ABSTRACT

Title of Thesis BRINGING NEW CHEMISTRY TO
GUANOSINE HYDROGELS
Songjun Xiao, Doctor of Philosophy, 20
ThesisDirected By: Professor Jeffery T. Dauvis,
Department of Chemistry and Biochemistry
Molecular seHassembly is a powerful method to construct functional materials such
as supramolecular hydrogels. Hydrogels contain mostly water but showlilselid
rheology. Nucleosides and nucleotides contain rich recognition informatitoh
opens up pportunities for gelator design. Hydrogels derived from these natural
products have seen a resurgence in the past decade due to the high biodegradability and
biocompatibility. Guanosine (@) and its analogs are powerful supramolecular
hydrogelators. Thetsictural basis for most guanosine hydrogels4& Glquartet with
K* being the best metal to stabilize such a structure. These hyevogded
macrocycles further stack to fortb G-quadruplexhat trag water to give hydrogels.
Guanosine hydrogels have been used for applications such as bioactive molecule trap
and release, environmental remediation, serescell culture.
While the Hbonded G-quadruplex is critical for gelatiorc 1 can be synthetically

modified to introduce new functionShework presented here is focused om@artet



hydrogels made from synthetic guanosine anal@sanosine analogs containing
sulfur on 8- and 5aposition are purified and their hydrogelation pradigsrin water
were examined. The resulting hydrogels can potentially be applied to environmental
remediation.
Substitution of &OH in G 1 into a hydrazine group in H@&significantly improves
the hydrogelation properties. The resulting B®CI hydrogel @n be used to nen
covalently bind anionic dyes and covalently trap toxic electrophiles such as acrolein.
A binary mixture of G1 and HAG 15 forms a stable hydrogel with KCI. The
hydroxamic acid group in HAG5 serves as a pidwitchable group that can bepdipd
as a carboxylic acid substitute in hydrogelator design. Furthermore, the hydrogel serves
as a supramolecular siderophore and bindstBegenerate patterns on the gel surface.
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Aga significantly increases the stiffness of thehgdrogels (all gels were made using
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1.1  Summary

Molecular sefassembly is ubiquitous in Nature, especially in living organisnas
it is a powerful tool taconstruct functional materials. Nucleosides contain extensive
hydrogen bonding sites that danm complex higheorder structure$Of all naturally
occurring nucleobases, guanine (G) has the richest recognition sites, which can form
G-C triple base pairing in nucleic acids or ribbon structures with another guanine
moleculée? In the presence of a templating cation, however, guanineassanble into
macrocyclic Gquartets(Figure 1.1).> The planar cycle further stack to form &
guadruplex structuresvhich can give rise to fibers that promote the formation of
hydrogels’

OH OH Hydrogel
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Figure 1.1: G 1 and its analogs in water can safisemble, in the presence of a cation,
to give a Gqguartet hydrogel.

While guanine hydrogels were discovered in 19fltgre has been a resurgence of

such systems due tbe accessibilityof guanine analoggheir biocompatibility and



ease to synthesiZesuanosindG 1) has a higly modifiableperiphery (ribose and C8
position) that does notalter G-quartet formation. In this thesi8Bringing New
Chemistry toGuanosineHydrogel®, we focus on thé&a and 8 modification of G1
(Figure 1.1). Guanosine hydrogels are used as a model system to bring some new

functional groups into the realm of supramolecular hydrogels.

12  Thesis organization

This thesis is organized into six separate chapt€rgapter 1 provides an
introduction of hydrogels #t contain macrocycles and cages, with emphasis on the
seltfassembled macrocyclic hydroge@f all these macrocyclic hydrogelS;quartet
systems, which are the main theme of this thesis, will then be reviewed in betalil
Chapter 2 we describe theynthesis andel-assemblyroperties of four noveldand
8-modified sulfurcontaining analogs. Methods to trigger gelation were either tested or
proposed in this chapte€hapters 3and 4 arefocused on the hydrogelation o5
hydrazinoguanosine (H@) with KCI and the applications of the resulting hydrogel.
We found that H& forms a Gquartet based hydrogel with only 0.25 eq KGhe
resulting assemblies were used to 4oonalently bind an anionic dye, naphthol blue
black and also covalently bind gionaldehyde via hydrazone formatid@hapter 4
is the continuation of the studies carried ouChepter 3, and we utilized H@ KCI
hydrogels for the remediation of carcinogebli¢-umsaturated carbonyfeom the gas
and aqueous phase. The absorption was achievetheviformation ofa covalent
adduct® In Chapter 5, a hydroxamic acid containing guanosine analog, HAGvas

found to form Gquartet hydrogels with equimolar Gand KCI/ We demonstrate that



hydroxamic acid functionality serves as a pH switchable group in the hydrogel and
binds a cationic dye upon raising the pH. The HB&containing hydrogel is also a
supramolecular siderophoesmd binds F& to give a red color, which was used for
surface patterning by hand or using a-f@inter. Finally, Chapter 6 contains
supporting information forChapters 25, synthetic procedures and spectra for
guanosine/inosine analogs and am@ncer screening results various synthetic
analogdrom NCI-60 testswhich were carried out by the National Cancer Instifate

Figure 1.2 we showa list of compounds discussedGhapters 26.
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13 Introduction of supramolecular hydrogels

A gel is definedhe IUPACasa fi(n)on-fluid colloidal network or polymer network
that is expanded throughout its whole volume by a déiBased on ta definition,
there are two phases in a getaatinuoussolid phase of 3etwork and @ontinuous
solution phase consistingf solvent.Generally speaking, a gel behaves like a solid
while most of the material is made of a liquAl.gel made with waters called a
hydrogel while those containing organic solvents are called organddes thesis
focuses on hydrogels, since water is the solvent of life and hydrogels are commonly

applied to biomedical applicatiofds!
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Figure 1.3: (top) Covalent network formed from entanglement and crosslinking of
covalent polymers. (botton8upramolecular polymer network formed from the self
assembly of small molecules.



Based on thgypes of interactions that are responsible for the formation of crosslinks
in the network, a hydrogel can be further categorized into physical hydrogel and
supramolecular hydrogét.For a physical hydrogel, the network is held together by
covalentbonds(Figure 1.3. Such a hydrogel is gerally more robust and can shrink
or swell depending on the environment. However, the network in a physical hydrogel
is usually hard to break down, which limits its biodegradabi{y. the other hand,
supramolecular hydrogelsmade from selaissembly ofdw molecular weight building
block, are mainly held together via naovalent interactionsncluding hydrogen
bonding,iond i pol e i n't egtaad k iomgnteragtiors,cvandey Waalst i ¢
interactions, eté® These norcovalent forces are weak interactions, which make
supramolecular hydrogels more responsive to external stimuli, such as pH, light,
mechanical force, etc. Supramolecular hydrogels are often biodegradable and
biocompatible, which make them ideal candidates for biomater#&ls chapter
describessome recent developments on supramolecular hydrogels,aviitbus on
systems containing sdf-assembledmacrocycles, whichoften have interesting

recognition and stimuliesponsiveness.

14  Macrocycles in supramolecular hydrogels

There has been a surge of interest in supramolecular hydrogels, since these materials
often exhibit phasechange in response to external stimtiliSuch stimuk
responsiveness often arisesnirdhe norcovalent nature of the crosslink®@ne
common method to introduce stimudisponsivenest® hydrogelsis to usecovalent

macrocycles which can form hosguest complexesnd crosslink the polymeric



network!®>® Non-covalent interactions, such as hydrogen bonding-dipole
interactions, hydrophobic interactions and electrostatic interactions, are formed
between the host macrocycle and the guese to the higher agqueous solubility,
cyclodextrins and cucurbiturls are amongst the most comniprused hosts in
supramolecular hydrogele/hich have found applications in adhesives, drug delivery,
and artificial musclegFigure 1.4).*>171° On the other handlthough not critical for
gelation,crown ethers are frequently incorporated iptdymerichydrogel networks.
Such hydrogels are used f&@nsing and remediation of toxic metal ions, owmthe
unique catiorbinding properties of crown ethefé?? More recently,Sessler and
coworker incorporated tetraimidazolium boxes into polymeric networks that are used
for remediation of anions from water and constructisedfling hydrogels for encoding

and transforming informatiof?:>3In the past f& years, there have been some excellent
review articles that summarizes the exciting development nacrocyclic

hydrogelst®242°
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Figure 1.4: Structures of some covalent macrocycles used in hydrogel design.

However, hydrogel systemsontaining covalent macrocycledo have a few
drawbacks First, themacrocyclesare often synthetically challenging and tislaly
inaccessiblend expensivewhich limits their practical applications for bulk material
constructiort® 28 Also these macrocyclic hosts are often used in combination with a
polymeric backbone, which requires extra steps of synthkesis resulting covalent
polymers are generally hard to degrade in a biological sysgdfrassembled
macrocyclesand cagess opposed to covalent macrocyglleswever, maintain the
capability of crosslinking different strands pblymer and stimuliresponsiveness.
Furthermore, while most covalent macrocyclic hosts fail teagdemble into polymers,
noncovalentand dynamic covalemhacrocycles can often staok aggregate téorm
1D-supramolecular polymefs® Such hydrogel systems are highipdegradablend
easy to synthesizehowing promise fodesign ofbiomedical material Non-covalent

9



macrocycles are uslly more structurally diversand often contaira modifiable
periphery for the introduction of new functioms.the following sections, we focus on
the development of hydrogel systems contaisgl§assembledhacrocycles and cages,
in hopeof providingsome insight and generalized design princifileshe preparation

of stimuli-responsive hydrogels

15 Hydrogels containing dynamic covalent macrocycles

Dynamic covalent bonds are covalent bonds that are labile and exchangeable under
appropriateconditions®?3! Such interactions are intermediate in strength between a
covalent bond and a narovalent bond. Disulfides, acylhydrazones and thioesters are
among the most common linkages used to construct dynamic obwsylstems?
Dynamic disulfide macrocycles are well developed in literaturenf@king synthetic
receptors Before moving from purely covalent into purely repvalent macrocycles,
it is interesting and necessary to discuss the hydrogel assembly containing dynamic
covalent macrocycles that have intermediate strength.

Otto and coworkers develep adisulfide-containingsystem as a rare exampleaof
dynamic covalent macrocycte generate aupramolecular hydrogéFigure 1.5.3*

They conjugated raoligopeptide to an aromatic dithitdb maxmize the interaction
between each monomés9. Under oxidizing conditions in water, dithiol form
macrocyclic disulfides with different numbers of repeating units. They discovered that
different types of physical agitation can cause drastically differewidust
distribution3® Under shaking, a macrocyclic hexan&f predominates and further

stacks to form fibers. The resulting fibers are short @mg gave a solutionUpon

10



irradiationusing U\Alight, however, the disulfides form thiol radicals and exchange to
form alinear polymeric disulfide networkwhich maintaind the original folding

Macroscopically, the solution turns into a hydrogel after irradiation for 3 days.

NHz® NH,®

Figure 1.5: Dithiol 59is oxidized and forms hexameric macrocy@leunder shaking.
60 stacks to form columns that arevalently trapped to give a hydrogel after
irradiation with light>* Reprinted with permission from John Wiley & Sons.

The Otto group continued to develop an azobenzene disulfide system from
monomers$1and62 (Figure 1.6).%¢ The monomersontain carboxylic acid groups for
potential recognition of metal ion@hile having an azobenzene core for poteritial
stacking and responsiveness to liglmitial oxidation of monomer mixre gave a
solution containing anixture ofdifferentmacrocycleg63-65). Addition of M¢g?* ions
insteal gave a selstanding hydrogel, which consigsclusivelyof the65 macrocycle

11



based on HPL@S. Addition of other cations fails to induce gelatigk.crystal
structureof 658Ca(H.0)15 was also obtained to provide structural insight into gelation
(Figure 1.7). X-ray analysishows that the stacks &5 are connected by €&ions via
coordination to carboxylates and interlayer hydrogen bondihg resulting hydrogel

is responsive to mtiple stimuli, such as heat, UNght, mechanical forces and
reducing agentslhis work is a great demonstration that thermodynamic drseesh

asmetatligand interaction¢an influence the oabmeof a dynamiaovalent mixture
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COH
—
/

Mg2+

Mixture of macrocycles stack of 65

Figure 1.6: Dithiols 61 and 62 form solution mixture of macrocycle&3-65 upon
oxidation.Addition of Mg?* shifts the equilibrium completely to macrocydiis. The
65 formed nonrcovalent stackand gave a seltanding hydrogel® Reprinted with
permission from John Wiley & Sons.
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crosslinks from C# coordination and Hbonding?® Reprinted with permission from
John Wiley & Sons.

16  Hydrogels containing norcovalentmetalorganic macrocycles and cages

Coordination driven seldssemblyhas been utilized to construct metallocycles and
cages’ Depending on the geometry of the ligands and directionality of metal core, a
wide variety of 2D and 3D structures can be produced from small building Bfocks.
Such metallocycles are often prepared in organic solvents and hydrgpimhing
their applications in aqueous environmem@se strategyo generate hydgelsis to
conjugate solubilizing polymers on the periphery of the core assembly, thus increasing
solubility in water while maintaining the selissembly properties. t&g and
coworkers preparediscreterhomboidsfrom di-Pt(ll) complex67 and dicarboxyltes
66/68, which havecomplementary shap¢Bigure 1.8).3° With a PEG chain attached

the organic metallocycle can sel§semble to give micelles water Increasing the
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concentration of metallocycles in the water, on the other hand, gakigeshydrogel.
Theaut hor s proposed t hat hydsoplcahbing bret e
macrocyles are critical for gelationThis work demonstrates the first example of

hydrogels containing metalorganic macrocycles

5‘3"\ | FONO,

& Na PEt;, ‘)\
/(’\/09\ — /(’\/04\
" i /('\/09\

EwF P ono,

Y 68

O

Figure 1.8: Stang and coworkers utilized a coordinattriven selfassembly to form
discrete P{(Il) macrocycles69 & 70, which further aggregate to form hydrogéls.
Reprinted with permission frothe American Chemical Society
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Chen, Yang and coworkedgsigneduilding blocks70-72, which allhavel2( bite
anglesto enable formation ohexagoml metallocycles 73/74%° These metallocycles
are preformed and anchored tgoly-N-isopropylacrylamide (PNIPAAM) polymers
via postassembly modification of the ligandigure 1.9a). Compared with PEG,
PNIPAAM chain not only improved water solubility of the metallacycles but also
brought LCST (lower critical solution temperature) behavidhe resulting star
polymers 75/76 form selfstanding hydrogelsAddition of bromides (Bj caused
disassembly via coordination to(Pt core and keak apart the macrocycles, which
shows promise for trap and release of small molectHeghermore, the hydrogel
containing 75 exhibits seklhealing properties, which is presumably caused by

reversible metaligand interactiongFigure 1.9¢).

s
a o
( ) o SJLS Br
AN =R T O ms O m= o
0 ) 0 by, Et;P” OTf O™ “pety EtP” OTf
70 71 72
(b)
N-isopropylacrylamide
+ ~N— o
post-assembly i Q
modification ~ ©zf=S SMOX
70 710r72 ;NK o

73 or74 75 or 76
(c)

Figure 1.9: Polymeric hydrogel crosslinked by hexagonal metallocycles. (a) Structure
of ligands 70-72. (b) 70 and 71/72 selfassemble into a hexagon, which are
subsequently modified witpoly-N-isopropylacrylamideto give star polymers(c)
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Two pieces of hydrogels made frors (red one is colored withufornodamine B
were cut and recombined. After 1 min at room tempeagtthe two separate halves
rejoined?° Reprinted with permission frothe American Chemical Society

The authors continued to utilize the same piwahslational modification on the
hexagon 73 to anchor block copolymes of PNIPAAM and poly-N,N-
dimethylaminoethyl methacryla@DMAEMA), the latter of which can bring GO
responsivenes®. They discovered that GCbubbling intoan aqueous solution of
hexagorpolymer conjugates followed byheatingto 34C gave a selbtanding
hydroge] while the block copolymers alorfailed to trigger gelation. Bubbling Nt
34€C removes C@from the system and triggers ggl transition Coolingthe gel to
room temperature gave a homogeneous solution, demonstrating$fiebehavior of
the systemThe resulting hydrogel is injectable and has low cytotoxicity, showing
promise for biomedical applications.

Besides 2Bmacrocycles, 3Dnetatorganicpolyhedral (MOPj? can also serve as
crosslinks between watapluble polymers. Nitschiée group developd a hydrogel
from polymers crosslinked by selfsembled metalrganic cage$ 4 ,-4
diaminobiphenyl77 forms imines with twd?EGylated Zormylpyridinemolecules’8
in water, which selassemble into a tetrahedral ca@an the presence of A& under
basic condition(Figure 1.10. Gelation occurred at room temperature within 1 min
aftersimply mixing all subcomponents in water. In contrast to iienacrocycles, the
inner cavity of the 3D cages allows fguest trappingbenzene, fluorobenzene and
furan) via hosguest interactions. The authors also fabricated hydrogel microparticles

usinga microfluidic device to mix different components. Thesultingmicrogels are
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easily disassembled by adding(Fe chelator (ris(2-aminoethyl)aming acid (p-
toluenesulfonic acidyr 2-formylpyridine The stimuli responsiveness was utiliZed
the release of a prwaded fluorescent carg@verall, he strategy of conjugating
functionalwatersoluble polymers to metallocycles coulel fpotentially generalized to

potentially a wide variety of macrocycles and cages kniovtheliterature.
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6 NH3*12 R !
0,8 Q /ZJ 4 FeSO,
Ns 12 *N(CH3), "OH o
ﬂ S0 o=/ “ho
*HaN 78 '
1
1 (Fa2+ =N
77 : (&8 /;[N
I

R = -(OCH,CH,),0CsH;NCHO !
n=18-29 (PEG RMM = 1000)  \

(b) FeZ* 77+7

0.05 M tris(2-aminoethyl)amine:
20s 40s. |60s

0.05 M p-toluenesulfonic acid:

20s 40s 60s
. ‘ 75 pm
— — —

0.05 M 2-formylpyridine:
100

-[200s - ]300s =%
" 75 pm
— —

Figure 1.10: (a) Metallocagg9is formed by simply mixing different subcomponents,

which induces gel ati on. (b) Monodi sper sed
microfluidic flow-focusing junction. The droplets of mixtures get progressively darker

en route to the exit. Inset shows geltjgdes after exiting microfluidic device. (c)

Hydrogel particles are disassembled toig(2-aminoethyl)aming p-toluenesulfonic

acid or 2formylpyridine®® Reprinted with permission frorthe American Chemical

Society
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Purely seifassembled ydrogels(without polymeric backboneshade from MOPs
have also been reportedaji and coworkers synthesizedBB metalorganic cube31
from the seKassembly of GH and 4,5imidazoledicarboxyte 80.* X-ray
crystallography shows that the metallocubes are connected by dimethylammonium ions
(DMA) via chargeeassisted hydrogen bon@Sigure 1.11). The ionic nature of &
complexes significantly improved the aqueous solubility, which paves the way for
hydrogelation.Switching DMA to other aminebased cations such as NHN-(2-
aminoethyl1,3pr opanedi ami ne, galaaimei tdggereédu the and
hydragelation of thanetallocube. Interestingly, the hydrogehdewith NH4" can serve

as a medium for chargeased separation of dyes.

0
HN 0°
S
N
0
80

Charge-assisted H-bonding

Figure 1.11: Ligand 80 and gallium(lll) selfassemble into a metallocuBé&, which
are noncovalently connectethy ammonium ions to give a transparent hydrdel.
Reprinted with permission froMdature Publishing Group
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With more insight into the gelation mechanisime tauthorgationally designea
diammonium linkeB2, which containgetraphenyl ethylen€TPE) foraggregration
induced emission properti€Sigure 1.12).** Whenincorporated into cub&1 to give a
hydroge] TPE modulesin 82 are anchored and aggregateih chargeassisted
hydrogen bondswhich causegmissionat 474 nmunder UV light. This resulting
hydrogelhas potential fouse as processibleoatingfor UV-lamps. Importantly, the
hydrogel formation required no heating polymeric backbonedemonstrating the

power of seHassembly to construct functional materism mixing simple building

blocksat room temperature

Figure 1.12 Metallocube81 forms a lightemitting hydrogel under UVamp when
tetraphenyl ethylene diammoniuBais incorporated to introduce aggregatiaduced
emissiornt** Reprinted with permission froMature Publishing Group
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Zhengand Cao synthesized a copiased polyhedro@4 from 5-nitroisophthahte
83 and Cu(OAc).*® Simply sonicating the resulting powder in water gavblue
hydrogel(Figure 1.13. IR and XPS analysis indicated the existencgaiermediated
hydrogen bondingetween nitro groups on the MOP, which explains the reason for the
gelation. The resulting hydrogel shows good biocompatibility on nska, while

inhibiting the bacterial giwth of S. aureusandE. coli.

0P
@ self-assembly
o O
O (o)
83

Figure 1.13. 5-nitroisophthalate83 and Cu(ll) seHassemble into polyhedrod4.
Sonication oB4in water gave a blue and sslianding hydrogel with fibrous network
(SEM). Hydrogen bonds betwegvater and nitro groups are responsible for geldfion.
Reprinted with permission frothe Royal Society of Chemistry

Overall, selfassembled metallocycles and metallocages are preliminarily applied to
induce hydrogelation. Hydrophobic assembbee applicable to aqueous environment

due to the functionalization with water soluble polyméd®re recently, hydrogels
20



containingMOPs that crosslinked by hydrogen bonding are starting to emerge
facile synthesignd the multifunctionality of theseaterials demonstrate potential for
new biomaterial desigrDue to the diversity of metalaycles and cages known in

literature, we foresee more exciting development in the field.

1.7  Hydrogels containinghon-covalenthydrogenbondedmacrocycles

Nucleobases and their analogs contain aromatic units with rich recognition chemistry,
which are often capable of forming higher order assemblies. With complementary H
bond donors and acceptors, the molecules can associate to form macrogyeles
planarity of the cycles often leads to chistdckng to form 1D polymerss i &
interactions which are used to construct supramolecular materididonded
macrocyclescommonly found in hydrogelsare folatequartets, isoGentamers
TAP3CAs-rosetteand Gquartes (Figure 1.14). This section summarizes gracyclic
hydrogels containindolate-quartets, isoGentamers and AP:CAsz-rosettesand in

sectionl.8 we focus on Guartet hydrogels, which is the main focus of this thesis.

21



H H
l | R
N N N, NN NS >
C Qo TNTNR /E | WN/ N W
N . RTONTYHL 42=<
{0 o= N
) H o/
H=N__ H ‘ N H—N  H N
yN o N N, ‘ H N
_ H
N i O/,,/H | N§ N;_gzo\ c? /H
N —_ “He N. _R
R/N\/NmuH /]:}I[\P N N\\ )N\JI j/
H\|\|J \N N/
H

‘NN\ \\_/<

G-quartet folate-quartet
R
H
A}
H Ny R N-H==0  Rs
N, N-H--oo_ ; H Ry, )= S—n
S O el
- : - Y 7 \
R WG N=H--o___ S N H ,N—< />—N\ \H
| o LAY AT N VA
| / H AN N 2
| A
- Re—N =0 N )R: TAP
SN H N
Q H H\N N
\‘ \“ " ; H
H\ N=< )
N N----H-N =0
H _S\—’< N CA
R1 ,N_ """ 3
Rz
isoG-pentamer TAP;CA,-rosette

Figure 1.14: Structures of nowgovalent macrocycles commonly used in
supramolecular hydrogels.

1.7.1 Hydrogels containing folatequartets

Folic acid85 (Vitamin B9) and its corresponding salts are known to-as$ociate
in solution toform folatetetramergFigure 1.15. These tetramers further stack and
aggregate to forroolumnar structure® Limited byits poorwatersolubility, folic acid
(FA 85 itself can only form organogels in a DMSO/water migtt/r*® Yet
constructing supramolecular hydrogels from this biocompatible gelator would be

beneficial for potential biomedical plications.With two carboxylic acid groups on
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the far endthe folic acid85molecule igoH switchableNandi and coworkerngrepared
folate-tetramer basedhydrogels viathe addition ofgluconai-lactone (GdL) to a
solution of FA 854° GdL is hydrolyzedandlowers the pH of the mediuno trigger
gelationby 85, which waghenusedfor controlled release afrug molecules

Furthermorethe carboxylic acids o085 can also benonrcovalently modified via
metatligand interactionsor covalently modified via ester or amide bormbth of
which do not interfere with the formation of folate tetramdv®difying 85 with
functional molecules that can alisoprove the solubility of the gelator would be ideal.

Yan and coworkers discovered that mixing potassium folate solution (pH=11) and
Zr?* solution gave a clear and sstnding hydrogel within 20 mins at room
tempeature(Figure 1.15.%° The authors propodeatinterfiber crosslinks caused by
Zr?* coordinaton betweencarboxylates is responsible for gelation. The resulting
hydrogel has shedhinning propertiesyhich can be used as injectable gels and bioinks
for 3D printing. Besides being highly biocompatible toward cells, this fetate

hydrogel can be doped with &dor magnetic resonance imaging (MRI) applications.
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Figure 1.15: Proposed gelation mechanism for -BA>* hydrogels. The resulting
hydrogelis sheaitthinning, which can be squeezed through a syringe for printing
applications® Reprinted with permission frothe American Chemical Society

On the other handyang and coworkers developed a series of hydrogels from
covalen conjugates oB5 and drug moleculéseptides!®® In an initial report, the
authors synthesized a FPaxol conjugate86 with a phosphorylated anduccinated
tripeptide linkaggFigure 1.36).>° Taxol is a commdy usedanti-cancer drugWhile
the phosphorylated compouBé only gave a solution in a phosphate bufstditin
of phosphatasenzyme can hydrolyze the phosphate group and induce gelation
3 min. Unlike mostother systems hydrogelmade from86 shows a morphology of
uniform nanospheres. The hydrogel showed comparable effamamopared tdree
TaxolagainstHepG2 cel, which shows great potential famovel delivery system of

anticancer drugs
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Figure 1.16: A conjugate86 containing FA85, phosphorylated tripeptide and Taxol
forms a clear hydrogel upon additionpifosphatase’.Reprinted with permission from
theRoyal Society of Chemistry

The authors continued to modi®p with a head group that contains batisulfide
bond and ester bondBigure 1.17).5! When treated with glutathiorg9 (GSH), the
disulfide bondin 87/88is reduced and triggethydrogelation viaformation of FA
tetramer On the other hand, the hydrolysable ester bond is used to conjugate
triamcinolone acetonid®r rapamycin drugs that are used to treat eye diseases.
Hydrogels made fror87 and88 showed excellent biocompatibility against rabbit eye
tissue with controlled tease of the corresponding drugdich could be beneficial for
recovery after eye surgeries. The Yang group also designed a similar gelator with GSH
89 responsiveness and conjugated with T&dhe intratumor injectiorof GSH
triggered gelshowed extended relsa with over 4 times the potency of intravenous

injection of Taxol against breast cancer cells.
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Figure 1.17: Structures of FAdrug conjugate87/88and glutathioné9.>! Reprinted
with permission fronthe Royal Sciety of Chemistry

Yang, Ou and Chen designed a -péptide conjugate90 that contains
triphenylalanine to promote sedfsembly and disulfide bondo enable theredox
responsive gelationF{gure 1.18a).>* Addition of GSH89 triggers gelation irPBS
buffer and cell culture mediuffigure 1.18b). The hydrogels serve as a biocompatible
extracellular matrix mimic for induced pluripotent stem (iPS) cells, which are used for
myocardial repairResults showed that with Fgeptide hydrogeéncapsulation, the
retention and survival of iPS cells after injection was significantly improved in mice

after acute ryocardialinfarction ascompared to control groups with only iPS cells
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(Figure 1.18¢). This injectable hydrogel has great promise fssue engineering and

regenerative medicine

(a)

o 4 _ N s :‘v‘ »\7. “;2\, f i\“;‘ : ’ ,\,_ "f{: A _ \
- - J Blank Blank + gel Blank + iPS cell Blank + iPS cell + gel
Figure 1.18: (a) Structures of conjuga8® and gelato®1. (b) Conjugaté®0 does not
form hydrogels, but addition of GSB9 triggers gelation in both a buffer solution and
a cell culture medium. (c) Injection of gehcapsulated iPS cell improveyocardial

infarctionrecovery compared to iPS cell without §8Reprinted with permission from
the American Chemical Society

1.7.2 Hydrogels containing isoGpentamer and other isoGmacrocycles
Isoguanosine (iso@2) is an isomer of guanosine (G with transposed carbonyl
(C=0) and amino (Nb groups on guanine. Isoguanosine is known to form tetramer

and pentamers in solutiorepending on templating catioigBigure 1.19.555° The
macrocycles can further stack to form a sandwich structure withan éatbetween.
Previous studieBom our group showed that the cavity in is@@&pentamer has strong

affinity for larger cations such &s" and R&". This propertyas an ionophoreas used
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for remediation ofadioactive waste in watéf-°° The hydrogelation 0f92, however,

were notthoroughly explored until ecently®® Seelaand coworkerssynthesized
isoguanosine and theinalog92-94 and examined their hydrogelation in the presence

of different alkali cationgFigure 1.20).5? Interestingly,92 formed stablehydrogels

with all cations tested (Lj Na', K*, Rb", Cs") while 93and94 have different selectivity
toward cations despite similar recognition unit on the nucleoba&eh@wever, fails

to form hydrogels with all cations. The resulting hydrogels were used to trap and release
methylene blugwhich shows that the iso@ hydrogels can be used for drug release

devices
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Figure 1.19 IsoG 92, in the presence of templating cation, can form quartets or
pentamers.
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Figure 1.20: Gelation tets on nucleoside analo§&-94 with different cation$?
Reprinted with permission from John Wiley & Sons.

Dan and Zhao discovered that a 1:1 binary mixture ba@d iso@2formed a sel
standing hydrogel with Kand R (Figure 1.21).6® The authors proposed that the gel
is made of mixed quartets betweleand92. The resulting gels have a lifetime ofidy

(K*) and 10days(Rb").
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Figure 1.21: (a) Structures of G and iso@2. (b) 1:1 binary mixture of G and isoG
92 forms selfstanding hydrogels with Kand RB. (c) Structures of possible mixed
quartets betweehand92.5% Reprinted with permission from John WileySons.

Seelaand coworkerslso synthesize®aza analogs dfadeoxyguanosin85and2a
deoxyisoguanosin@6, and found that only a combination @ and K gave a self
standing hydroggFigure 1.22).54 The resulting gelith 96is fluorescat undera 360
nm UV lamp while isoG gel with92 showed no fluorescenceH also influences

fluorescence intensity of the hydrogels, presumably by alternating the protonation state

of the nucleobase analogs.

95 1s0G 92

Figure 122 (a) 8aza analo@®5 only form hydrogel with K while 96 fails to give
hydrogels with any cation. (b) Under a W&mp, 95 hydrogel is highly fluorescent
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while isoG92 gives weak responsé&SReprinted with permission from John Wiley &
Sons.

Overall, while isoG related hydrogels are starting to emerge, the relative
inaccessibility of these analogs significantly limited their applications for material

design.

1.73 Hydrogels containing TAPsCAs-rosettes

For the past 30 years, 2,4rgaminopyrimidine (TAP), cyanuric acid (CA) and their
analogs have been used to construct higiheer structures. The complementary H
bond donotacceptor pattern with 120directionality leads to the formation of
TAPsCAz-rosettes which canform supramolecular stack@-igure 1.23. Hud and
coworkers began a series of investigations into these rosette shaped stf&iéti?es.
They reason that thé -surface (1.6L.7 nnf) is large enough to compensate for
hydrationenergy so that these nifstcan form very long aggregates; the sel§embly
properties of these primitive nitrogenous molecules could shine light on the origin of
nucleic acidsand homochiralityWe herein review the exciting developmeotsthe

selfassembled hydrogels contaigiT APsCAsz-rosettes
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Figure 123 TAP and CA can selissemble into hydrogen bonded macrocycle,
TAP3CAs-rosettes

In the seminal work by Hudt al TAP is modified with succinic acid group to give
TAPAS 97.2° The modification is expected to improve solubility in water and sterically
inhibit ribbon structuresAt room temperature gelimolar mixture oB7 and98 gave a
selfstanding hydrogel at concentrations higher than 5 (#gure 1.24). UV-vis
spectra of the resulting hydrogel has a new absorption peak at 328 faature
consistent with}-type aggregates. AFM image shows long fibgrser 1€ mwith a
width of 1.52.2 nm,consistent witfpredicted width of a single rosette *H NMR
specta, no intermediate structusawere observed, indicating the exchange between
monomers and assemblies is slow. Tdmgth of polymersandthelack of intermedate
structures infH NMR indicatethatthe assembly process is highly cooperative, which
is presumably caused by the lafgeurfaceand its favorable stackin@he estimated
stacking interaction between two rosetted 27 kcalmol'1). G-quadruplexpolymer
formation however, is less cooperative than the rosette sykietwo reasons: the

smaller “-surfaceand electrostatic repulsion between cations. Finally, the authors
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propose that the inability of canonical base pairs to stack in water indicates that they
are a result of evolution from a mixture which can-seffanize intdinear polymers

before being connected by a covalent backbone.

e’ / '

3mM 5mM 15 mM

Figure 1.24: TAPAS 97 and98 sel-assembled into macrocycles that stack and form
hydrogels?® Reprinted with permission frothe American Chemical Society
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The Hud group continued to explore the influence of pH on the assemblyt@®eper
of the gel® A mixture of 99 and 100-C6 wereused as model compounds to create
TAPsCAz-rosettehydrogels They discovered thatself-standinggel formed at pH 7,
but the same mixture only gave a solution at pH=6 and 8. This result indicates that the
system is highly sensitive to pH changes near neutral conditions, which is
unprecedented for supramolecular hydrogEte authors propose thatickeobasesf
99and100share a common pkK- 7, which is the primary reason for the ultigh pH
sensitivity: above the pK99 would be neutral while the aromatic ring 0 would
be anionic; below the pK99would be cationic while the aromatic ringdOremains
neutral the ionization of the nucleobases leads to the disassembly of the hydregel.
matching pk values of Hbond donor and acceptor might lead to strongé&oHhiding,
which further contribute to the stability of assemBi.NMR pH titration indicates

that he hydroged are maximally assembled gthysiologicalpH=7.4andany minute
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deviation leads to disassembly of the hydrogjéke tydrogel stability can béurther
fine-tuned by using a mixture &00-C4 and100-C6, which inhibitcrystallization and
promote gelationThis high pHsensitivity carbe potentially applied to drug delivery

in slightly acidic tumor (pH=6-3.2) environments.
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Figure 125 (a) Graphical illustration of pH mediated disassembfy rosette
hydrogels. (b) Structures of gelat@% 100-C4 and100-C6. (c) Hydrogel only forms
at pH=7 and disassembly of the gel was observed at pH=6 and 8. (d) At pH=7.4, the
hydrogels containin@9 and 100 are most efficiently assembled, as indicatgdH
NMR pH titration. Increasing or lowering the pH causes the disassembly of the gel.
Experimental observations are consistent with theoretical limit &&Reprinted with
permission fromthe Royal Society of Chemistry
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The chiral behavior of the resulting hydroged$ pH=7 were also investigated
(Figure 1.26.%" Initial discoveryrevealedthat hydrogels made from achi@® and
100-C6 exhibit spontaneous symmetry breaking ematainhomochiral domains with
opposite chirality. FronED spectra of 40 independiynprepared samples, 19 samples
have positive signs while Ziavenegative signs at 280 nm. SEM images of the same
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sample at different locations contains helical fibers with opposite chirality, confirming

observations from CD spectra.

T T T T 1
225 250 275 300 325
A nm —>

Figure 126. (a) The seHassembly of99 and 100-C6 gives hydrogel fibers with
opposite helicity despite the lack of chirality in the monomers. (b) CD spectra of 40
independently made samples contain®jand 100-C6. (c) & (d) SEM image of
hydrogel in a single sample at two different imaging locations, which show opposite
helicity.®” Reprinted with permission from John Wiley & Sons.

Two enantiomers 01-R,S were syrthesized to further investigate the influence of
chiral monomers on supramolecular chiralfigure 1.27).%” Hydrogels form upon
combining99and101-R or101-S, and the hydrogels exhibit sa@b spectral features
with opposite signs. I nspired by the fiserg

al,’*where a small amount chiral moleculgsergeant) is significantly amplifiezhd
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alter the helicity olassembés from achiral molecules (soldiersthe authors added a
small amount ofLl01-R or 101-S to a hydrogel containing achir@9 and 100-C6.
Surprisingly, adding 0.1% df01-R or 101-S relative tol00-C6 gave hydrogels with
single chirality.This corresponds to a chiral amplification of 1000 times (1 sergeant
commands 1000 soldiers), which tise highest chiral amplification in polymeric
systems known in literatureThis result demonstrates that these supramolecular
assemblies are capable of converting a small amoughicdl information into a

homochiral domain of nucleic acid analogs.
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Figure 1.27: (a) Structureof CA analogs with achirallp0-C6) and chiral side chains
(101-R,S) (b) CD spectra of hydrogels made from 1:1 mixtur@9ahd101-R or101-
S8 Reprinted with permission from John Wiley & Sons.

While compound400and101were prepared and purifie$ing modern techniques
the authors also attempted to synthesize gelators under prebiotic congkigune
1.28).%° Vacuum assisted drying and mild heatiB§ € ) of 99 with ribose102, both
of which aresimple and potentially prebiotic compoundssesribonucleosides with

60% yield after 10days The major form that is isola e d -ribasuranmsyiC-
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nucleosid€103 20% yield) which is consistent with the fact that C5 on T#Hs the

most nucleophilicThe nucleosidecrude after 10 days of drying and heatimghen
combined with CA in sodium borate buffer, gauegydrogel. The crude itself only gives

a solution without adding CA, indicating coassembly was formed. Simply m@dng
and ribose for 10 days in water, only gave precipitatesn combined witl®8, which
indicated the heating and drying is crucial for gela This research indicates that
under prebiotic conditions, ribonucleoside can be formed from simple alternative
nucleobases and ribose, which further -ssbemble into informational polymers.
Overall, research oM AP3CAs-rosettehydrogels not only prades insights on the
origin of life and homochirality, but also paves the way for future gelator design of

functional materials using sedissembly.

| Y OYHYO
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Z NH,
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99 N=( Tes \
NH2 H2N \ /N o m
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HO O~ ~OH OH OH ==
OH OH 102 103 e v

Figure 1.28: Under drying and mild heatin§9 and102form C-ribonucleosidedl03as
amajor productwhich selfassembles into a hydrogeith 98 in water®® Reprinted
with permission fronthe American Chemical Society

18 Hydrogels containing Gguartets

While hydrogels containingelfassemblednacrocycles are starting to emerge, G
quarte based systems are still the most commonly found in literéfigare 1.29.14
As a natural product, the nucleosidel@nd its analogs has a fairly low price ($0.09
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per gram of GL at Cabosyntl) andhydrogels made from nucleosidgsnerallyhave
good biocompatibility The synthesis of guanosine hydrogels is also straightforward,
which only involves mixing of guanosine analogs in salt solution followed by heating
and coolingAll these factors contribute to the recent resurgenceqd&stet hydrogel

research.
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G-quartet G-quadruplex

Figure 1.29: (a) Structures of G and GMP6. (b) Structure of a uartet. Positions
available for modification are highlighted in colér) Structure of Guadruplex

The first report on the gelatiai guanylic acid was described by Ivar Bang in 1310.
The structural basis for the resulting materials were not elucidated until 1962, when
Gellert, Lipsett, and Davies first proposed the structures of hydrogels made from
guanosine monophosphaté Based on Xray diffraction dateof the gel fibers the
authorgproposed that Hhonded macrocyclic tetramers, namebg@Gartet, form helical
stacks and form gels in wat@figure 1.2% & c). In 1978, Pinnavaia and coworkers
highlighted the importance of cation chelation to stabilize these structures and found
that K* is the best at stabilizingGu adr up | e x -EVMR6assdmblie®G; i n

DNAs and oligomeric Guartet stacks have also been extensively charaatenzhe
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past 30 years, which provide rich structural information that guides future design of
materials containing this motif. *

Furthermore, while the #8ond donor and acceptors are crucial for gelatiohh@s
a highly modifiable periphery, which opens up a myriad of possibilities for hydrogel
design(Figure 1.2%). React i on odiol withhberorrspebies bas be2omme 3 a
a common strategy for @ hydrogel synthesis and conjugation of functional
molecules®® The 5 -position of G1 contains a primary alcohol, which can toened
into electrophilicalkyl halides and carboxylic estéar further functionalizatiorf®°
The C8 positionof G 1 can be turned into-BrG 29 by adding Bs to G 1, which can
be modifed to finetune nucleoside conformation and alter the electronics of the
aromatic ring' Although a series ofinteresting hydrogels made from naturally
occurring G 1, GMP 6 and their deoxycounterparts have been reported in
literature® 1829 this section focuses amsing organichemistry tocreate functional
guanosine hydrogelsontaining the macrocyclic-@uartet stratures Somestrategies
and design principles can potentially be generalized to othegmamosine hydrogel

systemsThe most recent developments in the past 5 years are highlighted.

1.8.1 Modifying 2 ¢ ;diol3vigh boron species
While G 1 is highly polar, its water solubility is fairly low (2 mMjue to the
formation of insoluble guanosine ribbohideating G1 in water with excess KCI gave
a hydrogel initially, but crystallization occurs within a few houns2014, our group
reportedhatborate anion can stabilize the hydrogel formation frofn’®Borate anion

forms borate esterd04-106, which then selassemble into stacks ofu& K quartets
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and trap water to form hydrogels. The resulting hydrogel is strong, transparent, and
remains stable for over a ye®tost importantly, the improvement of hydrogel stability

is simply achieved by anion switching. Furthermorés tiydrogel has anionic borate
periphery, which was used for chafiggsedabsorption of cationic dye. After soaking

a G1 borate hydrogel in a mixture of cationic methylene blue and anionic rose bengal,
thegel edge became more blue over time, indicating its preference for cationic species

(Figure 1.31).
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Figure 1.30: G 1, in the presence of 0.5 eq KB(Qllorms borate monoest&04and
diesters105/106 which self-assemble into @uartets that stack to give hydrogéls.
Reprinted with permission frothe America Chemical Society
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Methylene blue Rose Bengal

Oh W e Y oon 24h
Figure 1.31: A piece of G1 KB(OH)4 gel preferentially absorbs cationic methylene

blue over anionic rose BengdP Reprinted with permission fronthe American
Chemical Society

Our group continugto explore the influence of-Guadruplex ligands o6 1 borate
hydrogels Substoichiometric amount of THI07was found to increase the stiffness of
borate hydrogels madeom Li* and promote the selfealing process compared to
blank control (Figure 1.320.%° We proposed that ThT07 acts as a molecular
chaperone and shifts tleguilibrium toward Gguadruplex formatiorfFigure 1.32a).
Similar results were observed with other planar, aromatic dtyess suggested that
this Li* hydrogel couldotentiallybe ugd as an inexpensive system for identifying G

guadruplex ligands
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Figure 1.32 (a) Different structures and assemblies exist in equilibrium @& &
LiB(OH)s gel. Adding ThT107, a Gquadruplex ligand, shifts the equilibrium toward
gelation. (b)Gel containing107 reforms faster after agitatiof. Reprinted with
permission fromthe American Chemical Society

Sadler reported another interesting application of Gorate gef® The authors
synthesizedl08 a platinum (IV) prodrug containing catecholhich can also form
borate esteand become conjugated tolGFigure 1.33. The P{(1V) drug isinert but
photoactivable by 465 nm lighand Pt(IV) is reduced to P{ll) with concomitant
release of azidyl radicals, both of which contribute to the oyioity. Incorporation of
the drug molecule into a hydrogel can facilitate the slow release of the drug at the active
site. It wasfound thatafter being conjugated to give a hydrogel contairiifg, the
prodrug 108 becamemore cytotoxic(ICsc=3 € M Yoward ovarian cancethan 108
without hydrogelICso=74 € M after photoactivatiorlhis research providdke basis

for future development of therapeutic agent design.
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Figure 1.33: Prodrugl08can be incorporated into guanosine hydrogels via borate ester
linkage®® Reprinted with permission frothe American Chemical Society

1.8.2 Hydrogels containing 3¥modified guanosine species

In a seminal report, Lehn and coworker synthesizedrao8lified analog of G,

hydrazideG3 (Figure 1.34).%” The compound forms stable and strongy@rtet

hydrogels with a wide variety of cations. The hydrazide functional group can form

acylhydrazonesit pH=6 and these functionalities are commonly used to construct
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dynamic combinatorial libraries (DCL). The authors synthesized a hydrogel containing
compounds3, 109 110and111in 1:1:1:1 ratio, which react to form a library of
acylhydrazoned412-115 Without gelation, the isoenergetic acylhydrazoh#2115
should exist as a 1:1:1:1 mixture. However, the author discovered that hydrogelation
with 113is more efficient thad12, and113is selectively enhanced in the DCL, which

is reflexed in the enhaneent of 114 In this case, the cohesive force dictates the

outcome of the DCL and selected the fittest within the system.
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Figure 1.34: HydrazideG3, when combined with09-111in 1:1:1:1 ratio, generates a
dynamic combinatoriadibrary (DCL) containingl12-115 Hydrogel formation with
113 is more favorable, which enhanc&d3 and 114 in the DCLY’ Reprinted with
permission fromthe United States National Academy of Sciences

Electrophiles on thedposition of guanosine can also influenihie hydrogelation
properties and functions. Our group reporteoosatehydrogel made fromd@dG 39
(Figure 1.359. Under basic conditior9 can cyclize intramolecularly in solution and
displace the leaving grouptb form 116. Cyclized116 should formweaker Gquartet

structuresthan 39 and lead to disassembly of the hydrof¢feégure 1.35b&c). The
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disassembly process is also accelerated by extra hedtsg).temperature self
destruction was indeed observed and utilized for the release of an antiviral drug
containing guanine motif, acyclovil7 (Figure 1.359. After 72 hrs, 85% of acyclovir

117 was releasetfom the gel into the solutioat 37 , while orly 15% was released

at room temperature. This research shows promise for future design of drug release

systems under physiological conditions.
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Figure 135 (a) IG 39 forms a hydrogel with KB(OH)that contains116. (b)
Compoum 116 forms weaker Guartetshan 1G39. (c) Schematic illustration of gel
disassemblgaused by the formation &fl6 (orange) that leads tirug releas¢blue).
(d) Preiincorporated acyclovit 17 was released more efficiently at@37than20C .*8
Reprinted with permission frothe Royal Society of Chemistry

This thesis is also focused on ciegthydrogels from 5amodified guanosine

analogsin Chapter 2, we describe the gelation study on guanosine analogs containing

Sathioland ®d i sul fi de functi onal groups. Il nspire
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the selfassembly of adhydrazine guanosine analogChapters 3& 4. In Chapter

5, a hydrogel made from abydroxamic acid guanosine analog was explored.

1.8.3 Hydrogels containing 8modified guanosine species

Modifying the C8 position on the aromatic ring of guanosine can also potentially
bring newfunctions to the @hydrogels. Our group synthesized hydregeintaining
a mixture of8-aminoG31 andG 1 (Figure 1.36.°° The modification of amino group
on guanine might lead to the protonation of the nucleobaseesntt in a cationic
hydrogel for anion binding; switching from monovalent t divalent B4" can
enhance the affinity of the gel toward anionic spedtesthermore, the hydrogel can
be formed with either N©@or B(OH): as counterions, which allows the synthesis of
hydrogels with different charge states. Dye absorption experiment showsniat
hydrogels made from MOs preferentially absorb anioniaphthol Blue Black NBB)
and Rose Bengal RB) while KB(OH): gel favors cationic &ranin O (SO).
Interestingly, B&" gels hae similar charge preference as KCI, but absorb dyes with
higher efficiency. This researcdhowedthat simply changing the salt idegtican

drastically influence the properties of guanosine gels.
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Figure 1.36: (a) Structure of &aminoG31 (b) An SEM imagecontaining8-aminoG

31, G 1 and PB". (c) The percentage of the dyabsorbed by different hydrogefs.

Reprinted with permission fromthe Royal Society of Chemistry

Other than altering the electronics of the guanine and its protonation state in water,
C8 position modifications can also change the conformation of the nucleéside.
guanosine, introducing bulky groups on C8 position often favors a syn conformer due

to sterics. In this way, the ribose moiety could potentially block the sugar face of

guanine and expose the Hoogsteen base pairingfu@et formation. 8BrG 29 exist

mostly insync onf or mati on

formation. Initial test shows that a 1:1 mixture of I5and 8BrG 29 forms a hazy

and coul d ac tquaset

hydrogelat room temperatumsithin 20 seconds of adding 0.5 eq KB(QMY The gel

gets significantly clearer after 20 min, indicating large aggregates are solubilized and
have asembled into hydrogel fibers. This hydrogel formation at room temperature

could be potentially applied to trap and release of enzymes andestaining drugs,

which are highly sensitive to heat
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Figure 1.37: (a) Synconfomer could potentially favor Guartet formation. (b)-8rG
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In Chapter 2, wedescribe the selissembly of 8hione and &lisulfide containing
guanosine analogs and their potential applications. Overall, the C8 positiahaaG
potentially be modified with a wide range of functionalities and still remains to be

explored in futue research.

19 Summary

This chapter has introduced a summary of hydrogels containingcavatent
macrocycles. The necovalent macrocycles can serve as crosslinkers between
polymers, but can also aggregate to givephllymers. Finally, we focus on-Quartet

hydrogels, which will be discussed in more detailChmapters 25.
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Chapter2Synt hesiGsel adRranmpert iSelsf uo f

cont aQuminm&nianleo g s

2.1  Summary

Thischapter focuses on the synthesis andasdemblypropertiesof different sulfur
containing guanosine analogs, namedghtolG 27, 8-thioG 37 and the corresponding
disulfides28 and38 (Figure 2.1). We demonstrate that addition of base or borate salts
can promote the hydrogelation properties of the poorly soRibi8-quartet hydrogels
were also successfully synthesized frd@and KB(OH), and the resulting hydrogel

were characterized using NMR an® Gpectroscopy.
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Figure 2.1: Structures of compounds that are discussed in the chapter

We also obtained a crystal structure fah#®G 37. An 8-thione tautomeis observed
and the compound adoptsynconformation abouthe GN glycosidic bondSince37

lacks Hoogsteen base pairing aisdless likely toform G-quartets, we proposed
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different methods to indudts hydrayelation. Finally disulfide 38 spontaneously self
assemblg into gels in acetonand ethyleneglycol. Canstruction of thiol/disulfide
containing materialeaspromise for environmental remediation applications and smart
material design.

In sections 2.2 and 6.6 we report the synthetic procedures of some guanosine

analogs and their N&0 screening results.

2.2  Introduction of thiol/disulfide chemistry

Sulfur-containing compoundare ubiquitousand many havsignificant biological
relevanceTheyserve asiucleophilesligands, crosslinkerandodorants in biological
context!®* While in the samel@lcogen group as oxygen, sulfur chemistry is unique
from oxygenin many ways. We herein introduce thiol and disulfide chemistry on a

basic level

2.21 Thiols are more acidic than alcohols

Thiols are generally more acidic than alcoh®lgy(re 2.2). The fnenomenon can
be explained by comparing the corresponding conjugate bases. When methanol
(pKa=15.5) and methanethiol (pK10.4) are deprotonated, corresponding methoxide
and methanethiolate anions are formf&®ince the sulfur atom has a much larger van
der Waals radius (1.8 A), as compared to oxygen (1.5%jpiolate can disperse the
negative charge better than alkoxide, which in turn méke corresponding thiol more
acidic than the alcohol. The same trend also applies to the relative acidity of phenol

(pKa=10) vs thiophenol (pk6.5)102
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Figure 2.2: Methanethiol is 10times more acidic than methanol

2.22 Thiolates aremore nucleophilic than alkoxides

Thiolates, the conjugate bases of thiols, are more nucleophilic than alkoxides. The
3sp’ lone pairs on anionic sulfur are higher in energy tharf @spgens so that the
thiolates are more reactive. The larger size of sulfur vs. oxygen also makes thiolates
more polarizable than alkoxides, which contributes further to the increased
nucleophilicity. Interestingly, thiols are poorly nucleophilic. The feténtial
nucleophilicity of thiols and thiolates has been used to perforrdgpendent attack
on electrophiles such as alkyl halides and Michael acceptors for bioconjugation
construction of functional materials Rigure 2.3).10410 Thijolates also play an
important role as a nucleophile in catalytic triads of enzyitfes.

Alkyl halides

W s
base
R—SH R—g°

/\\R" R—S

Michael acceptors x
RII

Figure 2.3: Thiols, when deprotonatedjive thiolate anions thaian be alkylated by
alkyl halides or Michel acceptors to form thioethers.
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2.23 Thiol-disulfide redox chemistry
Thiols and thiolates are susceptible to oxidation and readily form disu{fidpse
24). Disulfide linkages are crucial to the tertiary structures of many proteins. The
oxidation of thiols to symmetric disulfides is commonly achieved by adding iogline |
to a solution of thial In the presence of peroxidases, oxidation withg@s can be
achieved at a high rat&®

oxidation

—_—
R—SH ——~ R—S—S—R
reduction

thiol disulfide

)OJ\/\ /\)O'I\ QH
HO P OH /\/?\/SH

HS :
OH
O OH
Tris(2-carboxyethyl)phosphine (TCEP) Dithiothreitol (DTT)

Figure 24: (top) Thiol-disulfide redox reaction. (bottw) Structures of two reducing
agents that turn disulfides into thiols

For small molecule disulfides, the reduction to free thiol is bastied outwith
tris(2-carboxyethyl)phosphine (TCEBince itis odorlessfunctionsat a wide pH range
and the reaction is irreversib(Eigure 2.4).1° For disulfide cleavage within protein

dithiothreitol (DTT)is more efficient tha TCEP1°

2.24 Thiolate-disulfide exchange
Nucleophilic thiolates attack disulfides to form new thiolates and new disuifides
water Figure 2.5). This Si2 reaction is reversible and happens at room temperature
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with moderate rates. The disulfide bond is labile and considered a dynamic covalent

bond3? Protonation of thiolate stops the reaction completely.

R'—SH

Base

R—s® +R—S—S—R

Figure 25: Thiolates attacks disulfides to form new thiolates and new disulfides

rR—s® + R—s—S—R

2.25 Disulfide metathesis
The extiange reaction between two different disulfide molecules to form a statistical
mixture of symmetric and asymmetric disulfides is called disulfide metairegisge
2.6). While the reaction does not happen spontaneously upon mixing two disulfide
species,tis entropically favorable reaction can be catalyzed or induced by thibfates,

baseg!®phosphined!*1rhodium catalyst$!® UV light'!’ or ultrasonicatiort!®

1 R—S—S—R
2 R—S—S—R

R—S—S—R

R—S—S—R'
1 R—S—S—R

Figure 2.6: Two symmetric disulfides uwlergo metathesis reactions to form a statistical
mixture of symmetric and asymmetric disulfides

2.26 Metal binding
Due to the large size and high polarizability of sulfur atoms,
thiols/thiolates/disulfides are generally considerad besoft Lewis bases. They have

strong affinities for softLewis acids such asPi?*, Hg?*, Au®*, which make

53



thiol/disulfide containing compousddeal candidates fdsindingtoxic metalionsand

modifying metal surface$? 122

2.3 Inspiration and synthesis obthiol/disulfideG

2.3.1 Drawing inspiration from nature

Of the 20 amino acids that appear in the genetic code, serine and cysteine are an
interesting pair in that they are highly structurally similar: serine contains a primary
alcohol whereas cysteine contains a primary thiauyre 2.7). Yet, they are different
in many aspects involving the chemistry that occurs inside a protein. The most
interesting feature of cysteine is its capability to form disulfide cystine upon oxidatio
which is often crucial to the higherder structure of proteinsSSimilar to serine,
nucleosides also contain a primary alcohol on thgoSition.However we performed
a literature search on thethiol counterparts of nucleosides, and found to atprise
that these compounds have not been reported to exist in nature. We were particularly
interested in &thiolguanosine (SHG 27) since it could potentially form hydrogels
with thiol functional groups on the periphery via formation afg@artets’ Such thiol
containing hydrogels could be applied to heavy metal remediation and surface
conjugation of bioactive molecules. Addition of peidases to the thiatontaining
hydrogel could alter the material properties by forming disulfide b&#ds.
Furthermore, the disulfide compou@8 could potentially form hydrogels with more
crosslinks than those formed from th®l, and these disulfide crosslinks could be

cleaved and disassembled by reducing agents or other thiolates (e.g. glutathione). Such
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a hydrogel system made from guanosine analogs would potentially be biocompatible

and biodegradable and is ideal for delivefpayloads inside human body.
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Figure 2.7: -ndodification of G1 to give compound®7 and 28 is parallel with
serine/cysteine/cystirgeries.

Efforts have been devoted to the synthesis5athiol containing nucleoside
analogs:?¥12® Reese and coworkersported a universal synthesis of these analogs
using Bchloro nucleosidand 9-(4-methoxyphenyl)xanthe@-thiol.12* However, the
use of protected G and extra prepatian of thiol nucleophile limits the applicability.
Hodgson and coworkers improved the procedure by performmgynthesis of ®
SHG 27 in 2 steps from Gl with high yields!?® The resuing product, however,
contaired a mixture of thiol27 anddisulfide 28. Piccirilli first isolated pure disulfide
28in 5 stepsbut the procedure required protection and deprotection Efejpsthe
chaptey we successfullyisolated pure forms of bo7 and28in 3 simple steps from
Glbased on Ho dgano thaosighly characterdeuthedwo compounds
with 1D/2D NMR spectroscopyand mass spectrometrfrurthermore, with pe
compounds isolated, we describe the gelation properties of the two guanosine analogs,
which have not been reported before in literature.
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2.32 Synthesisand characterizationof analogs 27 and 28

We successfully prepared the mixture containing B@tand28 based on literature
(Figure 2.8 middle spectrum)Addition of excess Naljlsolution to the solid mixture
of 27/28 followed by extensive sonication oxidized all the remaining tRibland
prodwced pure disulfid@8as a light yellow solidRigure 2.8 bottom spectrum). Excess
TCEP, on the other hand, efficiently cleaved all disulfides in the mixture and gave thiol
27 as a fine white powdelF{gure 2.8 top spectrum)Closeexamination of 23 ppm
region of the NMR spectré&igure 2.8 blowup) of the mixture led us to find two peaks
that can be assigned Ba@CH2 0f 28, two peaks that can be assigne8@SH2 of27,
and a triplet that is assigned%SH proton oR27. The spectra for pui27 and28 only

give 1 set of peaks each that matched our assignment.
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Figure 28: 'H NMR showsformation of ®SHG 27 and SdisulfideG 28 by
performing redox reaction on2¥ + 28 mixturein DMSO-ds. Blow-up of 5aregion of
the spectrainambiguouslyshowscharacteristic peakier both analogs in the mixture,
whereas only one set of peaks are found in the spectra of pure analogs.
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Figure 29: H-'H COSY shows a crosspeak betweeaSH and ®CH,, thus
confirming the CHSH spin systenrm DMSO-db.
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The 5athiol proton shows arouhll =2.4 ppm as a welllefined tripletdue to the

coupling with5aCH2 of 27 and the peak assignment was confirmedHbyH COSY.

The correlation peak betweea$H and %CH. confirms the CHSH spin system inc

SHG27 (Figure 29).
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Figure 2.10: Electrospray ionizatiomass spectrometry confirms the identity of both

27 and?28.

Finally, mass spectrometry shew single peak at m/z = 300 ftiriol 27 and m/z=

597 fordisulfide 28, which unambiguously confirms the identity of both compounds

(Figure 2.10). In simple ways usg water as the solvent and TCEPAs

reducing/oxidizing reagents, we were able to prepare pure for&vsapid28.
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24 Gelation test of %¥SHG 27

24.1 Summary of methods to construct a G hydrogel from 5¢SHG 27

We previously demonstrated thaedium solubility is required for gelation o&5
modified guanosine analogs with KZICompounds coniaing divalent sulfurs
(thiol/disulfide) are usually poorly soluble in wateas compared to theoxygen
counterpartsThis is caused bthe lack of hydrogen bondingf sulfur atomswith
water, which reduces the degree of solvation. Thus, the modification bfr®o SHG
27 shouldreduce the aqueous solubiliy the nucleosidewhichsuggesthat SHG27
would be a fairly poor hydrogelator. Preliminary gelation test of a mixture containing
27 (2 wt%, 64 mM) and 0.5 eq KCI only gave a precipitakegure 2.11). We propose
four approaches to construct hydrogels from SH1) adding strong base to produce
thiolates with better solubility2) adding borate salts to form water soluble borate
esterst?’ 3) adding G1 to create a binary gel and prevent crystallizatfband 4) a

combination of thehreeapproaches.

2.4.2 Higher pH favors gelationby thiolate of 27
First, we added 0.5 eq KOH instead of KCI into an aqueous suspension of compound
27 (2 wt%, 64 mM) inside a glass vial. The mixture was flushed withgids before
heating with a hotgun. After cooling at room temperature, a white gel formed,
suggesting thahigher pH improves hydrogelation &7 (Figure 2.11). A gel
containing thiolates could be applied to remediation of alkylating toxins such as

acrolein and acrylonitrilé?®
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Figure 2.11: Addition of hydroxide improvethe hydrgelation of27.

2.4.3 Addition of 5¢aminoG 4 to thiolG 27 promotes gelation

We also tried creating a 1:1 mixture SfaminoG4 and SxthiolG 27 in order to
create a bianry mixture of guanosine analogs by utilizing the basic amine gebtgp of
form thiolates Figure 2.12). Gelation test shows that the binary mixture (2 wt%, 64
mM) again formed a white hydrogel with KCI (0.5 eq). As a control, a mixture of non
basic G1 and SithiolG 27 only gave a precipitate, which shows the importance of high
basicity to induce hydrogafion. The electrostatic interactions between the resulting
ammonium and thiolates could also contribute to the stability of the gel.
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Figure 212 A 1:1binary mixture of &minoG4 and ®thiolG 27 forms a hydrogel.
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2.4.4 Potassium borate hydrogels of 27

Previously, our group reported that addition @d(KH)sto G 1 gave a strong and
transparent hydrogé®. The optimal stoichiometry of borate salt was found to be 0.5
eq. We also started by adding 0.5 dgk@(OH)s (made fromtwo separat stock
solutions of B(OH and KOH)to 27 and found that a se#ftanding but translucent

hydrogel(1 wt%, 32 mM)formed(Figure 2.13).

KOH eq. 0.5eq 1.0eq 15eq 2.0eq

(o)

20y
G1 <N | Sl

N7 NH,
HO

Figure 2.13: Addition of 0.5 eq KOH and 0.5 eq B(O+d SHG27 (1 wt%, 32 mM
gives a translucent hydrogel while further increasing KOH ammuatO and 1.5 eq
gave hydrogels with better clarity.

To improve hydrogelation wproposé thataddition of more than 0.5 eq KOQH
while maintaining the same amount BfOH)3, would solubilize undissolve@7 (1
wt%, 32 mM) and form a more uniform hydrog@Figure 2.13). KOH titration test
showed that transparent hydrogels were formed adthtion of1.0 & 1.5 eq KOH. As
a comparisonG 1 hydrogels are best with 0.5 eq KOH while further addition of KOH

weakens or disassembles the resulting ek result is again in accordance with the
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previous result that higher pH is required fbiol 27 to form a better hydrogdly
favoring the formation of thiolate aniamsddition of 2.0 eq KOH only gave a viscous

solution.

2.4.5 Potassium borate hydrogels made from a 1:1 binary mixture of 27 and 1
Finally, we decided to combine two aforementioned approaches, namely using a
binary mixture and adding borate sa{tSgure 2.14). The combination of these
methods was previously used in our lab to create-ami@oG31/G 1 hydrogel for
remediation of cationic dyeé$.Satisfyingly, a mixture o7 and1 (2 wt%, 64 mM)
together with 0.5 eq of KB(OH)after purging with nitrogen gas and a regular heating
cooling cycle, resulted in a sedfanding and #msparent hydrogel. Future work

involves more detailed structural characterization of the hydrogel.
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Figure 2.14: A 1:1 binary mixture (2 wt%64 mM) of 27 and1 forms clear and self
standing hydrogel.
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2.46 Future work on the hydrogelation of 27

Having explored different conditions to induce the hydrogelatid@vofuture work
involves more detailed characterization of the resulting hydrogels using NMR, CD,
rheology, etc. Then the potential application of theol-containinghydrogels for water
remediation of toxic metal and alkylating agents will be explored. Finally, we are
interested to see if peroxidase enzymes can crosslink the resulting hydrogels by
forming a disulfide bond and how it would influence the structure and the behavior of
the hydrogels. Tis research could provide insights into the design of-tookaining

biomaterials.

25  Hydrogelation of5xdisulfideG 28 and preliminary characterization

251 b5adisulfideG 28 is poorly solublebut can be dispersed in a water/DMSO
mixture
Guanosine and its analogs are notoriously insoluble in water despite the seemingly
high polarity of the compound. The formation of insoluble ribbon structures is the
primary reason Rigure 2.15).12° For 28, the layers of ribons are potentially
crosslinked by disulfide bonds, which would likely further reduce the aqueous

solubility of this nucleoside.

63



Regular guanosine ribbons 5'-disulfideG 28 ribbons
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Figure 2.15: Proposed disulfide crosslinking the solid phase dt8to cause its poor
agueousolubility.

Initial attempts to create hydrogeising disulfide28failed due to its poor solubility
the fine powderobtainedafter grinding cannot be further broken down in water by
sonication Heating the aqueous suspensior2®{2 wt%, 32 mM) to boiling, with or

without borate saltalsofailedto solubilize most of the compound.

DMSO first
then H,0

H,0 only

Figure 2.16: Addition of finely ground28 into watergave rapid precipitatiorwhile
dissolving28 in DMSO followed by adding water gave a wellispersed suspension
(0.25 wt% 4 mM).
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While synthesizing the compound, we found that DMSO can dis2@wa¢ ahigh
concentratior{over 50 g/L). We transferred a small amount of DMSO stock solution
of 28 to a glass vial, which was then diluted with water to give a-disflersed
suspensiori0.25 wt% 28, 95% water, 5% DMSO4 mM). Addition of borate salts to
such a suspension followed by heating can efficiently solubilize all the ¥dlidout
dissolving in DMSO first, the solids &8 precipitatel within a minute in wateand
cannot be easilglissolvedFigure 2.16). Using 5% DMSO, we efficiently broke down
crystalline solids of28 into a fine aqueous suspension, which is beneficial for

compound solubilization and gel preparation.
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25.2 Gelation testof disulfide 28 with borate salts shows better gelation with

KB(OH)4

eq. of salt

LiB(OH),

Figure 2.17: Gelation tests with disulfide@8 (0.25 wt%, 4 mM) and different borate
salts in 95% water and 5% DMSO. Sample containing 8 eq KB{(@&Ve a clear and
self-standing hydrogel.

Wefirst performedyelation testin the 95:5 DMSO:water mixturen disulfideG28

with borate salts. Both salt concentration and cation identity could potentially influence
gelation behaviot?” Of all thealkali metal cationsested K* formed the best hydrogels
with 28, which reflects Kc at i on 6 s ptabdifing Gguartets Titmatton s
experimers indicated that 8 eq of KB(OH)34 mM) gave a seltanding hydrogel
(0.25 wt%, 4 mM, 95% water and 5% DMSO). With less than 8 eq. borate gave a
suspension, while over 8 eq gave weaker gslfudged by the cuature of inverted
hydrogel/air interfacegFigure 2.17). Switching K into Li* and Nd mostly gave

solutions instead of gels.
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2.5.3 CD spectra of K/Na hydrogels show &uadruplex features
We first studied the resulting hydrogels usangular dichroisnmspectroscopyCD)
which is a powerful technique to probe tbleiral orientations of uartet layers
(Figure 2.18).213°K*/Na" samplesof 28 gave strong signalat 200300 nmthat are
characteristic of chiral stacks of-@uartets. Li samples fail to show any significant
assembly, showing its poor ability to templatej@artet gel formationfThe CD spectra

syoport our hypothesis that the hydrogel withi& G-quartet based.
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Figure 2.18: CD spectra of different borasamples 028 (0.25 wt%, 4 mM, 95%1.0
and 5% DMSO, 8 eq MB(OH). The path length of the quartz cuvette imi.

2.54 B NMR of the resulting gels only show monoester

We then used!B NMR to probe to composition of different boron containing

species in solution. Our group previously reported that witha@d 0.5 eq KB(OHy)
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both borate monoesteii ¢ 6 ppnm) and diestersi(~ 11 ppm were observed iA'B
NMR.*3!In this case, however, since 4 eq of KB(@#gre used relate to all riboses
(8 eq relative t®8 since eacl28 molecule contains 2 ribose units), we propose only

monoesters exist due to the large excess relati2. to

Figure 2.19: B NMR spectra of different borate gels fr@@(0.25 wt%, 4 mM, 95%
D20 and 5% DMSO, 8 elIB(OH)4) show only peaks for monoester.

First, hydrogelscontaining28 (0.25 wt%, 4 mM, 95% BD and 5% DMSO, 8 eq
MB(OH)s) were prepare@nd transferred into a hot NMR tubEhe samples were
allowed to cool down and'B NMR experiments were performggigure 2.19).
Results show that only monoester peaks 6.5 ppm) exist in solution phase due to
the large excess of borate sdtis Li*, Na" and K borates No peaks for diesters are
found in all three spectra, consistent with our hypothédso significantly stronger

peak was seen in the‘ldample than K indicating moréoorate ester speciegedn the
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