibed herein may be useful in a variety of applications.
For example, the ability to control the stress-relaxing or energy-dissipating properties of
polymer networks with light irradiation can provide useful materials such as adhesives,
biomatenals, and coatings. In certain embodiments, the adhesives, biomaterials, and coatings
are self-healing.

[66103] Additional uses will be self evident to one of ordinary skill in the art.

EXAMPLES
[36104] In order that the invention described herein may be more fully understood, the
following examples are set forth. The synthetic examples described in this application are
offered to illustrate the compounds and methods provided herein and are not to be construed

in any way as limiting their scope.

KMaterials and Methods

[66105] All chemicals were purchased from Sigma-Aldrich unless otherwise noted.

Synthesis of 4PEG-His
[66106] 4PEG-His was synthesized using appropriate modifications of the procedure by
Fullenkamp et ol , Macromolecules, 2013, 46, 1167-1174. Briefly: 1-5 g of four-arm

PEG—NH»«HCI (0.25 equivalents PEG. 1.0 equivalent -NH, groups) (JenKem USA) was
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mixed with N-a-Boc-N-tau-trityi-L-histidine (Boc-His{Trt)-OH} (1.5 equivalents} and
{Benzotriazol-1-yloxy)ins(dimethylamino)phosphonium hexafiuorophosphate (BO?P) reagent
(1.5 equivalents) and dissolved in 15 mi dichloromethane. N.N-Diuisopropvlethyiamine
(DIPEA) (535 equivalents) was added and the reaction was allowed to proceed for 2 hours
under nitrogen gas (IN,}. The product was purified by precipitation one time in diethyl ether,
three times 1n methanol at -20 °C, one time in diethyl ether, and then vacuum dried.
Protecting groups were removed by a cleavage solution of 95 mb trifluoroacetic acid, 2.5 mbL
triisopropylsilane, and 2.5 mbL H,O for 2 hours. The solvent was removed under reduced
pressure and the product purified by re-dissolving in methanol, precipitation thres times in

diethyl ether, and vacuum drying.

Synthesis of LAP Photoinitiator

[60197] Lithuum phenyl-2.4,6-tnimethylbenzoviphosphinate (also called lithium
acviphosphinate, LAP) was synthesized according to literature procedures (see, e.g.,
Fairbanks ef af., Riomatericls, 2009, 30, 6702-6707, Majima ef al., Die Makromolekulare
Chemie, 1991, 7192, 2307-2315). To an Ny~purged round bottom schlenk flask, 0.9532 mL
(1.02 g, 6.0 mmol, 1.0 equivalent) dimethyl phenviphosphonite (from Alfa Aesar) was added.

Under continuous stirning

o0

1.OmL (1.10 g, 6.0 mmol, 1.0 equivalent) of 2,4,6-trimethyl
benzoy! chloride (from Alfa Aesar) was added dropwise. The maxiure was stirred for 18 h,
when 2.08 g (24.0 mmol, 4.0 equivalents} LiBr (from Alfa Aesar) was dissolved in
approximately 30 mL of 2-butanone (from Alfa Aesar), added to the reaction muxture, and
the nuxture was vented. The mixture was then heated to 50 °C via an oif bath, and after 10
minutes the sohition became cloudy. The heat was removed, and after 3.5 hows, the solution
had a paste-hike consistency due to the precipitation of the product. Excess 2-butanoneg was
added to ease handling of the nuxture, and the precipitate was centrifuged and decanted with
excess 2-butanone three times to remove unreacted precursors. The product was vacuum
dried overnight. Final yield: 1.58 g, 5.37 mmol, 89.5% vield based on moles of precursors.
[30108] Solutions of the product in Milli(} H,O show a strong absorbance peak at
approximately 370 nm, corresponding to the established spectra of LAP (Figures 9A-9C).
The activity of LAP was confirmed by using it to photocure a four-arm PEG-acrylate
hydrogel. 10 kDa four-arm PEG-acrylate was purchased from JenKem USA and used as
received. A 100 mg/mL four-arm PEG-acrvlate solution in MilhQ HyO with a 1:1 ratio of
acrvlate groups: LAP was loaded onto the rheometer, and the storage and loss moduli were

measured at an angular frequency of 1 rad/s. After 5 munutes, the UV lamp was turned on,
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and the hydrogel reached full cure in the approximate time range of 5 to 10 minutes

(Figures 9A-9C).

Paolymer Network Formation

(36199 The polvmer network was formed by mixing appropriate volwmes of, in order: (1}
200 mg/mL solution of 4PEG-His in MilhiQ H,O, (23 1.0 M solution of 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer at pH 7.4, (3) MilliQ H,0, (4) aqueous
solution of LAP (brieflv sonicated via bath sonicator to aid in dissolution), and (5) agueous
solution of NiCle6H,0, CulCl22H. 0, or CoClie6H,0. The final buffer concentration was 0.2
M in polymer network. Upon adding the M*" solution, gelation (polymer network formation)
was observed nearly instantaneously at the site of injection. Samples were thoroughly
homogenized by vortex mixing, centrifuged for 5 minutes to remove air bubbles, and stored
at room temperature in the dark for at least 12 h prior to characterization. This protocol
allows for the formation of the polymer network in the presence of the photoinitiator, but
avoids uncontrolled photo-dissociation of the photoinitiator.

[306110] Specifically, the resulting polvmer network contain histidine ligand moieties groups
that form relatively strong vet reversible bonds with certain metal ions (M*" =Ni"", Co™", or
Cu™h). which transiently crosslink the polymers into a viscoelastic hydrogel. The ligand
exchange kinetics between hustidine and the metal 1ons primarily control the bulk network
viscoelastic relaxation, and therefore the choice of metal drastically impacts the energy
dissipative timescale(s} of the hvdrogel (see e.g. Annable er al., Jowrnal of Rheology, 1993,
37, 698; Grindy et al., Nature Materials, 2018, 14, 1210-1216; Loveless ef al.,
Macromolecules, 20068, 38, 1017110177, Yount ef gl , Journal of the American Chemical
Society, 2008, 127, 14488-96; Fullenkamp ef al., Macromolecules, 2613, 46, 1167-1174;
Yount ef al., Angewandte Chemie, 2008, 44, 2746-2748). Tnspired by researchers using
radical photoinitiators to reduce Cu™ — Cu'" to catalyze the copper-catalyzed alkyne-azide
(CuAAC) “click” reaction (see e.g. Adrima et al.. Nature Chemistry, 2011, 3, 238-261; Gong
et al., Chemical Communications, 2013, 49, 79503, to reduce Cu”' —Cu” 1o form Cu
nanoparticles {(see e.g Sakamoto ef al.. Chemistry of Materials, 2608, 20, 2060-2062), and
using hydrogen peroxide to oxidize Co™' —Co’" in 4PEG-His hydrogels (see e.g. Wegner ef
al., Macromolecules, 2816, 49, 4229-4235), the water-soluble photoinitiator lithium phenyli-
2.4, 6~inmethylbenzoylphosphinate {also called lithium acylphosphinate or LAP, Figure 1)
was introduced to the hydrogels to explore how changing the redox state of His:M*F

complexes can affect viscoelastic mechanical properiies. As shown in Figures 94-9C, LAP
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has a strong absorption band between 350-400 nm. Irradiating LAP-laden hydrogels with ca.
365 nm radiation causes the LAP to dissociate (Fairbanks ef af., Biomaterials, 2069, 30,
6702-6707), producing free radicals which can oxidize or reduce the metal centers of the
4PEG-His:M*" crosslinks. As discussed below, this change in oxidation state of the metal ion
in the coordinate crosslinks can have significant effects on the bulk gel viscoelastic

properties.

{V-rheclogy Apparatus and Procedure

[60111] For rheological measurements, polymer networks containing LAP were loaded on to
a custom-built apparatus to irradiate samples while stmultaneously measuring rheological
properties, schematically outlined in Figure 13. The light source used was an inexpensive
hand-held 365 nm LED flashlight (HQRP Longwave 12 LED UV Flashlight 365 nmy
modified to fit in the testing apparatus and powered by either a Hewlett Packard E3612A DC
power supply or a Hewlett Packard 62124 DC power supply set in current-limiting mode to
30 mA. The operating voltage was approximately 3.2 V. Measurements were conducted on
an Anion Paar MCR 302 stress-conirolled rheometer in a paraliel-plate geometry with a 25
mm-~diameter plate and a 0.2 yom gap, at room terperature. Samples were first pre-sheared at
v=0.1s"" for 5 minutes and rested for 5 minutes to erase memory of the loading history. A
frequency sweep 1s then conducted at yo = 5% strain amplitude to measure pre-irradiated
theological properties. The samples were then measured at a constant frequency w=0.5 rad/s
for M*" = Ni*" samples or & = 1 rad/s for M™" = Cu’’, Co’" and all mixed-metal samples, and
a constant strain amplitude yo = 5% in the dark for 10 minutes, at which point the UV lamp
was turned on for 1 hour. After 1 hour of trradiation, the UV lamp was tumed off and
mechanical properties were measured in the dark for 1 more hour. Finally, a second
frequency sweep was conducted at yo = 5% strain to establish post-irradiated rheological

properties.

Resulis of Rheology Studies for Singie-Metal Palymer Networks
[60112] In Figure 1, it is shown how 4PEG-His:M™ hydrogel stiffness (as measured by the

magnitude of the complex shear modulus

) responds to LAP + UV irradiation for each of
the three metal ion crosslinks studied here. The three systems respond in drastically different
ways: 4PEG- His:Co®" hydrogels stiffen by several orders of magnitude, 4PEG-His Ni*"
hydrogels are largely unaffected, and 4PEG-His:Cu’" hydrogels weaken significantly. In

order {0 more completely understand the effects of the radicals generated from photo-
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dissociation of a photoinitiator on the hydrogels’ viscoelastic mechanics, the entire material
function s considered, the complex modulus G¥{w) = G'{wit i7{w) rather than just the
value of the modulus at a single frequency. To do so, oscillatory rheclogy is used 1o measure
the storage modulus (G') and loss modulus (G} at different angular frequencies and thereby
characterize the relevant energy dissipation timescales in the materials. The frequency where
G o= (s an estimation of the dominant metal-coordinaie crosshink resonant energy
dissipation timescale 1 of the material. Tn Figures 24-2C, it can be observed that the
relaxation times of 4PEG-His:M™ hydrogels follow the pattern Tn > Teo > Ty, cotresponding
with known trends of ligand dissociation rales {(see, e.g., Helm ef al., Chemical Reviews,
20058 /05 1923-1960).

[68113] LAP has only small measurable effacts on the rheological properties of 4PEG-
His:Ni*" hydrogels as shown in Figure 2A: UV irradiation only slightly decreases both the
plateau modulus and relaxation time. Even at higher LAP concentrations, the relaxation time
only drops from approximately 4 seconds before UV exposure to approximately 1 second
after UV exposure (Figure 10), which pales in comparison to the effects to the viscoelastic
properties of 4PEG-His:Co”" or 4PEG- His:Cu™" crosslinked hydrogels upon UV irradiation.
[60114] As shown in Figure 2B, the moduli of 4PEG-His:Cu™" gels decrease by several
orders of magnitude afier UV treatment, and as the LAP concentration is increased, the
modulus approaches that of the un-crosslinked polvmer solution (Figure 11). The drastic
change in mechanical properties is most likely caused by reduction of the Cu’’ metal center
to Cu'.

[80115] In contrast to Cu’", the reaction of LAP with His:Co®” crosslinks causes a significant
increase in gel moduli overall (G'(w = 100 rad/s) increases from = 10° Pato ~ 10* Pa) and a
dramatic viscoelastic thuid fo solid iransition evidenced by the flat storage modulus at low
frequencies shown in Figure 2C. As proposed by Wegner er /. {(see e.g. Wegner el al,
Macromolecules, 2016, 49, 4229-4235), this transition 1s likely caused by the oxidation of
Co?t — Co’" (Figure 12) because the histidine ligand exchange kinetics are orders of
magnitude slower for Co”' than Co™ complexes (see e.g. Helm e al., Chemical Reviews,
2005, 105, 1923-1960), and therefore His:Co™ " crosslinks are effectively permanent in the
frequency regime. Despite the plateau of G at low frequencies, after UV irradiation the fast
energy dissipation mode associated with His:Co™" crosslinks remains, as shown by the local
maximum at o =~ 50 rad/s in Figares 2A-2C, which suggests UV irradiation incompletely

2+ 3+
converts Co” to (o7 .
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[60116] Further study of the rheological properties of 4PEG-His:Co hvdrogels with different
LAP concentrations support the conclusion that both His:Co”" and His:Co™" crosslinks are
present after UV irradiation: the energy dissipation associated with His:Co™ crosslinks at @
approximately 50 — 100 rad/s after UV frradiation decreases in magnitude with increasing
LAP concentration, and the low-frequency loss modulus increases with increasing LAP:Co
ratio (Figure 3). This inverse relationship between G'(@ ~ 107 and G"(w ~ 10%) suggests
that increasing the LAP concentration oxidizes a higher fraction of Co’™ to Co’", which

accordingly decreases the magnitude of energy dissipation at ® approximately 50 — 100 rad/s.

Resuits of Rueology Studies for Double-Metal Polymer Networks

[38117] It has been shown that 4PEG-His transient network hydrogels with combinations of
different metal 1ons generally have roultiple characteristic relaxation timescales, and it was
demonstrated how the relative contribution of these diff erent relaxation modes to the
viscoelastic material function can be tuned by simply controlling the metal ton composition
(see, e.g., Grindy ef al., Nature Muaterials, 20158, 14, 1210-1216). This is demonstrated in
Figure 4 for a selected set of metal 1on compositions. It was cbserved that hvdrogels with
both a “fast” crosstink (His:Cu™', His:Co™") and a “slow” crosstink (His;Ni”) exhibit fast and
stow relaxation modes that approxamately correspond in timescale to that of the single~-metal
networks. On the other hand, hydrogels with two “fast” crosslinks (4PEG- His:Co™:Cu’")
display viscoelastic properties that are difficult to distingumish from the pure single-metal
networks due 1o the similarity in relaxation timescales of His:Cu™" and His:Co®" crosslinks.
[66118] Building on the demonstration that 4PEG-His:( Ni*"), 4PEG-His:(Cu’"). and 4PEG-
His:(Co”") each respond in a drastically different way to radicals generated from photo-
dissociation of a photoinitiator, double-metal 1ou hydrogels with various cormbinations of
His:(Ni2 et Co'y were studied in the same manner. Below, it is shown how each pair of
metal ions studied here can indead be used in different proportions to program hydrogels with

unique UV-switchable viscoelastic material functions.

APEG-His: Ni: Cu

[60119] As shown mn Figure 4 and Figure 5, before UV uradiation 4PEG-His:Niu:Cu
hvdrogels exhibit two charactenstic relaxation modes approximately corresponding to the
relaxation timescales of 4PEG-His:Ni and 4PEG-His:Cu hvdrogels, respectively. Of note is
that, even at relativelv small concentrations of Cu, the fast relaxation mode has a larger

contribution to the modulus than 1t slow mode counterpart (viz. Nu:Cu = 90:10 before UV
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ik

wrradation, ¢ (50 rad/s) > " (0.5 rad/s)). This is attributed to the relative coordinating
sirengths of the complexes, as His:Cu bonds are much stronger than His:Ni bonds: K, ~
105 K5 = 10%Y (see, ez, Fullenkarop ef al., Macromolecules, 2013, 46, 1167-1174)
where KM is the equilibriurs constant for the reaction His + M*" — HisM™", Accordingly, in
hydrogels with higher amounts of Cu (= 50%), the slower Ni-relaxation mode cannot be
observed i the pre-UV theological properties {Figure 5, top).

[60120] Because 4PEG-His:Cu’ hydrogels significantly weaken upon reacting with radicals
generated from photo-dissociation of a photoinitiator, while 4PEG-His:Ni” hydrogels do not
respond strongly to radicals, it should be expected that 4PEG-His:Ni:Cu hydrogels contain a
fast relaxation mode that weakens significantly in response to UV irradiation. Indeed, this s
what is observed in hydrogels with at least 90% Ni: the resonant energy dissipation peak at ©
approximately 50 rad/s disappears (Figure 8} However, the magnitude of the energy
dissipation at the slow timescale associated with His:Ni crosslinks tncreases rather than
remain constant as it does i 4PEG-His:Ni gels. A logical explanation for this observation 1s
that as the radicals generated from photo-dissociation of a photoinitiator reduce Cu™ — Cu'™,
His ligands switch from coordinating Cu to coordinating Ni. This increases the concentration
of PEG chains crosslinked by a His:Ni*" crosslink, increasing the energy dissipation
associated with His:Ni*" crosslinks. At lower Ni:Cu ratios (< 50% Ni), the terminal relaxation
time after UV trradiation (identified approximately by the arrows in Figure 8§) is much slower
than the relaxation time of the pre-UV hydrogels, again showing that UV irradiation increases
the concentration of His:Ni*" crosslinks by effectively removing Cu’" crosstinks.

16012%] Another way to examine this trend is to compare the change in terminal complex
viscosity 5| = Hmg_e (¥ G+ G/ ) of APEG-His Ni:Cu hydrogels caused by UV
wradiation. As shown in Figure 6, at both high and low Ni:Cu ratios, 7y decreases after UV
wrradiation, while at intermediate ranges of Ni: Cu ratio, the hydrogel’s viscosily increases
after UV uradiation. At high Ni:Cu ratios, the mechanics of the hydrogel are donminated by
His:Ni crosstinks in both the pre-UV and post-UV state, and therefore UV wrradiation causes
the viscosity to decrease as it does in 4PEG-His:Ni*" hydrogels. At low Ni:Cu ratios, the
viscosity decreases because the mechanics of the hydrogels are controlled by His:Cu bonds,
which weaken significantly with UV irradiation and there are not enough His: Nt crosslinks to
increase the viscosity. However, at intermediate Ni:Cu ratios, UV irradiation causes His
ligands to switch from Cu to Ni, increasing the concentration of slow, His:Ni crosslinks and

therefore increasing |#q*.
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4PEG-His:Ni:Co

[60122] In a similar vein to 4PEG-His:Ni:Cu hvdrogels, the pre-UV state of 4PEG-His:Ni:Co
hydrogels exhibit two distinct relaxation tiroes that correspond to the relaxation times in the
single-metal hydrogels (Figure 4 and Figure 7). However, in contrast to 4PEG-His:Ni:Cu
hydrogels, the fast relaxation time in 4PEG-His:Ni:Co hydrogels should be expecied to
become several orders of magmitude slower upon UV urradiation due to the radical-induced
oxidation of Co”™" — Co™". As observed in Figure 7, UV irradiation indeed results in an
increase in &' at low frequencies, supporting the presence of a long-time relaxation mode
associated with His:Co’" crosslinks.

1661231 Similar to 4PEG-His Ni:Cu gels, in 4PEG-His:N1:Co hydrogels the resonant energy
dissipation mode corresponding to His:Ni crosslinks increases in magnitude post-UV,
suggesting that His ligands may swiich from coordinating Co (o coordinating Ni. However, in
conirast to 4PEG- His:Ni:Cu gels, in 4PEG-His:Ni:Co hydrogels the energy dissipation
associated with His:Ni crosslinks increases as the concentration of Ni*" ions in the network is
decreased. This is counterintuitive: in all of the other metal 1on combinations studied here, the
energy dissipation associated with a certain His:M crosshink is proportional to the
concentration of that particular metal 1on. This particular paradox supports the general idea
that the amount of energy dissipation from a certain relaxation mode depends on the spatio-
ternporal network context in which it operates {e.g., the presence of other relaxation
timescales in the material ).

160124} In further contrast with 4PEG-His: Ni:Cu where the fast energy dissipation mode is
no longer present after UV irradiation, the energy dissipation mode at @ approximately 50
rad/s associated with His:Co”" crosstinks is still present in 4PEG-His:Ni,Co hydrogels after

UV, which suggests that complete conversion of Co™ — Co’" is not obtained.

4PEG-His:Co:Cu

[B0125] Prior to UV irradiation, the relaxation fimes of 4PEG-His:Co and 4PEG-His:Cu
hydrogels are relatively similar, with T~ 0.01 seconds. Therefore, unlike the previously
discussed 4PEG- His:Ni:(Cu or Co) hydrogels, mixtures of Co™ and Cu®" do not result in two
clearly identifiable viscoelastic energy dissipation timescales and hvdrogels made with
mixtures of Co:Cu crosslinks resemble the viscoelastic properties of hydrogels made entirely
with Co? or Cu”" (as shown in Figure 4 and Figure 8). However, because His:Co”" and

His:Cu”" bonds react in opposite ways to the radicals generated from photo-dissociation of a
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photoinitiator, significantly different viscoelastic properties should be expected after UV
wradiation: samples with His:Co crosshinks should grow a low-frequency modulus associated
with His:Co’" crosslinks, and this low-frequency modulus should be proportional to the Co
concentration in the hydrogel. Samples with His:Cu crosslinks should have a high-frequency
energy dissipation mode which disappears upon UV 1radiation. This behavior 1s confirmed in
Figure 8: the low-frequency modulus associated with the His:Co™" crosslink scales with
Co:Curatio. As was the case for 4PEG-His:Ni:Cu hydrogels before UV irradiation, a small
amount of Cu displays a disproportionate effect. Even in hydrogels with only 10% Cu, the
fow-frequency post-UV storage modulus is diminished by over an order of magnitude, and
with Cu content as high as 25% the low-frequency relaxation is barely noticeable. The fact
that a relatively small amount of Cu’" in the network has a disproportionate effect on the
viscoelastic properties may be caused by the large disparity in coordinating energies of
His:Cu™" and His:Co™ complexes: K {His:Cu' )y = 105 > K (His:Co™) = 10*, (see, e g,
Fullenkamp ef o/, Macromolecules, 2013, 46, 11671174} so His ligands strongly prefer 1o
coordinate Cu rather than Co. Regardless of the specific details, 4PEG-His: Co:Cu hydrogels
represent a famuly of hvdrogels with very simular pre-UV irradiation viscoelastic matenial
functions (regardless of the Co:Cu ratio), vet vastly different post-UV irradiation viscoelastic
material fumctions which sirongly depends on the Co:Cu ratio.

[60126] The results in Figures 5-8 explicitly show that judicious choice of the transition
metal 1ons used to crosslink 4PEG-His networks can be used as a strategy to control energy
dissipation timescales in both the pre-UV and post-UYV state. Gf the diff erent chemistries
discussed here, three distinct energy dissipation timescales can be controlled: » << 107 rad/s,
w approximately 107 rad/s, and w approximately 10” rad/s. The mapping of which sets of
metal ions and UV treatments correspond o which sets of energy dissipation timescales is

outlined in Table 1.
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{able 1. Each pair of metal 1ons uniquely control the possible viscoelastic material functions,

both before UV irradiation and after UV irradiation.

af
@ << (7 gy 107
controlled by
» Before UV - NG {Cyl
Nis{’n .
After UV - INi} -
Refore UV Wil o
NiCe s , R [-5]
After TV [Cal INiL[Col {Co]
. Before UV - - ICol{Cy]
o o i -
After UY [Col - [Ca]

Ascorbic Acid treatment of histidine methyl ester: Cu complexes

1361271 Histidine methy! ester (HisOMe).Cu solutions were prepared in 0.2 M MOPS buffer
at pH 7.4, with final concentrations [HisOMe] = 0.04 M, [CuCl»2H, 0= 0.02 M, with G, 1,
or 2 equivalents of ascorbic acid per Cuion. The samples were mixed, sealed in centrifuge

tubes, and left to react for 30 min, after which absorption spectra were taken.

Dissolution of 4PEG-His: Co hydrogels

[66128] A 4PEG-His:Co LAP hydrogel, usimg a His:Co:LAP ratio of 2:1:2 (previously used
for rhoeological testing) was split into three piecas using a razor blade and each piece was
immersed in 0.5 mL (1) MilhiQ H, O, (it 50 mM ethylenediaminetetraacetic acid (a broad-
spectrum metal chelator), or (111} 50 M ascorbic acid (a reducing agent). The samples were
stored at room temperature, and solutions were replaced after 10 h, 24 h, and 48 h (see

Figure 12}

EQUIVALENTS AND SCOPE
[66129] In the claims articles such as “a,” “an,” and “the” may mean one or more than one
unless indicated to the contrary or otherwise evident from the context. Claims or descriptions
that include “or” between one or more members of a group are considered satisfied if one,
more than one, or all of the group members are present in, employed in, or otherwise relevant
to a given product or process unless indicated to the contrary or otherwise evident from the
context. The invention includes embodiments in which exactly one member of the group is

present in, emploved in, or otherwise relevant 1o a given product or process. The invention
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mecludes embodiments in which more than one, or all of the group members are present in,
emploved in, or otherwise relevant {0 a given product or process.

[60130] Furthermore, the invention encompasses all varations, combinations, and
permutations in which one or more limitations, elements, clauses, and descriptive terms from
one orf more of the listed claims 15 introduced into another claim. For example, any claim that
1s dependent on another claim can be modified to include one or more imitations found in
any other claim that is dependent on the same base claim. Where elements are presented as
lists, e.g.. in Markush group format, each subgroup of the elements is also disclosed, and any
element(s} can be removed from the group. It should it be understood that, in general, where
the invention, or aspects of the invention, 1s/are referred to as comprising particular elements
and/or features, certain embodiments of the invention or aspects of the invention consist, or
consist essentially of, such elements and/or features. For purposes of simplicity, those
embodiments have not been specifically set forth in haec verba herein.

[B0131] It1s also noted that the terms “comprising” and “containing” are intended to be open
and pernuts the inclusion of additional elements or steps. Where ranges are given, endpoints
are included. Furthermore, unless otherwise indicated or otherwise evident from the context
and understanding of one of ordinary skill in the art, values that are expressed as ranges can
assume any specific value or sub-range within the stated ranges in different embodiments of
the mvention, to the tenth of the unit of the lower limit of the range, unless the context clearly
dictates otherwise.

160132} This application refers to various issued patents, published patent applications,
journal articles, and other publications, all of which are incorporated herein by reference. If
there is a conflict between any of the incorporated references and the instant specification, the
specification shall control. Tn addition, any particular embodirsent of the present invention
that falls within the prior art may be explicitly excluded from any one or more of the claims.
Because such embodiments are deemed to be known to one of ordinary skill in the art, they
may be excluded even if the exclusion is not set forth explicitly herein. Any particular
embodiment of the invention can be excluded from any claim, for any reason, whether or not
related to the existence of prior art.

[66133] Those skilled in the art will recognize or be able to ascertain using no more than
routine experimoentation many equivalents to the specific embodiments described herein. The
scope of the present embodiments described herein is not intended to be limited to the above
Description, but rather is as set forth in the appended claims. Those of ordinary skill in the art

will appreciate that various changes and modifications to this description may be made
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without departing from the spirit or scope of the present invention, as defined in the following

claims.
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CLAIMS

What 15 clauned 15

I A method for altering the properties of a polymer network comprising exposing the
polymer network 1o Hght in the presence of a photomitiator;

wherein the polvmer network is comprised of polvmers non-covalently crosslinked by
coordination of the polvmers to metals; and

wherein the metals undergo oxidation and/or reduction reactions upon exposure to

light in the presence of the photoinitiator.

2. The method of claim 1, wherein the resulting polymer network forms a hvdrogel.
3 The method of claim 1, wherein the altered properties are selected from the group
consisting of stiffness, toughness, viscosity, elasticity, energy dissipation, dynamic modulus,

complex modulus, storage modulus, loss modulus, plateau modulus, and relaxation time.

4 The method of claim 1, wherein the polyvmers are multi-arm polymers,
5. The method of claim 4, wherein the polymers are four-arm polvmers.
6. The method of claim 1, wherein the polymers are of formula:
X P e DT VY
]
wherein:

X 1s carbon, silicon, nitrogen, oxvgen, sulfur, optionally substituted alkyl, optionally
substituted heteroalkyl, optionally substituted carbocyclyl, optionally substituted
heterocyelyl, optionally substitited aryl, optionally substituted heteroaryl, optionally
substituted alkoxy, or a combination thereof,

each 1; and 1, are independently substituted or unsubstituted, cyclic or acyclic,
branched or unbranched aliphatic; substituted or unsubstituted, ¢yclic or acyclic, branched or
unbranched heteroaliphatic; substituted or unsubstituted arvl; or substituted or unsubstituted

heteroaryl, or a combination thereof,
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each P is independently a linear or branched, homopolymer or copolymer, or a
combination thereof, having a number average molecular weight of about 10¢ Da to 600660
Da;

each L, 1s independently a higand moiety that coordinates 1o a metal; and

n is an integer between 2 and 4, inclusive.

7. The polymer of claim 6, wherein X is a carbon.
8. The polvmer of claim 6, wherein L, 1S an unsubstituted, acvelic, unbranched

hetercaliphatic.

9. The polvmer of claim 6, wherein L, is an unsubstituted, acyclic, unbranched

heteroaliphatic.

16 The polymer of claim 6, wherein P is a linear homopolymer.

It The polymer of claim 6, wherein P is a linear copolvmer.

12. The polymer of claim 6, whereinn 15 4.

13 The method of claim 6, wherein L, is selected from the group consisting of proteins,

polysaccharides, nucleic acids, amino acids, organic diacids, polvpeptides, amines, thiols,

ethers, alcohols, polyacids, polvamines, heterocvcles, and heteroaryls,

14. The method of claim 6, wherein the L, is histidine.

15, The method of claim 1, wherein the polvmers are comprised of polvethylene glveol
(PEG).
6. The method of claim 1, wherein the polvmers are muiti-arm polyroers, wherein the

end of each arm of the polvmers 1s covalently bound to a histidine moiety.
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17. The method of claim 16, wherein the polymers are multi-arm polymers, wherein each
arm of the polymer is comprised of polyethyiene glvcol (PEG) and the end of each arm is

covalently bound to a histidine motety.

18. The method of claim 17, wherein the polymers are four-arm polymers, wherein each
arm of the polvmer is comprised of polvethvlene glveol (PEG) and the end of each arm is

covalently bound to a histidine moiety.

19 The method of claim 1, wherein the polymers are of formula:

o
HNWNH

SN N

1( 3 o
==f
%QWQ%.“/\& N, y

AL

o
NH;
HN._.0
N
7y
Hoi
Y 2
R pis
wherein n 1s between 1 and 100, imclusive,
20 The method of caim 1, wherein the metal is selecled from the group consisting of

copper, nickel, cobalt, and combinations thereof.

2% The method of claim 20, wherein the metal is copper.

22. The method of claim 20, wherein the metal cobali.
23. The method of claim 20, wherein the metal is nickel.

24 The method of claim 20, wherein the metal is a combination of nickel and copper.
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25. The method of claim 20, wherein the metal is a combination of nickel and cobalt.
26, The method of claim 20, wherein the metal is a combination of cobalt and copper.
27. The method of claim 1, wherein the wavelength of the light is between approximately

100 v and approximately 400 nm, inclusive.

28. The method of claim 27, wherein the wavelength of the light is between

approximately 300 nm and approximately 400 nm, inclusive.

29. The method of claim 1, wherein the photoinitiator is selected from a group consisting
of benzoin ethers, benzyl ketals, a-dialkoxyacetophenones, u-hydroxyvalkviphenones, a-
amino alkviphenonones, acviphophine oxides, peroxides, acylphosphinates
azobisisobutyrontirile, 1,1-azobis{cyclohexanecarbonitrile), di-tert-butvl peroxide, benzoy!

peroxide, methyl ethy] ketone peroxide, and acetone peroxide.

30 The method of claim 29, wherein the photoinitiator 1s an acviphosphinate.

31 The method of claim 30, wherein the photoinitiator ts lithium phenvl-2,4,6-

trimethylbenzoylphosphinate (LAP).

32 The method of claim 1, wherein the photoinitiator can be dissolved in water.

33, The method of claim 1, wherein the photoinitiator undergoes photo-dissociation to

generate free radicals upon exposure to hight.

34, The method of claim 33, wherein the free radicals effect oxidation of a metal.
3s. The method of claim 34, wherein the free radicals effect muolti-electron oxidation of a
metal.

34, The method of claim 34, wherein the free radicals effect single-electron oxidation of a

metal.
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37. The method of claim 33, wherein the free radicals effect reduction of a metal.

38, The method of claim 37, wherein the free radicals effect multi-electron reduction of a

39 The method of claim 37, wherein the free radicals effect single-glectron reduction of a

metal.

4. A polymer network prepared by a process comprising the steps of’
a) providing a substrate polymer network comprised of polymers non-covalently
crosslinked by coordination of the polymers to metals;
b} contacting the substrate polymer network with a photoinitiator to form a mixture;
¢) irradiating the mixture with light; wherebyv the uradiation results in a change n the

oxidation state of the metal.

41. A method of claim 40, wherein the mixture further comprises a solvent.
42. A method of claim 41, wherein the solvent is water.
43 The polymer network of claim 40, wherein the polymer network 1s for use in

producing adhesives.

44, The adhesive of claim 43, wherein the the adhesive is self-healing.

45. The polymer network of claim 40, wherein the polymer network is for use in

producing btomaterials.

46, The biomatenal of claim 45, wherein the the biomaterial is self-healing.
47. The polymer network of claim 40, wherein the polvmer network 1s for use in

producing coatings.

48. The coating of claim 47, wheren the the coating 1s self-healing.
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49.

A kit comprising:

a) a polymer network comprised of mudti-arm polymers covalently bound {o ligand
moieties which are coordinated to one or mors metals;

b} a phototutiator; and

c¢j optionally, instructions for use.

A kit comprising;

a) a polymer network comprised of multi-arm polymers covalently bound o ligand
moieties which are coordinated to one or more metals;

b) one or more metals;

¢} a photointtiator; and

d} optionally, instructions for use.

A kit comprising;

a) multi-arm polymers covalently bound to a termunal group selected from the group
consisting of halogen, optionally substituted alkenvl, optionally substituted atkynyl,
optionally substituted heterocyelvl, optionally substituted arvl, optionally substituted
heteroaryl, optionally substituted acyl, optionally substituted hvdroxyl, optionally
substituted amino, and optionally substituied thio;

b} one or more reagents;

¢} one or more reactants;

d} a photoinitiator; and

&) optionally, instructions for use,

A kit comprising:

a) multi-arm polvmers covalently bound to a terminal group selected from the group
congisting of halogen, optionally substituted alkenvl, optionally substituted alkynyl,
optionally substituted heterocvelyl, optionally substituted arvl, optionally substituted
heteroaryt, optionally substituted acyl, optionally substituted hvdroxyl, optionally
substituted amino, and optionally substituted thio;

b} one or more reagents;

C) one or more reactants;

d} one or more metals;

e) a photomitiator; and
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f) optionally. instructions for use.

53. A kit of any one of claims 49-52 further comprising a light source, wherein the light

has a wavelength 1o the range of about 10 nm to about 1000 nm.
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