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Yun Qian

ABSTRACT

Hydrogen sulfide (EBS) is a gasotransmittethat is producel endogenously and freely
permeats cell membranedt plays important roles imany physiological pathways, and
by regulating these pathways, it provides mamgrapeutic effects-or example, kS5
dilates vascular vessels, promotes angiogenesis, andtpraés from oxidative stress.
Due to its therapeutic effects$lhas benused as potential treatment for diseases like
diabetes, ischemigeperfusion injuries, lung diseases, ulcers and edemas, among others.
To apply HS for therapeutic applicationsvo challengesieed to bexddressedThe first
challengeis the BS donor, which not only provideH2S butmust bestableenoughto
avoid side effects caused by overdose; and the sedt@iliénges the delivery strategies,
which transport the £6 tothetarget sites.

A series ofS-aroylthiooximes (SATOs), anH2S releasing compoundere synthesizeand
conjugated to peptide sequences to fon-kleasingaromaticpeptideamphiphile (APA)
hydrogels APAs formednanofibers which werestabilized by b-shee$ and aromatic
stacking. The seldssembled structures were affected bysthigstituent®on thearomatic
rings of SATG, leading to theformation of twisted nanofibersAfter the addition of
cysteineH2S wasreleased from the APAsith half-lives ranging from 13 min to 31 min.
The dectrondonating groups sload down the HS release rate, whiléhe electron
withdrawing groupsicceleratedhe release ratd.herefore, the release rates ofSHvere

controlled by electronic effects. Wheelfsassembled structures were formed, th& H



release rate was slowed down even more, due to the difficulties in cysteine diffusion into
the core of the structures.

Antimicrobial effectswere also discovered using theSHreleasing APA hydrogels. The
H2S-releasing dipeptides-BE and SYE formed seHassembled twisted nanoribbons and
nanotubes, respectively. The nopSHeleasing control oxime dipeptidesRE and CYE

were also synthesized. TheRE formed nanoribbons while theYE only showed non
specfic aggregates. -FE and SYE released b5 with peaking times of about 41 and 39
min. Both the selassembled structures and the release rates were affected by their packing
differences.In vitro and ex vivo experiments withStaphylococcus aureuxen29), a
commonly found bacterium on burn wounds, showed significant antimicrobial effects.
APAs S-FE and CFE eliminated Xen29 and inhibited the biofilm formation, whit€S
always showed better effects thanFE. These antimicrobial 4$-releasing APA
hydrogelsprovide a new approach to treat burn wound infections, and provide healing

benefits due to the therapeutic effects ebH
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GENERAL AUDIENCE ABSTRACT

Hydrogen suide (Hz2S) is a signaling gashat produce in our body. Itregulates
physiological pathwaysand can bea potential treatmentor diseases likediabetes,
ischemiareperfusion injuries, lung diseases, ulcers and edemas, among Hiheever,
two issues need to laeldressebteforeapplying H2S fordisease treatmentshe firstissue

is to choos@nH2S donor, whichs stableenougho avoid side décts caused by overdose.
The secondssueis the deliverymethods which transportheHzS to target sites.

A series ofS-aroylthiooximes (SATOs), anH2S releasing compounaere synthesizeand
attachedto peptide sequencds form H:S-releasing selbsembledaromatic peptide
amphiphile (APA hydrogels The APA hydrogels were found to kadfected by the
substituenton the SATOstructuresFor examplethe HzS released fronAPAs had half-
lives ranged from 13 min to 31 miwhich were controlled by the substituerif8hen
hydrogelsvere formed, the 6 release was slowed down even more, due to the difficulties
in cysteine diffusion into thEATO structures.

The antimicrobial effectsvere also discovered using the3HreleasingAPA hydrogels.
Two H2S-releasingAPA hydrogels S-FE and SYE, wereformed. At the same time, two
non HS-releasing oxime dipeptide€-FE and CYE, were also synthesizezks controls
The HS-releasing peptide§-FE and SYE, released ES with peaking times of about 41
and 39 min while no BS was released from-EE and GYE. The selassembled

structures and the release rates were affected bysthatturaldifferencesin vitro andex



vivo experiments wittStaphylococcus aurey¥en29), a commonly found bacterium on
burn wound, showed significant antimicrobial effe@sth H2S-releasingS-FE andnon
H2S-releasingC-FE eliminated Xen29 and inhibited the biofilm formatiamicating the
potential use of the designed peptides as antimicrti@atment for woundsThe S-FE
always showed better effects thanFE, suggesting the benefit of 28 during the
elimination of bacterialThese antimicrobial t&-releasing APA hydrogels provide a new
approach to treat burn wound infection and provide hglenefits due to the therapeutic

effects of HS.
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Chapter 1: Introduction to Dissertation

Gasotransmitters are signaling gases, whiehproducel endogenouyl and can freely diffuse
throughmembranes. Thewre involved in the biological pathwaysef mammas and regulate
physiological functions. Hydrogen sulfide {8), a gasthat smells like rotten eggandis well

known to be toxicyasidentifiedasa gasotransmitter. Along with other gasotransmitters like NO,

CO and COS, bbis attractng more and more attentidar its therapeutic effects and applications

It hasbeentested for potentiareatmens of lung diseases, edemas, inflammation, and wounds,
among others. The detailed biological functions, therapeutic effects, exogenous synthetic donors,
and the applications of43, as well as NO and CO, are reviewed hagter 2.

H2S becomes an interesting research topic, due to its therapeutic effects. barsleldsing

donors have been used to provide exogenat With various release profiles. The simplest
solution to apply exogenol#Sis to useH2S gas or inorgaiisalts. However, both methods have

the limitation of controlH2S gas needs special equipment to manipulate the flow, and inorganic
salts usually show burst release. Synthetic donors address these problems and provide more control
over the HS release rat Our lab has developed several synthEti€ donors, one bein&
aroylthiooximes (SATOS). The synthesis of SATOs is achieved by reacting an aldehyde or ketone
with thiohydroxylamine (THA) containing a catalytic amount of acid in dimethylsulfoxide
(DMSO). SATO is able to releasH:2S in response to a thiol trigger, arfietrelease rate can be
precisely controlled by changing the substituents on the aroyl rings. After obtaining suitable
donors, the next challenge is an appropriate delivery method. Several papers have been published
from our lab which discuss exogenddsS delivery. One approach involves the use of polymeric

materials to prepare polymer micelles, which control delivery with capaciin fawo targeting



and bloodstream circulation. Another approach entails the use of peptides to feasseatbled

H2S-releasing hydrogels, as will be discussed in Chapter 3 and Chapter 4.
In Chapter 3peptidebased2S-releasinghydrogels with controllable $ deliveryare presented

A series oH2S-releasing selbssembled aromatic peptide amphiphiles (APAs) wespared by
reacting substituted TH#with b-sheet forming peptides containing aldehyde functional groups.
This design not only provided peptitbased materials foH2S delivery, but also solved the
solubility issue of SATO donors, as well as maintaineddgbydrolysis stability.Various
substituents were included the SATO component of the APAs in order to evaluate their effects
on selftassembled morphology amtbS release rate in both the solution and gel phadssg
substituents ranging from electrdonating OMe and Me to electravithdrawing groups F and

Cl, the H2S release haldfives of dilute solutions varied from 31 to 13 min. The differences in
release time were influenced by electronic effettswever, when these APAs were self
assembled into nanofiberd;S release profiles were extended with the pegkimes correlated

to their substituents. The release peaking times weré 280 min, and the duration btSrelease

was also related to the sal§ésembled structure. Similarly, when hydrogels formed upon addition
of calcium chloride (Ca@), theH2Srelease became more complex, as the diffusitineaysteine
trigger was significantly inhibited in the gel networks. TH#S release concentratiortd self
assembled solutions were &3 M, while theH2Srelease concentrations of gels werg Bmes
lower than the seldssembled solutions. The effects of substituents in the structures were
investigated Transmission electron microscopy (TEM) imagesfirmed that alH>S-releasing

APAs selfassembled into nanofibers above a critical aggregation concentration (CAQ)of

mg/mL. Circular dichroism, infrared, and fluorescence spectroscopies demonstrated that



substituents influenced sedbsembled atrct ur e s by affectislpet hydr o
formatibpn)staadki ng.

Following the development gfeptidebasedH2S delivery hydrogel materials, the nedttjective
wasexploiing their applicationsH2S provides wound treatment benefits, promatagiogenesis,

and has antinflammatory properties, as well as other therapeutic effects. Infection of burn wounds
iS a serious problem, and rising concern about antibiotic resistance directed us towards new
approaches to treat burn wounds and fight imdest We decided to usezEtreleasing APAs
which deliver HS locally and eliminate bacteria on burn wounds.

The APAswereportin Chapter 3 could be a possitdeatmenfor burns and infectiongdowever,

the gelation of aromatic peptidenphiphiles requires the addition of?Gawhich has its own
physiological functions and could lead to other side effects. Each peptidecomiams six or
seven amino acidw deliver oneH2S molecule.Thus, new dipeptidéydrogels were designed
basedon SATO andAPA (Chapter 4. The dipeptide sequences include an aromaticdide,

either phenylalanine (Phe) or tyrosine (Tyr), and a glutamictagdvidewatersolubility to the
peptide Thedipeptidess SFE and SYE were able to form hydrogels in p6iPBS (1X) buffer
without any addition of CA. Furthermoreas there were only two amino acids in the sequences,
both thetime and cost ofynthesis were greatleducedcompared to the initial ¥$-releasing
APAs (Chapter 3)The supramolecular structgref the seHassembled-$E and SYE were based
onb-sheets ang-p stacking, and the corresponding morphologidsch were observed via TEM

were twisted nanoribbons or nanotub€ke release peaking times of these two hydrogels were
close to40 min. Two control dipeptides €E and CYE were also prepared.-EE formed
nanoribbons while &E formed poorly defined aggregates. These varied morphologies were

affected by differences itneir packing, confirmed by FTIR, CD, and fluorescence spd8ttn



thein vitro andex vivoexperiments showgaromising results of dipeptide hydrogelskF& showed
100% inhibition of Xen29 colony formation (planktonic assay), about 95% eliminationstihegx
biofilm luminescent signaJsand 95% inhibition of biofilm formation (prophylactic model)
compared with untreated controls:RE showed 97% inhibition of Xen 29 colony formation
(planktonic assay), about 60% elimination of existing biofilm luminessgnals and 65%
inhibition of biofilm formation (prophylactic model). Considering boti5 and CFE displayed
antimicrobial effects, it can be inferred that the-sesi$embled structures inhibit bacterial growth.
H2S presence also has an effect ortdrgal colonies and biofilm formation demonstrated by the
lower bacterial burden and biofilm mass eFE-treated samples.

The advantages of the SATF@ased APA hydrogels are discussed in Chapter 5. APA hydrogels
can be designed with different supramalec structures and43 release rates. In the future, more
studies can explore applications ofSeleasing APA hydrogels and improve the control of

existing BS delivery systems.



Chapter2: Gasotransmitter Delivery via Selssembling Peptides: Treaiy

Diseases with Natural Signaling Gases

Reprinted (adapted) with permission fro@ian, Y.; Matson, J. BAdv. Drug Deliv. Rev2017

110-111, 137156.Copyright 207.

2.1 Authors

Yun Qian andlohn B. Matson
Department of Chemistry andlacromolecules and Interfaces Institute, Virginia Tech,

Blacksburg, VA 24061, United States

2.2 Abstract

Nitric oxide (NO), carbon moskdsoxiade @POWeys fahd .
mol ecul es that play a vay.i eGoyl loefc triovleelsy icna |naend
t hese gasersanlgd weg wihckeeg apeuti c potential, but
gaseous natur e, extehsteeg B@dctsiyvsitteymi cs htoorxti
gasotransmiitttlrerc aretln vlerogvewr the duration and
for developing effective therapies. An attrac
injectable or i mplantable gels, whlilchblicandudat
and then degrade infasskebi gbhbgmetdapbpelist aed Yol
this purpose due to their tunable mechanical

bi odegradability. elhhthbs$ ol ®egi €a H¥e od iledsu s $ &AtOh



therapeutic potential, and highlight recent
pepthiadeed delivery systems.
Delivery of Gasotransmitters NO, CO, and H,S
Inhalation Injectable/implantable
Q ; hydrogel delivery vehicles
—O8E JiL yiroge dlivery

Orally

administered . . .

small molecule Circulating polymeric

donors \ delivery vehicles

|

2.3Introduction
Nitric oxide (NO), carbon monoxide (CO),dhydrogen sulfide (k8) were all discovered in the
late 1700s, and all were regarded for centuries solely as toxins and environmental hazards. Joseph
Priestly, discoverer of many gases including oxygen, was the first to isolate both NO and CO,
while CarlWilhelm Scheele is credited with discoveringSd Although Scheele was the first to
isolate HS, mi xi ng iron sul fide with minkitstmdic aci d

e



effects had been described even eaflierS toxicity is now understood to be a result of
cytochromec oxidase inhibition and subsequent mitochondrial poisofire toxicity of NO and

CO were confirmed latér NO through its ability to form reactive oxygen species, such as nitrogen
dioxide and pengynitrite,* and CO through its ability to bind hemogloifi inhibiting oxygen
transport.

Perhaps because of their notorious toxicities and sordid histories, the possibility that NO, CO, and
H2S could play biological roles was dismissed for many yesspite evidence that these gases
were produced in mammalian tissues. NO was the first to be recognized as a biological mediator.
Il n |l ate 1970s, Murad showed that NO stimul at es
cyclic guanosine monophospbdtGMP) productior Later, Furchgott discovered the enigmatic
endotheliuraderived relaxing factor (EDRF) present in vascular endothelial, Taltsl in 1987
Moncada and Ignarro separately showed that the NO was the primary. E3REsearch into

NO bidogy was the basis for the Nobel Prize in Physiology or Medicine in 1998, shared by
Ignarro, Furchgott and Murad. Since then, the biological roles of NO have been widely studied,
and its therapeutic potential continues to.tise

While endogenous produoti of CO in the mammalian body was first noted in 1958
physiological role for CO was not discovered until the early 1990s. In 1991, Marks predicted that
CO, known then to be produced endogenously by heme catabolism, could mediate physiological
functions through binding to the heme of s&wo years later, Verma published the first report

of CO as a neurotransmittér Now CO is recognized as a signaling molecule that regulates
neurotransmission, relaxes blood vessels, and inhibits platelet aggnegatimng other role’s: 16

The discoveries of NO and CO as signaling molecules suggested a possible physiological role of

endogenous 6 and encouraged its further study. Enzymes that genes@t ishammalian cells



have been known since the 1950¥% but it was a landmark 1996 paper that establishe&3ld$ a
signaling gag® In this work Kimura suggested that$lis a neuromodulator based on evidence
that HS facilitates the induction of lorgrm potentiation in the hippocampus. In addition, he
establshed that endogenous$irelaxes smooth muscle cells in synergy with 3@ 2003 the

first molecular target of b8 in the cardiovascular system was discovered by \&ddglike NO,

which dilates blood vessels by activating sGGS Hpecifically targets kr channels to relax
smooth muscle cells. Further studies have shown tkatwdrks both alone and in synergy with

NO and CO in cell signaling and regulation in many organs and systems throughout the body.
The physiological roles of NO, CO, and$ have ben studied for a relatively short period
compared to other signaling agents, but vital biological processes mediated by these gases continue
to be discovered. Establishing their physiological roles, determining their mechanisms of action,
and developingierapeutic strategies that rely on these gases all require chemical tools to generate
and study them. The physiological roles and therapeutic benefits of NO have been studied for
much longer than those of CO angS;ibut these last two gasotransmitterscatehing up quickly.

Efforts to develop new donors of all three gases are primarily focused on small molecules, but
endeavors to develop materials for gasotransmitter delivery continue to gain stigmegh.
include polymers, hydrogels, inorganic/organybrids, and other materials that release NO, CO,

or H2S. Advantages of gasotransmitter delivery from materials, discussed in depth below, include
controllable duration of release, the capacity for targeting specific organs, and the ability to localize
release by injection or implantation of the material. Substantial progress has been made in this area
in just the pasti5l0 years, particularly in pepticeased materials for gasotransmitter delivery.
These materials, which are gels based orassémbledi®rt peptides, are particularly attractive

for drug and gas delivery due to their biodegradability and lack of toxicity, making them broadly



useful in bioengineering, regenerative medicine, and tissue engin&efifi\yye review here the
basics of gasotransmitter biology, highlight several methods for gasotransmitter delivery, and
finally discuss peptidbased materials and their use as delivery systems for NO, CO8nd H

We begin in section 2 with a discussion of thain physiological roles and therapeutic potential

of NO, CO, and k5. Section 3 deals with the main methods for delivery of these gases, including
inhalation therapy, small molecule donors, and materials. A detailed discussion of all of the
delivery methds is beyond the scope of this review, but we cover the advantages and
disadvantages of each method. In section 4 we introduce péjppisée materials and discuss their
uses and general features. Section 5 covers pdpged materials for gasotransmitiefivery as

well as materials that respond to gasotransmitters.

2.4 Gasotransmitters: NO, CO and HS

Once solid evidence for the signaling capacity e Had been established, it became clear that a
term was needed to collectively define the thkeewn signaling gases. The term gasotransmitter
was coined in 2002 to describe NO, CO;SH and any other gases that have similar

characteristics® A gasotransmitter is defined as a gas that:

=

Is endogenously produced

=a

Is freely permeable to membranes
1 Has pecific cellular and molecular targets
1 Has defined physiological functions
In addition, exogenous administration of these gases must mimic the natural functions of the gas

for a substance to be defined as a gasotransmitter. Other gases may also bedckssifi



gasotransmitters in the futy#&but only NO, CO, and £$ are currently known to meet all of these

requirements.

2.4.1 Biological and therapeutic roles of NO

NO is a free radical with a short hdifie (seconds) in biological systems. As a restiinust be

produced quickly as needed in the body. NO is produced endogenously -fogmine and

oxygen via a family of enzymes called nitric oxide synthases (NOSs) (Rd)ré& hree isoforms

of the NOSs have been identified: neuronal NOS (nNOS or IyQOBducible NOS (iNOS or

NOS2), and endothelial NOS (eNOS or NOS3). Each enzyme acts to generate NO under different
conditions. Consistent with early discoveries, the main actions of NO are mediated through its
binding and activating sGC. NO diffusesdbgh lipid bilayers and activates sGC by binding to

its heme unit. Thebesthar act eri zed i soform of sGC, Ui/ b1,
NO, and the resulting complex catalyzes the conversion of guarmdginphosphate (GTP) into

cGMP. The gnaling cascade follows with cGMP activating target proteins including various
protein kinases. Finally, cGMP is degraded by phosphodiesterases. The cascade
(NOYcGMPYkinase activation) provides a | arge
various downstream output¥’ For example, endothelial cells (ECs) that line the entire surface of

the circulatory system produce NO by the action of eNOS. Through the signaling cascade
described above, the released NO leads to relaxation of smooth muscle cell\edta layer of

the blood vessel, with the ultimate effect of blood vessel dildtion

Interest in the potential therapeutic roles of exogenously administered NO has existed for decades.
Inhaled NO diffuses into vascular smooth muscle cells, leadibiptwl vessel dilation through

the endogenous signaling cascade. NO inhalation therapy is used routinely in the clinic to treat

10



infants suffering from pulmonary hypertensiSin fact, this is the only FDApproved use of any
directly delivered gasotransttar. While inhaled NO is the simplest method of delivery, much of
the current research on NO therapy is focused onréé€asing small molecules, proteins,
polymers, or other materiad® 3° NO therapy has been most widely studied in cardiovascular
diseag, specifically thrombosis, neointimal hyperplasia, and ischeeparfusion injury.
Thrombosis describes the presence of a blood clot that obstructs blood flow through an artery, and
NO can directly induce an antithrombotic effect by regulating proteiasad to platelet adhesion

and aggregatiaft Neointimal hyperplasia is the thickening of blood vessel walls as a response to
injury, typically after surgically clearing a blockage. Surgical damage to the intima layer of blood
vessels from stenting disrigpNO release, resulting in platelet aggregation at the injured site
followed by smooth muscle cell proliferation and migration. NO, either applied exogenously or
induced by upregulation of eNOS, can effectively regulate platelet activation and decreage sm
muscle cell activity! Ischemiareperfusion injury is the result of tissue damage caused when
blood supply returns to a tissue after a period of restricted blood supply. The role of NO in treating
ischemiareperfusion injury is complex, with contribng factors including vascular smooth
muscle relaxation, cytokine modulation, apoptosis prevention, and reactions of NO with

superoxides, among othe¥s

11
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Figure 2.1. Schematic illustration of endogenous NO synthesis and its biological and therapeutic

effects (adapted from Ref: with permission).

Other potential therapeutic applications of NO include treatment of cancer, promotion of wound
healing, and use as an antibacterial. The role of NO in cancer is c@miplexn act either to
suppressopr omot e tumor gr owt h. High concentration
species, which along with reactive oxygen species induce oxidative and nitrosative stress, causing
DNA and mitochondrial damagé DNA damage appears to be caused by a combimaif
carcinogenic nitrosamine formation and direct modification of DNA, leading to inhibited DNA

lesion reparation, breaking of DNA strands, and DNA mutafibiow concentrations of NO (pM)

promote angiogenesis and aapioptotic pathways, both of whigiromote tumor growtf* In
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contrast to its detrimental effects in treating cancer, the ability of NO to promote angiogenesis
provides great potential in treating chronic wounds. NO helps to heal wounds by promoting
angiogenesis, enhancing vascular enda@hglowth factor (VEGF) production, and facilitating

the migration, differentiation, and proliferation of endothelial c&ll$® The antibacterial
properties of NO may provide a method for treating bacterial diseases that does not rely on
traditional amibiotics. Its efficacy is derived from production of oxidative and nitrosative species,
which interact with bacterial proteins, DNA, and metabolic enzymes to cause bacterial cell death.

NO-based therapies are under investigation for treatment of toictrial disease¥: 38

2.4.2 Biological and therapeutic roles of CO

CO is arelatively stable molecule compared with NO a#f8l, Mith a haHlife of 3i 7 hours in the
human body? It is produced in living organisms through heme catabolism by the auftiveame
oxygenases (HOs), which exist in inducible APand constitutive (H2 and HG3) isoforms
(Figure2.2). The biological functions of HQ and HG2 have been thoroughly studied; FBs

less well understood at this point. Fs active under nornrhaonditionsin vivo, while HO-1 is
activated by threats to cell homeostasis and surff\talendogenous CO production (Big2.2),
heme is converted to Fe CO, and biliverdin. Biliverdin is subsequently reduced to bilirubin by
biliverdin reductase ahis excreted in bile and urine. CO is eliminated through the lungs (typical
exhaled concentrations of CO ardQ ppm), leading early researchers to conclude that it was only

a metabolic byproduct.
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Figure 2.2. Endogenous CO synthesis.

CO diffuses frely through cell membranes and produces a rapid response by binding to hemes.
Its primary targets are sGC, hefmentaining potassium channels, NOS, surface NADPH oxidase,
and hemecontaining transcription factaf$ In fact, there are no known reactions@® with
organic moleculef vivg; its activity comes solely from binding metals. As CO binds to heme
containing proteins, conformational changes affect their activity. The most studied pathway of CO
signaling is the binding of sGC, which induces incrdagg@MP production in a similar manner to
NO.#? Interestingly, CO also binds NOS, which promotes NO production. On top of this, NO can
activate HO1, increasing CO production. It is clear that the regulatory effects of NO and CO are
interrelated; for examplean impaired HA&CO system causes vascular resistance in the heart and

lungs, consequently leading to systemic and pulmonary hypertefision
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The therapeutic effects of NO and CO are closely related because both are activators of sGC and
their therapeutic effects are mostly attributed to sGC regulation. Similar to NO, CO has anti
inflammatory, antiapoptotic, antproliferative, and anthypertensive properti¢€ Most studies

on the therapeutic possibilities of CO have been carried out udimgy énhaled CO or CO
releasing small molecules. Based on its endogenous roles, exogenously delivered CO provides
protective effects to tissues due to its physiological functions noted above. Hitsflantimatory

effects are derived from its ability toctease the production of inflammatory mediatéGhronic
obstructive pulmonary disease (COPD) is an abnormal inflammatory response to noxious gases
and particles most commonly caused by smoking. Pilot studies-emekers have focused on

using inhaled © to treat COPD patients, finding that inhalation of-12@% ppm of CO for periods

of 2 h led to improved bronchial responsiverf@3ther studies have focused on the-apiptotic

effects of CO, which are a result of activation of sGC and are promimestidothelial cells,
hepatocytes, and cardiomyocyfés 4’ In studies on hypoxiseoxygenation of H9c2
cardiomyocytes, addition of small molecule CO donors showed no significant loss of viability
compared with 70% loss of viability in untreated contf®kn the same paper, CO treatment was
tested in mice in a cardiac allograft rejection model. Application of the same CO donor to hearts
before transplantation achieved 18 days survival, twice the survival period of untreated control
hearts. CO is also prapoptotic, demonstrating the capacity to induce apoptosis in aggressive T
cells, dysregulated hyperproliferative smooth muscle cells, and canceffeéhs a result, CO

has been investigated as an-aatncer agent. In studies on the effects of C@wnan pancreatic
cancer cells, both CO gas and ©€easing molecules suppressed carcinogeb€eslsese effects
extended to a xenograft mouse model of pancreatic cancer in which CO therapy inhibited cancer

cell proliferation and decreased microvascularsity of the xenotransplanted tumor tissue.
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2.4.3 Biological and therapeutic roles of HS

Smooth muscle cell

l
© -~

/ Mitochondrion \

AN H,S \ 7 DSSE N
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Figure 2.3. Endogenous kS synthesis.
H2S is produced endogenously by thr eesyntbase y me s

(CBS),c y st at Hyase (CBH), and&nercaptosulfurtransferase (3MST) (Figarg).>> CBS

is highly expressed in the liver and kidney and is the predomirngteherating enzyme in the
brain and nervous system, while CSE is found mainly in the liver anchtdévascular system.
The primary substrate for these enzymes-@ysteine, although other sulfaontaining species

are also converted into:H by some enzymes. The pathway feBHbroduction by bacteria in the
human gut is less well understood, bumihy also play an important role in mammaliagSH
synthesis.

The biological roles of k8 involve regulation of various interconnected pathways, and many of
them are not yet fully understood. However, many effects:6flirve been identified, including

vasorelaxation, aninflammation, proliferation, and others. As an endotheldsnved
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hyperpolarizing factor (EDHF), #$ activates Krr channels, causing hyperpolarization and
relaxation of vascular endothelial and snipotuscle cell§® It has antinflammatory properties

via Katp-dependent mechanisi?fs downregulating N B act i vati on elr upr e
expressiod The proliferative effects of ¥ on vascular endothelial cells are complicated
possible mechanisms imcle stimulation of the P3K/Akt pathway, opening of ke channels,

and inhibition of the sGC/cGMP pathway, as well as increasing intracellular calcium
concentratiod Some studies suggest that3Hhas a negative inotropic effé@nd negative
chronotropiceffecf® on the cardiovascular system, which are closely related to the opening of
Kate channels and inhibition of the cAMP pathway, respectively.

Unlike NO and CO, which have been studied for a relatively long tire,ddnors are in early
stage clinicaldevelopment. One way in which28 has been studied as a therapeutic is as an
antioxidant. S has pr otective effects -clls, whichisatrate i ve d
insulin under glucose stimulation, thus providing a new strategy for treatingtes® The anti
oxidative pr ot e-cellsiionothe resdit of gfareactng directly avithfoxidative
substrates, increasing the concentration of the potenrbadant glutathione, and enhancing the
Akt phosphorylation pathway.43 has alsbeen studied as a method for promoting wound healing
by stimulating angiogenesis 28l enables the production of new blood vessels from existing ones
through the MAPK pathwa¥ Studies of various preclinical animal models of myocardial
ischemiareperfusioninjury demonstrate the role of2H as a cardioprotective agento$H
significantly decreases inflammation and oxidative damage, reducing infarct size by 72%
compared with controls when delivered at the time of reperfi¥éibnese effects are attributed to
preservation of mitochondrial function, inhibition of cardiomyocyte apoptosis, and anti

inflammatory and antoxidative effect$® H2S has also been studied as an-aaticer agent with
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mixed results. &S delivered from a small molecule that decomposesl¢éase ES slowly acts as
an anticancer agent in a variety of cell lines and in a mouse xenograft fedsle H.S delivered

quickly as a solution of the gas in water acts as a cancer proth@tus discrepancy has been

recently reviewed?
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Figure 2.4. Signaling pathways of NO, C@nd HS in vascular smooth muscle cells. BKIK ca,
and Skca are bigconductance, intermed@nductance and smalbnductance calciursensitive
K channed. NO and CO increase the opening of &Kwhile H:S enhanes the opening of It
SKcs, and Katp channed. Hyperplarization of thee channels inhikstthe L-type C&* channel

and decreasantracellular [C&"]. (adapted with permissidnom Ref.53 (PNAS), Copyright 2012

National Academy of Science, U$A

The emlogenous regulation and physiological effects of NO, CO, afSdare interrelated, and all

three gases act synergistically towards regulation (Figdje For example, an increased level of
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either NO or CO will activate sGC and produce more cGMP for diveanrs signaling. b5

inhibits phosphodiesterage (PDES5) production, which degrades existing cGMP. As a result,
although their production and signaling pathways vary, NO, CO, afdddn all effectively
upregulate protein kinase G (PKG) production fotHar downstream signaling. Although NO is

the only gasotransmitter currently used as a therapeutic in the clinic, many studies are underway
for treating various diseases using each of the gasotransmitters. A variable that must be considered
when targetingherapeutic applications of gasotransmitters is their spatiotemporal distribution

upon administration. To this end, several different delivery methods have been developed.

2.5. Methods of gasotransmitter delivery

One can envision several ways to deliver exogenous gasotransmitters for biological studies or
therapy (Figure25). Exogenous gasotransmitters can be inhaled directly or released by
decomposition of small molecules initiated by various triggers. Another twadeliver
gasotransmitters is to incorporate gasotransmigierasing functional groups into materials. Such
gasotransmittedelivery materials, which are often polymers or hydrogels, can then be injected or
implanted at a delivery site. These methads discussed below for NO, CO, angbiHand their

relative advantages and disadvantages are compared.

2.5.1 Inhalation

Among the delivery methods, inhalation is perhaps the simplest, allowing the clinician or
researcher to deliver the gas in its pumafoln comparison with small molecules that decompose
in vivo to release NO, CO, or 43, inhalation therapy eliminates the extraneous components

associated with gasotransmitteleasing drugs. Inhalation therapy is especially useful when
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targeting the lugs. For example, NO inhalation therapy (20 ppm) has been used clinically in the
U.S. since 1999 for treating term and near term (>34 weeks) neonates with pulmonary
hypertension related to hypoxic respiratory failtfénhalation therapy has also been ¢éstor
treating other organs. For example, CO inhalation therapy (250 ppm) prevents hepatic
inflammation, edema, and hemorrhage in mice with induced liver dathad¢S inhalation
therapy is particularly interesting. Mice treated with 80 ppm 45 €hn erdr a state of suspended
animation, which allows them to withstand hyperthermia, hypoxic environments, and other lethal
environmental stressésinhaled HS also protects mice against ventilaitduced lung injury,

which has a high rate of morbidity andrtality.5®

The disadvantages of gasotransmitter inhalation therapy include storage, administration and dose
control, short term release, and lack of targeting. For example, NO is a free radical that readily
reacts with @to form the pulmonary irritant §82.56 Exposure of NO to ©before administration

must therefore be minimized, and this reaction makes NO inhalation therapy unsuitable for
prolonged delivery. Of greater concern is the reaction of NO with superoxiflet@yenerate

toxic peroxynitrite (OO'), which also limits the duration of NO inhalation therapy. The dose

of inhaled gas also must be precisely controlled during treatment. For example, abruptly
discontinuing inhalation of NO can also cause decreased cardiac output and systemic
hypertensin.? Due to its toxicity and the required dosage needed for efficacy, the dangers of CO
inhalation may outweigh the potential benefits. High levels of CO cause tissue hypoxia by
displacement of oxygen from hemoglobin, leading to impairment of oxygeredeliv tissué’

H2S is even more toxic than CO, which further magnifies the importance of dose control.

Moreover, this corrosive and flammable gas requires storage, transportation, and usage precautions
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not common in hospitals. Lastly, its foul odor regmets a significant hindrance fopHinhalation

therapy in a clinical setting.

Injectable/implantable

/A Inhalation hydrogel delivery vehicles

B

Orally
administered
small molecule

donors Circulating polymeric

delivery vehicles

Figure 2.5. Exogenous gasotransmitter delivery methods.

2.52 Small molecules

To avoid the issues inherent to inhalation therapy, many small molecules have been synthesized
to achieve controlled release of gasotransmitters at low concentratioit® andin vivo. These
gasotransmitter donors, which in some cases are triggereadtjon with specific substrates, can
release NO, CO, or3 at characteristic rates (from seconds to weeks) and sometimes with tissue
specificity. Dosages can be precisely tuned simply by varying the amount of donor that is

administered, and in many casehey can be stored similarly to other small molecule drugs. In
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fact, most of the biological studies on NO, CO, an8 Have been carried out using small molecule

donors rather than the pure gases.

Drugs that generate NO, such as nitroglycerin and soditnoprusside, have been used in the
clinic to reduce blood pressure and treat angina pectoris for decades. However, these compounds
release NO rapidly with a halife of 2-3 min after oral administration. To deliver NO for
prolonged periods, many difient NO donors have been investigated, including organic nitrates,
nitrites, metaNO complexes, nitrosaminesN-diazeniumdiolates (NONOates), an&
nitrosothiols (RSNOs)® Their relative advantages and disadvantages have been recently
reviewed®® Among tlese, NONOates and RSNOs are the most widely studied NO donors due to
their spontaneous release characteristics (Fi@Queg NONOates, formed by reaction of a
secondary amine under high NO pressure, are commercially available and stable as solids for long
periods’® 'NONOates typically release NO with firstder kinetics, with halfives of common
NONOates varying from 1.8 s to 20 h (for the NONOate adducts of proline (PROLI/NO) and
diethylenetriamine (DETA/NO), respectivély. The pH of the solution Iso affects the

decomposition of NONOat€e8

NONOates have been thoroughly studiedvitro andin vivo with the expected concentration
dependent effects. In one example where multiple different NO donors were studied,
cytoprotective effects in rat hepatocytes were observed at low NO concentratido0(ppm),

while cell death was observed at high conaitns (400 ppm}3 In another example on
neointimal hyperplasia in rats, PROLI/NO was delivered by a balloon catheter to the carotid artery

injury site. PROLI/NO reduced the neointimal hyperplasia area by 65% compared to cdntrols
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RSNOs are the endogeus NO carriers and can be easily prepared in the lab by reaction of a thiol
(RSH) with sodium nitrité® Release of NO can be triggered by therroaphotoinitiation via 9

N bond cleavage. Metal ions such as*Cke*, Hg* and Ag also catalyze RSNO
decompositiori® 88 Under physiological conditions in the absence of light and transition metals,
RNSOs are quite stable. Light can trigger RSNO decomposition through homalidibdhd
cleavage, generating NO and the corresponding thdical. Metal ions can also catalyze the
decomposition of RSNOs. This is the method typically used in the laboratory, where copper salts
trigger NO releas® SNitrosoglutathione (GSNO) is the primary RSNOvivo, where the BN

bond is cleaved by thenzyme GSNO reductase to generate®I® The most commonly used
RSNO in a laboratory setting $nitroseN-acetytpenicillamine (SNAP), which is commercially
available. After addition to water, SNAP releases NO gas spontaneously withliéehaflfd h.
Although SNAP was first used to inhibit smooth muscle cell proliferation, it has since been used

as an NO donor in many other aréag?

Diazeniumdiolates (NONOQates)

H NaOMe NO (@) " Xers MO H

a e, =
_N. e 9, N=N+ 22 . N, +2NO"
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Figure 2.6. Preparation and NO release from NONOates and NO release from RSNOs.
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There exist fewer carbon maxide releasing molecules (CORMSs) than the vast array of NO
donors mentioned above. Most CORMs are carbonyl complexes of ruthenium, iron, manganese,
cobalt, iridium and the group 6 metals. External or internal triggers decompose CORMSs to control
the releasef CO. CORM1 (Figure2.7) is assigned to manganese decacarbonyb(®AD).q],

which is not water soluble but dissolves in DMSO; this solution is typically diluted with water,
and CO is liberated by UV light excitatidh ° Light-triggered release of C®om CORM1

allows for control over the specific location and timing of CO delivery, as well as the dosage of
released CO. CORM is another bimetallic metal complex, [Ru(GOlp]2, which releases CO by
ligand substitution but suffers from the same soitydimitations as CORML.#% 8While CORM

1, CORM2, and related compounds helped to inspire further work on CO biology, they are not
well suited for biological studies because of their lack of water solubility and the need for UV light

to trigger CO release.

Two watersoluble CORMsCORM-3 and CORMAL, release CO spontaneously in water and
have been used for the bulk of the biological studies on this gasotransmitter. BEI[GI®¢inate)
(CORM-3) is a ruthenium carbonyl in which glycine is coordinated to the metal center to promote
acqueous solubility*® 8 while sodium boranocarbonate @#BCOz) (CORM-A1) is an organic,
watersoluble CGreleasing compourif Under physiological conditions CORMI releases one
equivalent of CO with a halife of around 1 min, presumably triggered Igaind exchange with
chloride. CORMAL releases one equivalent of CO spontaneously in water with-&f@aif 21

min at physiological pk° A CO donor triggered by nedR light has been recently develop&d

In this work CORML1 was trapped within a graphe oxide (GO) sheet, which functioned as both

the drug carrier and the light collector and converter. BecauselReadiation has lower
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phototoxicity and can penetrate the skin deeper than visible light, this strategy may expand the
potential clinical gplications of CO donors. Another recently reported CO donor is [M]CO)
(CORM-401), which is water soluble and stable in aqueous solution due to reversible CO
binding®* CO release is therefore triggered by trapping of the dissociated CO (e.g., bylmnyoglo

in release studies). CORMND1 releases on average 3.2 equivalents of CO, which should enable

lower dosing compared with CORB| which releases only 1 equivalent of CO.

CORMs have been studied thoroughly as potential therapeutics, mostly in the area of
cardiovascular disease. For example, cardiac cells pretreated with GQR0A0 pM) became

more resistant to damage caused by hypoxixygenation, and a significant recovery in
myocardial performance was also found after treatment of isolated rat Wwiartschemic injury

with CORM-3 (10 pM).*® In a heart transplant rejection mouse model, prolonged viability
compared to controls was observed in mice treated daily with GARBO donor CORNMAL has

also been well characterized as a vasorelaxant thrstughes in which the ability of this

compound80 uM) to decrease blood pressure in rats was obsétved

Despite these protective effects, the potential toxicity of readionytbased CO donors remains

a concern, as the accumulation of metal after €€ase may cause undesired sffects® While
recently reported irohased CO donors suggest progress on this,ffofftmost studies on CO
delivery are carried out using ruthenium and mangabased donors. Efforts to evaluate the
toxicity of commonCORMs show mixed results. For example, ruthenium based CO donor
CORM-2 was toxic to multiple cell lines (HeK 293 and MDCK) at 100, as was its byproduct

after CO releas® CORM-3 has shown similar toxicity to RAW 264.7 macrophages, but it is not
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toxict o human gingival fibroblasts 8%Cleainthemet conc

remains work to be done to fully understand the toxological profile of ruthelbasad CO donors.
Organic CO donors such as CORM, as well as the previously mémed irorbased CO

donors, are poised to solve these toxicity problems.

Light-triggered CO-releasing molecules Hydrolysis-triggered CO-releasing molecules
H

CO CO CO CO co ., €O 00, O N HHO
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[Mn2(CO)1(] [Ru(CO)5Cl2] [Rux(CO)5(glycinate)] [NayH3BCO,]

Figure 2.7. Chemical structures of several reported CORMS.

The development of #5-releasing small molecules has been rapid over the past few years, and
this area of research camties to receive substantial attention. The first widely studi&dddnor,

known as GYY4137 (Figurg.8), was initially invented as an accelerator in the vulcanization of
natural rubber in 1950s and was applied in 2008 as&@mbhor GYY4137 is water soluble and
releases b5 spontaneously over a sustained period (hours to days) in aqueous solution under
physiological condition8' °>While the mechanism of4$ release from GYY4137 is still not fully
understood, its vasodilation eftschave been demonstrated in rats, mediated by the opening

vascular smooth muscleake channel$?

While several natural products have the capacity && t¢leas@® most notably diallyl trisulfide
present in garlic, there has been a surge in the pastrS in the number of synthetie$donors.
The N-benzoylthiobenzamide family of donors developed by Xian are stable in water in the

absence of thiols. Upon the addition of cysteine, they releaSeoter a period of hours under
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physiological condition* Related perthiebased HS donors are also triggered by thi¥is
Another family of thioltriggered HS donors is th&-aroylthiooximes (SATOs) developed by
Matson and coworkers. SATOs are easily synthesized in-atepe&ondensation reaction between

an S-aroylthiohydroxylamine and an aldehyde or ketone. Upon addition of cysteine, SATOs were
found to exhibit precise structudependent kinetics, with release Hales ranging from 82

min.% Other HS-releasing small molecules, including dithiolettedt and lighttriggered HS-
releasing compounds such as geithiols and nitrobenzyl thioethéfs®**have also been reported.
Most recently, the first enzyrrteiggered HS donor was reported, which uses a trimethyl lock unit

to effect BS release upon eypmatic cleavage of an esféf A detailed review of the different

release characteristics of$ldonors has recently been publisHéd

The therapeutic effects of2H donors have been studied bwotlvitro andin vivo. For example, a

series of perthiolsvere synthesized and their therapeutic effects were tested in a mouse model of
myocardial ischemiaeperfusion injury® Initial in vitro experiments showed no toxicity of the

perthiols toward H9c2 cardiomyocytes up to 0. In animal studies, mice were subjected to

45 min of | eft ventricul ar ischemia and dose
ischemic period. After 24 h repedion, myocardial infarct size was reduced by 50% in treated

mice compared to controls. Another noveS-tionor, NOSHaspirin (NOSHASA), was designed

to decompose to release NO:3-and aspiria®2 This prodrug (100 nM) inhibited proliferation of

HT-29 cdon cancer cells and induced apoptasigitro. In a mouse tumor model, an 85% decrease

in tumor volume compared to controls was observed in mice treated with 100 mg/kgA®SH
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Figure 2.8. Chemical structures of several reportessdonors.

2.5.3 Materials

Although there are many small molecules that can slowly release NO, COz;Sourder
physiological conditions, most are quickly cleaimedivoand cannot target specific sites. In some
casesthere may be byproducts released along with tleatieutic gasotransmitter. As an
alternative to inhalation therapy and small molecule donors, materials engineered to release NO,
CO, or BS have been developed to enhance the delivery of gasotransn@itersnethod to

deliver gases is to incorporate th@ro microbubbles, which are polymeric or organic/inorganic
hybrid materials that can used as contrast agents and can be triggered to release their payload
through ultrasoundhduced fracturg® In addition to microbubbles, which have limited capacity

for longterm release,here are 2 typical ways in which materials can be designed to deliver
gasotransmitters: (1) physical entrapment of small molecules like those mentioned above into a

polymer or hydrogel network; (2) incorporation of gatasing fungbnal groups directly into
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the material structure. While the physical entrapment strategy is the simplest, the small molecule
gasotransmitter donors can leach from the material. The functional group incorporation strategy is
often accomplished by covaleptbonding gasotransmitteeleasing functional groups onto a

preformed polymer or other material. This method is more complex but enables a high level of

control over gasotransmitter release rate.

Polymers are widely used in the drug delivery field, dmelytwere the first types of materials
explored as vehicles for gasotransmitters. Meyerhoff and coworkers developed hydrophobic
polymer films capable of releasing NO using both of the strategies outlined."@b&ee the
physical entrapment approach, NONOates were dispersed in polyurethane or poly(vinyl chloride)
films. For the functional group incorporation strategy linear polyethylenimine was directly
functionalized with a NONOate. Both types of films showed i@ase with halfives on the

order of 3 hours. Since this initial report, a variety of-N®asing polymers have been made,
including star polymers, dendrimers, and otH&r$°” Only a handful of C@eleasing polymers

have been reported. Most recentBoyer reported a wateoluble, CGreleasing polymer with
pendant CORM2 groups that had potent antimicrobial acti¥fty Similar to CQreleasing
polymers, HS-releasing polymers have only recently been reported. Onetlighered HS-
releasing polymehas been reportg® while others are based on thioiggered HS donors

including SATOs'°thiobenzamide$*! and dithiolethiones!?

Hard materials such as metal organic frameworks (MOFs) have also been used to deliver

gasotransmitters. These inde NQdelivering MOFs, which have been evaluated as

vasorelaxant$'® CO-releasing MOFs, which release CO with Halés in the range of minutes to
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hours''*and HS-releasing MOFs, which can retain$lin their pores for up to 1 year and exhibit
vasodihtory activityin vitro.**>Other hybrid organic/inorganic materials have also been reported,
including NGreleasing silica particlé®¥ and zeolites!” and CGreleasing silica nanoparticlé8

and nanodiamonds® These hard materials have the advantafydirect gas delivery without
requiring decomposition reactions. However, most are -tigggered, which limits their
therapeutic utility due to the limited penetration of light into tissue. Biocompatibility and

biodegradability of the inorganic compomeis also an important consideration of these materials.

Hydrogels are important delivery vehicles for a wide variety of drugs and signals due to their high
water content, potential for slow and sustained release, and ability to be either implanjtet i

at a desired site of action. Hydrogels are networks which are crosslinked either though the
formation of covalent bonds between polymers (chemical crosslinking) or though physical
interactions of polymers or other edenensional nanostructures fsical crosslinking). Because

they are able to absorb large amounts of water or biological fluids, hydrogels are promising
materials for bioengineering applications. Advantages of hydrogels over other types of materials
include their abilities to protecells and fragile drugs and facilitate transport of nutrients to cells.
Additionally, hydrogels can be modified with peptide epitopes or other bioactive groups designed
to give instructional cues to encapsulated cells. Several challenges remain for Ilsyoiralyet
delivery applications. These include minimizing immunogenicity, tuning biodegradability,

sterilizing the materials, and achieving ideal mechanical properties for a specifidtssue
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Table 2.1. Advantages and disadvantages of different gasansmitter delivery methods.

Delivery method

Advantages

Disadvantages

Inhalation

Pure form of the gas is delivere

No byproducts

Difficult to administer
Hard to control dosage
No capacity for targeting
Instantaneous release

Potential storagproblems

Small molecule donors

Controlled rate of release
Precise control of dosage
Some degree of
possible

Some donors can be stor

indefinitely as dry powders

Short release periods

Quick distribution throughou

targetir the body

Potentially toxic bypoducts

Systemically deliverec Potential for highly tunable Lower drug loadings than sme

nanostructures  (e.g release molecule donors or inhalation

polymer micelles) Potential for targeted delivery 1 Potentially toxicbyproducts
specific organs

Hard materials (e.g Pure form of the gas is delivere Light-triggered releas:

MOFs) Potential for targeted delivery mechanism limits tissu

Potential for high gas loading
Long-term storage as dry powd
Release can be triggered wi
light

pendration depth
Potentially toxic byproducts

Hydrogels
peptidebased gels)

(including Slow and sustained release

Localized delivery

Potential for biodegradability c
the gel

Potential to combine with othe

signals/therapeutics

Lower drug loadings thasmall
molecule donors or inhalation

Limited gas capacity
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Polymeric hydrogels for gasotransmitter delivery have thus far focused on NO. For example, a
poly(vinyl alcohol}based hydrogel (PVAIO hydrogel) was formed by linking a NONOate to the
polymer bakbone followed by UV lighinduced crosslinking® This PVANO hydrogel released

NO over a period of 48 h and demonstrated therapeutic effects in chronic wound healing. Although
UV-induced crosslinking required surgical implantation of the material, this was an important step
forward. The encapsulation thed has also been used for Mi@livering hydrogels. In this

example an RSN®ased NO donor was physically entrapped in a poloxamer hydrogel matrix
(PEOb-PPGb-PEQ)!?! These hydrogels were then topically applied to eight healthy human
volunteers, andlbod flow was measured. NO diffusion through the skin was observed with local

vasodilatation.

Despite these reports on polymeric hydrogels for NO delivery, none have been reported thus far
for CO or KBS delivery. We attribute this to the relatively skomperiod of research on CO and

H2S therapy and fewer studies on their therapeutic applications. In contrast, a variety of peptide
based hydrogels have been developed for NO, CO, sBdiélivery and detection. Although they

are more complex and expensiypeptidebased hydrogels have several advantages over their
polymeric counterparts. These include biodegradability, stime@ning, which enables
injectability, and the potential for a wide range of tenability by using different amino acids. The
basic degjns of peptiddased materials are discussed in section 4, and applications of these
peptides as gasotransmitteleasing materials and gasotransmitemponsive materials are

discussed in section 5.
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2.6 Peptide-based materials

While polymerbased hyrbgels have been widely studied for drug delivery from both a
fundamental and applied perspective, some disadvantages warrant exploration of alternative
hydrogel materials. The limited biodegradation capacity of most polymers under physiological
conditionscan be a problem, as is the potential toxicity of the chemical crosslinkers often required
for gelation. Additionally, hydrogel shrinkage after crosslinking can be a critical issue in
application of polymer hydrogela vivo for regenerative medicine oissue engineerintf? 123
Compared to synthetic hydrogels, physically crosslinked -gsslémbled) peptideased
hydrogels are in some cases better suited for drug delivery. Pepsdd gels are composed of
biologically relevant components (amino acittgt are inherently biodegradable and usually-non
toxic and noAmmunogenic?® Additionally, some peptidbased hydrogels are either sheer
thinning or gel instantaneously upon injection into the bétiyhese properties allow for syringe
injection of méerials to a site of interest, avoiding the need for any toxic crosslinkers. Once at the
site of injury, peptiddbased materials carry out their intended function as they are slowly
degraded. Many peptideased hydrogels show minimal immunogenicity and roamtain their
structure at the injection site for up to several weeks. As pep#ised materials are some of the
most promising candidates for strategic application of gasotransmitters in tissue engineering and

regenerative medicine, these will be tbeus of the remainder of this review.

The first material made from sedssembling synthetic peptides was reported by Zhang in't993
In this work an alternating sequence of charged and hydrophobic amino acids was described, which
seltassembled into g, onedimensional aggregates in aqueous solution, further entangling to

form a membrane. Since then, several different types of strategies have been employed to make
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peptidebased gels. Relying on aqueous-ssi$embly, most peptide gelators form ksdeets that
stabilize a idimensional nanostructure. The variety of motifs include peptide amphiphiles,
aromatic peptide amphiphiles, collageri me t i ¢ leattased @egtides, Bnd othéts

In many cases, the peptides can be modified to includedpeppitopes that signal cells or to
include functional groups that release drugs. Some of the most relevant strategies and platforms

for making peptidéased gels are discussed below.

2.6.1 Peptide amphiphiles

Peptide amphiphiles (PAs), which werest reported in 1995, are short peptide sequences with
one or more hydrophobic tails attached at or near therNC-terminus'?’ PAs applied to
regenerative medicine were first reported by Stupp in 2001. In this work a short peptide was
synthesized witha -sheet forming region, a phosphorylated serine residue for promoting
biomineralization, the amino acid sequence RGD for cell adhesion, and a single alkyl tail on the
N-terminus!?® Selfassembly of this PA into long, omimensional aggregates was indddy pH
changes, and further aggregation of the nanofibers led to gelation. Under mineralization
conditions, hydroxyapatite crystals grew along the long axes of the nanofibers. Since this first
report, substantial research has been done in the field sft®&xplore their seissembled
structuret?® 139develop their ability to deliver drugsg: 132display bioactive epitopes® 34and
investigate their potential applications in regenerative mediéint®

The basic design of RBased gels remains largely unchanged since the original report (Figure
2.9). Getforming PAs typically contain four components: a hydrophobic tail, a shd@ta@hino

a c i esheet borming sequence, one or more hydrophilic aminosattidpromote aqueous

solubility, and an optional epitope domain. Some contain other elements, including DNA,
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oligosaccharides, photocleavable units, or functional groups designed to release drugs. The driving
forces for seHassembly into dimensional naostructures include hydrophobic collapse and
hydrogen bonding along the long axis of the nanofibers.

The hydr op h o bsheetfoimang régiomaf alPAthdveethefargest effects on the ability

of PAs to selfassemblé?’ The hydrophobic tails, wbh are often derived from saturated linear
carboxylic acids such as palmitic acid, form the core of theassémbled nanostructures,
modifying their hydrophobicity and ability to form gels in aqueous soldfib8elfassembled PA
nanofibers are typicall6-12 nm in width and up to several microns in ledgthChanges in

solution pH, increases in ionic strength, or addition of divalent counterions cause gelation at
concentrations often below 1 wt%. Theysnt orage
the order of 540 kPa'38 higher than most other peptitbased gels. Storage modulus can be
controll ed b-sheetforming sequang®&’t her &asi ng t he-sheet mber
forming amino acid residues (e.g., Val) improves the mechangidity of hydrogel, while
including other amino ac tsdests (eg. tAla) reduces ¢he storagen d e n
modulus. Although most of the PAs studied to this point form cylindrical or-aygiadrical
morphologies, several different B@lssembled structures have been observed, including spherical

micelles, vesicles, cylinders, twisted ribbons, and large nandteits
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Figure 2.9. (A) Chemical structure and spafiling model of a typical PA, highlighting the four
structural domains. (B) Schematic illustration of a-ssembled PA nanofiber. (C) Cryogenic
TEM image of PA nanofibers cast from aqueous solution. Adapted fromi*Rafid Ref14°with

permission.

The third domain typically contains charged amino acids to impart solubility, regulate gelation,
and modify the bioactivity of the sedfssembled structure. For example, the rigidity and length of
the hydrophilic domainds a significant effect on cedpreading and bundling of actin filaments
when the celbinding RGDS epitope is used as the epitope dofféifhe fourth domain (the
epitope domain) is not required for peptide ses§embly, but it is often included to iexp
bioactivity. For example, a PA was recently reported that included a peptide epitope capable of
mimicking VEGF*’ This PA gel was able to promote ischemic tissue regeneration by signaling
through the VEGF pathway. Besides modifying the hydrophobiortany of the peptide domains,

PAs have also been functionalized to deliver drugs. For example, thsteroidal anti
inflammatory drug nabumetone (Nb) was linked to a Pfeitninus using a hydrazone bolid

Through hydrolysis of the hydrazone bond, \ndis released from the PA gel over the course of a
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month. Other drugs, including naproxen, dexamethasone, and fenoprofen have also been released

from PA gels using cleavable linkers to achieve e and localized releast 15!

2.6.2 Aromatic peptide amphiphiles

Aromatic peptide amphiphiles are similar to traditional PAs, but their hydrophobic domain
contains an aromatic unit, and their peptide sequences are typically very short (as small as 1 amino
acid residue) (Figur@.10). This allows for a simp chemical synthesis, low cost, and easier
scalability compared with other peptibased biomaterial®? The first aromatic peptide
amphiphile was described in 1995 when Vegners showed that -ERo¢Fmoc =
fluorenylmethyloxycarbonyl) forms a thermorevibis hydrogel upon cooling a 1 wt% peptide
solution below 60°C.153 In related work inspired by the structure of amyloid proteins, Gazit

demonstrated in 2001 that FmBE was able to undergo molecular szdembly by a

combination of hydrogen bonding and ~ s t &% ¥%iSinag that time a wide variety of
aromatic peptide amphiphiles havesbaeki mepbobot
assembly.
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Figure 2.10. (A) The chemical structures of typical aromatic peptide amphiphiles: fFfhand
FmocRGD. (B) Schematic illustrations of sel§sembled morphologies accessible with aromatic
peptide amphiphiles. (C) TEM image of the FaRtde/FmoecRGD mixture showing a flat ribbon
morphology (inset shows translucent hydrogel formed by mixing sogitbFmoeFF and Fmoc

RGD). (Figures adapted from Réf?and Ref%9)

Aromatic peptide amphiphiles are typically composed of four key domains: teenihal
aromatic unit, a short linker group, an oligopeptide sequence, andtdienibus, which mape

as simple as a carboxylic acid or carboxamide or as complex as a bioactive peptide epitope. The
aromatic unit and the linker group are often added together; for example, the Fmoc group is often
used as the Xerminal group in aromatic peptide amphigkilas shown above (kig2.10). This

is in large part due to its convenience because it is used as a protecting group in peptide
synthesis®’ The peptide group in aromatic peptide amphiphiles can be very short, as small as one
but typically 24 amino aw@ residues, making aromatic peptide amphiphiles the most easily

synthesized and minimalistic of all the peptluiessed materials.
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The aromatic unit in aromatic peptide amphiphiles is largely responsible for promoting gelation.
Besides Fmae>® %various other aromatic moieties have been utilized as tteriNinal aromatic

group, including naphthyf® phenyl'6! azobenzyf¢? 163and pyrenyl derivative¥* Of these, the

Fmoc group is the easiest to install because it is usually used as the prgectpon solidphase

peptide synthesis. The importance of aromatic stacking interactions has been thoroughly studied,
and an Nterminal Fmoc group is more than a simple hydrophobic group. It facilitates self
assembly and gel ast ankitnide ovdrighn of aromatic peptide
amphiphiles'®>166 A recent study comparing two aromatic peptide amphiphiles with identical
peptide sequences but varied aromatic groups (Fmoc and naphthyl) found that the Fmoc peptide
gels at above 0.1% while the naphthyl peptide gels at concentrations as low a$®0TEinker

domain also plays arole in the gelation. Because linkers separate the aromatic unit from the peptide
domain, both the length and the flexibility of the linker are important to thass#fimbly process,
providing the ability to tune intermolelzu interactiongs®

Although the aromatic functional group in aromatic peptide amphiphiles is the major driver of
selfassembly, the amino acid sequence also plays a vital role. Similar to PAs, aromatic peptide
amphi phil e ssheetfchamcter ithair\peptidé sequences. lons in solution screen the
permanent dipoles or charges in the amino sequence to help stabilize-Heseribled structures.

In contrast to PAs, amino acid sequences in aromatic peptide amphiphiles are usually very short,
so arelatively small change in peptide sequence can be the difference between a peptide that gels
and one that does not gel, or may lead to different mechanical properties of the resulting gels. For
example, Fmo®he has a storage modulus of 100 Pa, while Fiyodas a storage modulus of
20000 Pa, although the only difference between these two gelators is a single QHGrbaG

terminus in aromatic peptide amphiphiles is often simply a free carboxyl group, enabling gelation
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through pH changes. This carlybgroup can have a large effect on solubility and-asffembly.

For example, in aromatic peptide amphiphiles of the general structure-FH&eeheX (a
pentafluorphenyl analog of Fmdthe), a COOH @erminus (X = OH) leads to gelation, while a
methyl eser Gterminus (X = OMe) causes the peptide to become insoluble and a carboxamide C

terminus (X = NH) produces a solution that does not undergo gelatfon

263 Peptide gel-shéetmnvenassenblgd on b

There exist several types of peptideagets that are pure peptides without any hydrophobic or
aromatic groups at t-aheeliateractiomseoadrive geptidel sedsemidy] v o n
through which onalimensional aggregates form and entangle to produce gels. The first such
peptide wasreported by Zhang, discussing the aqueous-asslémbly of the peptide
(AEAEAKAK) 2. This 16residue peptide with alternating charged and uncharged residues was
designed to mimic a segment of the-ledinded ZDNA binding protein of yeast, zuot#d® This
oligopeptide presents a polar face with charged ionic side chains and-polaoriace with
hydrophobic side chains. Selfsembly of the folded peptides into ahmensional
nanostructur es -sheet famation end cdilapse bfahe hydrbpbofaice!’*

Peptides that assemble in this fashion are sometimes referred to as icomrgaémentary
peptides or 0@ Pe2liA). d Eelation gao be@chigved by charge screening in a
process similar to PA gelation. Since their initialcdigery, many other types of ionic self
complementary peptides of this general structure have been reported. They have been used broadly
in tissue engineering and regenerative medicine, most notably in neural regeneration and protein

delivery25 173
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Figure 211. Var i ous pepti de -gheeidravdnoassembly 449 dodic selin
complementary peptides (adapted with permission from'R¢PNAS), Copyright 2005 National
Academy of Science, USA); (B) Multidomain peptides (adapted fromRafith permission);
(C) b-Hairpin peptides (adapted from Réf® with permission); (D) Complementary peptides

(adapted from Ret’’with permission)(E) Q11 peptides (adapted from Réfwith permission).
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In related work, multidomain peptide (MDP) madds based on ABA triblock motifs have been
pioneered by Hartgerink (Figur2.11B). The A and B blocks provide hydrophilicity and
amphiphilicity, respectively. By tuning the compositions and lengths of the blocks, the self
assembling properties of MDPs daa controlled. The A block typically contains charged amino

acid residues to provide solubility and electrostatic repulsion at neutral pH, which allows for
control over the length of seffssembled structuré® The B b | o csheetfspuctomis a b
through the use of alternating hydrophobic and hydrophilic amino acid residues. In aqueous
solution, the B block is a facial amphiphile, with hydrophobic side chains on one side and
hydrophilic side chains on the othe MDPs pack together |ike a sa
sheet hydrogen boding oriented down the fiber axis. Similar to other peptides, MDPs can be
functionalized with epitopes such as the popular RGD sequence for use in tissue engineering
applicationg' 9. 180

Pochan and Schneider have ex thainpis peptields yFigwewet u d i e c
11C). These peptides are engineered to contain a hairpin turn at or near their midpoint by using a
Pro-D-Pro unit. Sequences composed of alternating eldbagd hydrophobic amino acid residues

on either end of the hairpin induce safflsembly in aqueous solution through association of the
hydrophobic faces. Further aggregation leads to network formation. These gels exhibit shear
thinning behavior, allowingor the gel to be injected through a syringe, followed by rapid
stiffening at the injection sif! The mechanical properties can be tuned by modifying the
hydr ophobi chaifpm peptideostructuré, eith Btorage moduli ranging from 680 Pa to

330 Pal®Ap p | i c a thairpimeptidefgelstinclude tissue engineering as well as drug and

growth factor delivery. For example, nerve growth factor (NGF) and Joieived neurotrophic
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factor (BDNF) are two growth factors used to treat spinal cordi@guhat have been delivered
over the cour s-lirpmpeptRtidasedaslsy¥ fr om b

A related type of peptide assembly motif is the class of peptides called complementary peptides
developed by Aggeli and Boden (Fig@&1D).1830One such peptide, GEO-QQRFQWQFEQQ®

NH2 (DN1) selfassembl es i n wat e rsheétHarnatog w tapes.tThip ar al |
specifically designed sequence contains six Gln residues that prometssatibly through
hydrophobic interactions, two charged amino acid residues (Arg and Glu) that induce antiparallel
alignment of the strands, and three aromatic residué¢ h at -‘prionvtiedreac't i ons t o
b-sheef'®* 18The sequence of complementary peptides can be modified to form a variety of 1
dimensional nanostructures, including tapes, ribbons, fibrils, fibers and nantfubs

The Q11 peptide niih, which is comprised of the sequence-AQKFQFQFEQQ, was developed

by Collier in 2003 (Figur 11E)'®ltselfas s embl es i nt o nsheetcdniedt,er s w
which entangle to form hydrogels at low concentration. Unlike most of the other [segitdessed

here, Q11 carries no charge, thereby avoiding electrostatic repulsion -“assethbly. Q11
aggregates ar e sheetnterhctionse This peptisld nholif is bagily derivatized,
allowing for addition of various bioactive epitopeSollier recently showed that by mixing
different Q11type peptides together, gel mechanical properties and cell responses can.B& tuned

190 For example, a mixture of RGDS and IKVANnctionalized peptides were examined, where
RGDS provides adhesion the extracellular matrix and IKVAV offers neuronal cell attachment

and growth. The gels formed from these-assembled peptides demonstrated significantly
enhanced storage moduli and lower loss moduli compared to each peptide alassef@blies

of RGDSQ11 with Q11 or IKVAV-Q11 with Q11 showed much better attachment, spreading,
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and proliferation of human umbilical vein endothelial cells (HUVECs) compared with Q11
alone!®®

One advantage of p espeetsidtheir ghedhiringoabilgy alprapereythato n b
many of the classes of peptide gelators described above'shafe 1°19 These gels flow under

shear stress such as injection through a needle and exhibitddjpesdent recovery upon
relaxation (sekhealing)!®* These propertiesra k esheét peptide gels injectable, while most of
other peptidébased gels must instead be kept in solution until injection at a site of interest, at

which point gelation can be induced by endogenous salts or through addition of additional salts.

2.7 Peptide-based materials in biological applications of gasotransmitters

In addition to their applications in regenerative medicine and drug delivery mentioned above,
peptidebased materials have been studied as materials for the delivery of NO, CO;Sand H
Peptidebased gels are ideal materials for the localized delivery of gasotransmitters because they
can be injected directly at the desired site of action, gel immediately in situ, release their payload
over a defined period of time, and then degrade ietogn metabolites. Several examples from

this rapidly growing strategy for gasotransmitter delivery are discussed in detail below. In addition,
materials and systems designed respondto the presence of gasotransmitters may have

therapeutic potentidP> *°*some of these designs are discussed below as well.

2.7.1 Materials for gasotransmitter release
NO Delivery
Neointimal hyperplasia can be effectively treated with NO therapy, but delivering a sustained dose

of NO directly to an injured blood vessemains a difficult challenge. Although there exists a
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recent report on systemically delivered nanomaterials that target an injured blood vessel through
the bloodstreart®® localized delivery directly to the injured artery after surgery is the more
common $ategy. To address this problem, Stupp and Kibbe used the PA palmitate
AAAAGGGLRKKLGKA (palmitate = CH(CH2)14C(O)-), which contains the heparin binding
sequence LRKKLGKA®" When exposed to heparin in aqueous solution, this PA gels
spontaneously, allowing for growth factors with hepdrimding domains to be entrapped in the

gel and released slowly. In an N®leasing version of this RAeparin system, heparin and a
diazeniundiolate NO donor (either PROLI/NO or DETA/NO) were physically mixed togéffier

In both cases the sedssembled nanofiber gels were able to release NO over 4 days, with most of
the release occurring in the first 2 days. The gels were applied to thetiaalvearface of the
carotid artery in a rat carotid injury model. Neointimal hyperplasia was significantly inhibited,
especially from the PROLI/NO gel. The PROLI/NO gel limited inflammation after arterial injury,
but the DPTA/NO gel did not. Both of tiNO-releasing gels also stimulatederdothelialization

of the artery. Further efforts in this area are focused on preventing restenosis following all
cardiovascular interventions through the use of a systemically delivered peptide designed to
deliver NO b an injury site. Initial pilot studies in a rat arterial injury model have demonstrated
that NOreleasing, selassembled PAs effectively reduced 56% of the intimal area compared to
control groups®® This is an exciting strategy that has the potentialdiver NO in a targeted
fashion through peripheral intravenous injection, allowing for repeated dosing as needed.

A different approach for NO delivery was used by Jun and coworkers. Rather than sequester an
NO donor, they directly attached NONOates tBA For this study two PAs were prepared:
palmitateGTAGLIGQKKKKK (PA-KKKKK), which contains 5 Lys residues for conversion into

NONOates, and palmitat8e TAGLIGQYIGSR (PAYIGSR), where the GTAGLIGQ sequence is
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degradable by matrix metalloprotegdeand te YIGSR sequence is a lamirgerived cell
adhesive ligand. The N@leasing gel (termed PXK-NO) was made by mixing RXIGSR and
PA-KKKKK at 9:1 molar ratio and then reacting the peptide solution with NO gas under high
pressure. The gel released NO roatrolled manner under physiological conditions over a period

of one month. This length of release is impressive considering that NONOates derived from
primary amines are typically very unstable. In cell studies theYRANO film selectively
promoted praferation of endothelial cells while limiting smooth muscle cell proliferation.
Additionally, platelet adhesion was dramatically reduced on th& RANO matrix compared to

a collagen I matrix. This combination of enhancement of endothelial cell proliieratevention

of smooth muscle cell proliferation, and limited platelet adhesion indicates tREKPRO may

have potential in treating restenosis and thromz8%is

NO-releasing PAYK-NO gels have also been investigated as materials for treating type |
diabeteg® MIN -6 cells, which regulate insulin secretion similarly to pancreatic islets, were found
to attach and grow on the PAK-NO gel. MIN-6 cells also showed significantly improved insulin
secretion when cultivated on PAK-NO gel compared to a sge culture plate. Increased insulin
production was attributed to upregulation of the gene RD¥hich regulates the expression of
insulin.

Zhao and coworkers used a related approach to make anlB#3ing aromatic peptide amphiphile
(Figure 2.12).292 They prepared napFGGG (nap = naphtm@HC(O}) and t he-n adde
galactose caged NO prodrug to theée@minus to form the N@eleasing peptide (NapHARO).

T h e-gallctose functionality served as a protecting group, enabling NO release only in the
preseec e -gdlactdsidasé*A 0.5 wt. % solution of this pept

Pa) that released NO over the course of- sever
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galactosidase present. In mouse experiments on healing of excistamalswon the dorsal surface,
wound areas were dramatically reduced inthe NagkP- g r o u-palaetasidase pbesent. The
combination of NapFN O g e | -galatodidage promoted angiogenesis in both wound and
border areas, which is conducive to the wohedling proces¥? The NapFFNO gel was also

tested for treating myocardial infarction (MI) as a method to enhance the effects of mesenchymal
stem cell (MSC) therap3?* In this work, adipose@lerived mesenchymal stem cells (ADSCs)

were physically incgorated into the NapFRO gel. Mice with myocardial infarctions,
introduced through permanent ligation of the left anterior descending (LAD) artery, were treated
with a mixture of ADMSCs and NapFfN O by i njection at the i nfs
galactsidase through tail vein injection triggered NO release at the injury site. Mice receiving NO
treatment showed improved AMSC survival, increased VEGF secretion, and enhanced cardiac

function compared with controls.
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Figure 2.12.(A) Synthetic schemef caged NGreleasing aromatic peptide amphiphile. (B) TEM
image of the gel at 0.5 wt. % showing a fibrous structure. (C) NO release profile from the gel with

the addition of different concentrationsffjalactosidase (adapt from R&E with permissioh

CO delivery

The first COreleasing peptides were developed by Schatzschneider and basedocanbigimy!
photoactivated CORM moleculé® The metal complex was attached to a short tusupressing
peptide sequence (TFSNL), and the conjugate showed photoinduced cytotoxicity toward cancer
cells. In related work, Kodanko conjugated an iron carbonyl complex to a peptide dimer (AG), and
this canpound also showed photoinitiated cytotoxicity against prostate cancer celB délfS)

under UV light irradiatior® In both of these examples the peptide serves a biological function,
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but not a structural one. Additionally, both require UV irradiatmimduce CO release, limiting

their utility in vivo.

Stupp and coworkers reported the first material for therapeutic delivery of CO (Big8)€°’ A

PA of the sequence palmitai®AsEsK ( b D) was synthesized (bD i ndi
wasattaced t hr ough 1its <car b oAspilesidoe wasinclddedsto affad ac ha i n
NH2CHRCOOH unit, which reacted with [Ru(C£Q)2]2 to form a metal complex similar to the
well-studied small molecule, COR8. The resulting C@eleasing PA (CAPA) spamtaneously

released CO in aqueous solution without photoactivation with difeatif ~2 min. Upon charge

screening, the peptide formed a robust gel at 1 wt. %, which had-bdalf CO release of 18

min. The therapeutic potential of this @8leasinggel was shown througin vitro studies on rat
cardiomyocytes. H9c2 cells were treated witddkifor 2 hours to induce oxidative stress, and then
treated wi-RAHor 24%ouis.NAPE Significantly improved cardiomyocyte viability
compared to contrslat a level similar to that of small molecule CORBMThis CQreleasing gel

has the capacity for localized CO release over a period of several hours at a site of injection,
providing several advantages over small molecule CORMs that release their ppytddyl and

with little tissue specificity.
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Figure 2.13.(A) Synthesis of PACORMS3. (B) Kinetics plot of CO release RFFORMS3 in soluble
form and gel form. (C) SEM image of PBORM3 gel at 1 wt. % (scalebar = 0.5 um). (D) Viability
of cardiomyocytes adr treatment with bD2 and exposure to GBA or controls (adapted with

permission fronmRef. 207,

H2S Delivery

The only reported bS-releasing gel was developed by Matson and coworkers (F2gL4y?%8 An

aromatic peptide amphiphile was synthesized by addition & amylthiooxime (SATO) to a

peptide of the sequence IAVEEE. The SATO functional group releassHesponse to thiols

(e.g., Cys), as mentioned in section.®.The IAV sequence was degg ned t o-shpat o mot e
formation in aqueous solution, stabilizing the assembly intedimensional aggregates, and the

EEE sequence was included to provide solubility and enable gelation through charge screening.

50



This aromatic peptide amphiphile formadgel at 1 wt. % upon the addition of CaGind HS

release was observed over 15 hours at physiological pH in the presence of Cys. This peptide
demonstrates that the aromatic component of an aromatic peptide amphiphile can act as both a
structural unit ad a functional element of the gel. Cell viability studies showed that both the
soluble peptide and the gel were ftoric, and further studies on endothelial cells exposed to an

H2S-responsive fluorescent probe confirmed thzf Mias released vitro.
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Figure 2.14. (A) Chemical structure of #H-releasing aromatic peptide amphiphile. (B)
Conventional TEM image of aromatic peptide amphiphile cast from water (inset shows self
supporting gel formed from 1 wt. % aromatic peptide amphiphile in water getlecCaCt). (C)

H2S release profile from the peptide in soluble form and gel form. (D) Fluorescence image of
endothelial cells princubated with a fluorescentH probe and then treated with3+releasing
peptide and Cys (scale bar = 50 pm). (Adaptetth wermission fronRef. 2°8 published by The

Royal Society of Chemistry.)
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Table 2.2. Gasotransmitters in disease treatment

Specific diseases Therapeutic concentration/rate (dor Ref.
type)

Pulmonary hypertension 5-20 ppm (NO gasnhaled) 28

Thrombosis 80 ppm (NO gas, inhaled) 209

Neointimal hyperplasia 30 mg/kg (NGreleasing aspirin) 210

Myocardial ischemia 80 ppm (NO gas, inhaled) 211

NO  reperfusion injury
Cancer 10 uM (DETA-NO) 212
Wound healing 5 mM (PVA-NO hydrogel) 35
Infections in blooecontacting 4.6 nmol/cni/h for the first 6 h (N@ %7
artificial materials releasing polyester coating)

Chronic obstructive 100-125 ppm (CO gas, inhaled) 45
pulmonary disease (COPD)

CO  Cardiac allograft rejection 10 to50 pM (CORM3 solution) 46
Lung fibrosis 250 ppm (CO gas, inhaled) 50
Cancer 35 mg/kg/day (CORMR solution) 51
Wound healing 300 ug/kg/day (=S solution) 57
Myocardial ischemia 50 pg/kg (NaS solution) 58
reperfusion
Diabetes 0.1 mM(NaHS solution) 56

H2S Hemorrhage 300 ppm HS (inhaled) or 1 mg/kg (N& 2%3

solution)
Acute myocardial infarction 50 mg-kg'-day? (Sallylcysteine) 214
Cancer 0.1 mM (NaHS solution) 215
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2.7.2Materials that respond to gasotransmitters

While an array of analytical techniques to monitor the concentrations of gasotransmitters and other
shortlived biological species have been developed in recent years, efforts have been mostly
directed toward measuring thepatiotemporal distribution. To further these efforts, new materials
that not only detect, but also respond to gasotransmitters are being developed, including polymers,

hybrid materials, and peptideased materia&® 217

There exists one report of @gtidebased hydrogel that responds teSHFigure2.15).1% This
hydrogel contains the short peptide sequence FFG and@mihal azidobenzyl moiety (AzBz).

After gel formation the material was exposed to a solution28f Mhich reduced the azide ireth

AzBz group, causing cleavage of the AzBz group and revealing a fteerihus. This HS-
mediated conversion of AzBEZFG-OH into soluble HFFG-OH led to gel disassembly, and
increasing the concentration ot$lled to faster peptide degradation and gehsembly. As a
control, reduction of AzB#FGOH peptide was tested with glutathione (GSH), and no
degradation was observed. Future modifications of this peptide may find use in smart biomaterials

that can release a drug or signal in response to hi§ltéhcentrations.
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Figure 2.15. Chemical structure, TEM images, gel images, and schematic illustrations of a self
assembling peptidbased hydrogel that dissolves in response 48 (adapted with permission

from Ref.1%),

In related work, an Neletecting biomimetic sensor was built by grafting R@&ptide
components to a graphene filif8.The graphene component acts as an electrode that allows for
reattime NO detection, and the RGheptide component enables cellular coriiglitly by
mimicking the celbinding sequence of extracellular matrix proteins. Growing endothelial cells
on the RGDBgraphene film allowed for quantification of endogenous NO production. This device
provides a novel platform for negeneration N@&ensorand may find use in screening for effects

of drugs on NO production.

Lastly, a there has also been recent work in polymeric materials that respond*folN€se NGO
sensing polymers rely on specific functional groups that react with NO and changibigyso

of the polymer. This solubility change can trigger a shift in the temperature at which the polymer

precipitates from solution, change the pol ymer
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selfassembly behavior of the polymer. All dfese changes can be detected and related to NO
concentration. These polymers may have potential applications in gasotransmitter detection and

imagingin vitro andin vivo.

2.8 Conclusions and Outlook

While the study of gasotransmitters is a few decaddsatkady, interest in thephemeral
signaling agents continues to grow. At this point we have some understanding of their roles in
mammalian biology, revealing vast therapeutic potential. NO gas is already used in the clinic to
treat persistent newborn Ipwonary hypertension, and clinical trials have been conducted on CO
and RS or their donors to treat various conditions. Compared with most small molecule drugs,
gasotransmitters have shorter Halés and greater potential for effirget effects, makingrgeted

and localized delivery especially vital for harnessing the therapeutic potential of these gases.
Inhalation therapy, small molecule gasotransmitter donors, systemically administered
nanoparticles, and peptibased materials all have potentialute clinical applications, with
advantages and disadvantages for each approach. One particularly promising method to deliver
gasotransmitters is through materials that can either target a desired site of release through

systemic administration or that cha injected to release the gas only at the desired location.

Several challenges remain in the field of gasotransmitter delivery. One important challenge is to
measure and understand the different biological outcomes produced when gases are delivered at
different rates. For example 28 delivered quickly as an NaHS solution promotes tumor grwth

while slow delivery inhibits if° The biological pathways affected by these different delivery rates

need to be understood through systematic biological studielving a variety of donors with

56



varied release rates. Another important challenge is to measure delivery rates of gasotransmitter
donors and materials in biological systems. While rates can be measured fairly easily under simple
and highly controllecdonditions (e.g., PBS, pH 7.4, 37 °C), determining rates of gasotransmitter
deliveryin vivoremains difficult. New generations of NO, CO, angSk$ensors stand to play an
important role in addressing this challenge. In the area of pdpasked materialsfor
gasotransmitter delivery, one challenge that remains is to evaluate and mitigate the toxicity of the
nonpeptidic byproducts that form concurrently with gasotransmitter release. NONOates derived
from lysine residues are ideal because they decomposie&ase only NO and the original peptide.

CO and HS donors currently require functional groups that degrade to generate the
gasotransmitter and various byproducts, including Ru metal complexes, nitroso compounds,

aldehydes, and other potentially toxic sies.

In the coming years we expect to see more small molecules that are capable of releasing NO, CO,
and HBS. These donors will have byproducts with reduced toxicity, increased control over the rate
of delivery compared with current compounds, and lggéred by a wide variety of internal and
external stimuli. For example, ligitiggered release has already been demonstrated for all three
gases, but nedR triggered release would enable deeper penetration into the skin and increased
therapeutic utility Enzymetriggered release could also provide a powerful mechanism to enable
spatiotemporal control over gasotransmitter delivery. Some NO gigitddrugs are stable until
enzymes upregulated at specific sites in the body trigger decomposition and. rdleaatso

expect in the coming years to see materials playing an even greater role in gasotransmitter delivery.
The peptidebased gels described here will lay the groundwork for materials with greater

complexity and increased capacity to signal cells giatee into the surrounding tissue, degrade
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into benign metabolites on a controllable timescale, and ultimately treat diseases. In addition to
gasotransmittereleasing materials, gels that respond to gasotransmitters also have potential
therapeutic valueDne example of a gel that responds to the presence of high concentraBons H
has been described here. We expect to see more of these types of gasotrarsputtsive
materials reported in the coming years. Even more exciting but as of yet unrealizieidbe&o
materials that recognize and respond to abnormally low concentrations of gasotransmitters by
releasing NO, CO, or #%. In conclusion, recent advances in synthetic chemistry and peptide self
assembly, combined with a growing interest in gasotransntitblogy, have enabled the current
generation of gasotransmittexleasing materials. Continued fundamental and applied studies on
NO, CO, and ES will allow for the next generation of gasotransmitieasing materials to have

a real and positive impaon human health.
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Chapter3: Supramolecular Tuning of HS Release from Aromatic Peptide

Amphiphile Gels: Effect of Core Unit Substituents

Reprinted (adapted) with permission froQian, Y.; Kaur, K.; Foster, J. C.; Matson, J. B

Biomacromolecule2019, 20(2),107%1086 Copyright 203.

3.1 Authors

Yun Qian, Kuljeet Kaur, Jeffrey C. Foster, and John B. Matson*
Department of ChemistryMacromolecules Innovation Institutand Virginia Tech Center for

Drug Discovery, Virginia TeclBlacksburg, VA 24061

3.2 Abstract

H2S isa gasotransmitter with several physiological roles, but its reactivity and shotiféaif
biological media make it difficult to deliver in a controlled manier. biological applicatiogsof

the gas,hydrogels have the potential to delivesSHwith seveal advantages over other donor
systems including localized delivery, controlled release rates, biodegradation, and variable
mechanical propertiedn this study we desigred and evaluated peptideased HS-releasing
hydrogels with controllable HS delivery. The hydrogels were prepared from short, -self
assemblingaromatic peptideamphiphiles(APAs), functionalized on their ferminus withS
aroylthiooximes (SATOs), which releaseSHn response to a thiol trigger. The APAs were studied
both in soluton and in gel forms, with gelation initiated by addition of Ga&Zéarious substituents
were included on the SATO component of the APAs in order to evaluate their effect-on self

assembled morphology and:$irelease rate in both the solution and gel phdsassmission
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electron microscopy (TEM) images confirmed thdtH.S-releasing APAsselfassembled into
nanofibersabove a critical aggregation concentration (CAC) of ~0.5 mg/mL. Below the CAC,
substituents on the SATO group affecteeSHelease rates mtietably in line with electronic
effects (Hammeitt values) according to a linear free energy relationship. Above the CAC, circular
dichroism, infraredand fluorescencgpectroscopiedemonstrated thaubstituentsnfluencedthe
seltassembled structusdoy affecting hydrogen bonding-§heet formation) and-" stacking. At

these concentrations, electronic control over release rates diminished, both in solution and in the
gel form. Rather, the release rate depended primarily on the degree of orgamziwdnsheets

and the amount of-" stacking. This supramolecular control over release rate may enable the

evaluation of HS-releasing hydrogels with different release rates in biological applications.

R-SATOJAVEEEE H,S release from APA hydrogels
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3.3 Introduction

Gasotransmitters are endogenously produced gases that can freely permeate membranes and

induce certain physiological or biochemical changes in organisms, tissues, &t éeféNitric
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oxide (NO), carbon monoxide (CO), and hydrogen sulfiti&) are he three compounds currently
regarded as gasotransmitters, while others including nitroxyl (HNO), sulfur dioxidg, (&
ammonia (NH) may join this classification with more studly. Of the three known
gasotransmitters, 43 was the last to be discovereut has recently received much attentibhS

is produced endogenously byy s t a t hsynthase (CBS), bystathionindyse (CSE), and-3
mercaptpyruvate sulfurtransferase (®I1ST) in mammalian tissue®: 21° It plays important
biological roles andagulates various physiological processes, most nos&G/cGMP pathways

and Kate channel$? 56 H,S biology has typically been studied either by inhibition of CBS/CSE
or by exogenous application of small molecules designed to release thergesl HS donors.
Physiological effects have been demonstrated using these methods, with studies establishing that
H>S dilates blood vessels, promotes proliferation of vascular endothelial cells, inhibits
inflammation, and decreases oxidative stressguts: 22% 221Due to these physiological effects,
H2S is recognized as a potential treatment for conditions including heart f&dashemia??
cancert?? and wound healing, among others.

Despite substantial progress in recent years, deliveyl28f remains a hurdle in tapping its
therapeutic potential. Inhalation is the simplest way to deli¢&r, Hut storage and dosage control

of this flammable, noxious gas are difficult, and target specificity is absent. To address the
limitations and experiental difficulties associated with administering gaseou$§, Hsmall
molecule HS donors have been developédt can deliver B in vitro and in vivo under
physiological conditiong?* 22> These include GYY413%% N-benzoylthiobenzamide¥, S
aroylthiooximes (SATOsY perthiotbased HS donor?® and others (Figure #5231 Among the
various HBS donors, SATOs are easy to synthesize frorS-aroylthiohydroxylamine (SATHA)

and an aldehyde or ketone, and they release the gas in responk®taorgger. Moreover, the
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half-life of H2S release from SATOs can be controlled by tuning the electronics of the SATO
structure®® The simple synthesis and tunable reactivity of SATOs makes them well suited for
derivatizing other compounds, enabling tleenstruction of HS-donating polymers and
peptides’3?

S

MeO@—P S /—\

NHzN Q E3
“R

[ ] RL@)‘\S 2

GYY 41 37 N-Benzoylthiobenzamides
AcHN
NHBu
s Y
Perthlols S -Aroylthiooximes

Figure 3.1. Examples of H2S donors.

While the release of % by small molecules is in some cases tunable, m&tbinors lack target

specificity because they are delivered systemically. A solatidhis limitation is to deliver k5

locally using a polymer or hydrog&® While this technique has been used for both NO and CO,

only a handful materials are available for localize tdelivery28. 232. 23236 An interesting class

of materialsthat has been used for delivery of gases, small molecules, and proteins is self
assembling peptides. Intrinsically biodegradable, a wide variety of hydrogel platforms based on
selfassembling peptides have been expldfé®f the many platforms availahlef particular

interest to us are aromatic peptide amphiphiles (APAs). APAs containtanmial aromatic

group linked to a short pe p-sheat dborslieggntescticne . Ar o
govern the selassembly of APAs in water, with nariagture morphologies including spheres,

cylindrical micelles, sheets, ribbons, tapes, and nanoftt&vghen designed appropriate AP A
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nanostructures can entangle to form gels upon changes in ionic stygAgsblvent or addition

of specific salts.

We recently reported on an APA that contained a SATO functionality as the aromat This

APA seltassembled in water and underwent gelation upon addition ofzCla@hing the first

H2S releasing hydrogel. The APA hydrogel exhibited slow relebblz® for more than 5. This
preliminary work demonstrated that the APA platform could be a potential strategy for sustained
H2S delivery. However, no control over the release rate of the hydrogel was observed. Considering
that the electronic structure 8ATOs can be manipulated through the use of substituents on the
aroyl ring to tune the kinetics of-8 release in small molecul&swe reasoned that we might be

able to exploit this element of the SATO group to control release from APAs in solutionsdVe a
hypothesized that substituents on the aroyl ringhtraffect selfassembly, enabling control over

H2S release from APA hydrogels through controlling supramolecular packing and therefore access
of the cysteing¢Cys)trigger to the aromatic, #%-releasng SATO unit. In this work, we report on
substituted SAT@ontaining APAs with the peptide sequenceAla-Val-Glu-Glu-Glu-Glu
(IAVE4), and we evaluate the effects of different substituents in the SATO component-on self

assembly in aqueous solution andH»$ release rates.

3.4 Experiments

Materials
Rink amide MBHA resin and Fmeprotected amino acids were purchased from P3 Biosystems
and used as received. All other reagents were purchased from commercial vendors and used as

received without further purcation unless noted.
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Preparation of APAs

S-Aroylthiohydroxylamines (SATHAs) were prepared according to literature procetfudes.
FormylbenzoylAVE 4 peptide (FBAIAVE 4) was prepared bifmocbased soliebhase peptide
synthesis. After cleavage, tRBA-IAVE 4 peptide was purified by preparative HPE€@SATHAs

(0.2 mmol) and FBAAVE 4 (0.05 mmol) were dissolved in DMSO (400 pL), and a catalytic
amount of trifluoroacetic acid (TFA, 15 pL) was added to the solufR@action progress was
monitored bymass spectrometrysing an Advion Expresslon Compact Mass Spectronetere
complete, acetonitrile (ACN, 4 mL) and 0.1 M phosphate buffer (pH 7.4, 2 mL) were added to the
reaction mixture, then the resulting solution was filtered through af0BTFE symge filter.

The solution was injected onto an Agilent Technologies 1260 Infinity preparative HPLC system
with an Agilent PLRPS column (particle size 100 A, 25 mm x 150 mm), using a gradient of 2%
to 90% ACN in milliQ water. Absorbance was monitored at 220 and fractions were collected

in test tubes as controlled by PrepLC software. The fractions were analyzed by mass spectrometry,

and productontaining fractions were combined before lyophilization (LabConco).

Critical AggregationConcentration (CAC) Measurements

A 1 mg/mL Nile Red stock solution was prepared in acetone and then diluted in milliQ water to a
final concentration of 0.01 mg/mL. The 0.01 mg/mL Nile Red solution was used in all dissolving
and diluting operations keepNile Red concentratin consistent in all samples. A series of peptide
solutions (4, 3, 2, 1, 0.5, 0.25, 0.1, 0.01, 0.001, 0.0001 mg/mL peptide) were prepearadd
diluted withthe0.01 mg/mL Nile Red solution. Samples from the dilution series were transferred

via micropipette into a 96vell plate and analyzed by fluorescence spectros@spy 550 nm and
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2&m= 648 nm with slit widths varied from 120 nm dependingn thesample serigs Analysis of

the data was carried out as previously repoitéd.

Hydrolysis of APAs

APAs were dissolved in phosphate buffer (pH 7.4 10 mM) at a concentration of 45 pMisUV
spectra were taken in a 1 cm quartz cuvette at predetermined time points on a Cary\ie0 UV
spectrophotometehe scanning ratevas 200 nm/minfrom 400 to 20 nm Phosphate buffer
solution was used as the blank before each scan. The absorbance indicative of the SATO group
was observed near 330 nm for each peptide. Kinetics analyses were carried out using a previously

published method?’

TEM

Peptide solutins (1 wt% in milliQ water) were cast onto carboyated copper TEM grids (300
mesh, Electron Microscopy Sciences) and allowed to stand for 30 min before removing excess
solution through wicking with filter paper. Samples were stained with a 0.5% urangteace
agueous solution for 2 min, then this solution was wicked away. Finally, each grid was washed
with milliQ water once using the same wicking procedure and allowed to dry under air for at least

12 h. Images were taken on a Philips EM420 TEM with a sloan CCD camera.

Methylene Blue Assay
Methylene blue assays were used to determine the kineticgSofdiease in the presence of
cysteine(Cys) using procedures similar to literature repéetsin these experiments on APA

solutions, 0.01 M phosphate lierf saline {x PBS) was prepared by dissolvingN& Qs (1.420
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g), KH2PQs (0.245 g), NaCl (8.007 g), and KCI (0.201 g) in 800 mL of milliQ water, followed by
adjusting to pH 7.4 with HCI or NaOH and adding additional water to reach 1 Lz 8CGhM in

1.2 M HCI) and N,N-dimethytp-phenylenediamine (20 mM in 7.2 M HCI) solutions were also
prepared, as were solutions of Zn(OA@0 mM in HO) andCys (500 mM in HO). To carry out
methylene blue kinetics assays, SApEptide (400ug) was dissolved in 3.792 mL of PBS
solution, then 200 puL of Zn(OAgwas added. ¢ solution (8uL) was then added to the peptide
solution to trigger KS release. A blank PBS solution was made by adding 100 pL of Zn{OAc)
and 4 pL ofCysto 1.896 mL PBSdution. At room temperaturét), reactions for methylene blue

were run in quadruplicate with one blank. Aliquots were taken out at each timepoint. For each
replicate, 100 L of releasing solution/blank was removed from the reaction vial and added to a
plastic 1.5 mL microcentrifuge tube. Each aliquot was then quickly diluted with 100 NLNef
dimethylp-phenylenediamine solution and 100 pL of Fesdllution. These aliquot solutions were
stored overnight before transferri@@0 UL of each into 96well plates. The spectra of peptide
solutions and background solutions were collected from 500 to 800 nm on a plate reader (Synergy
2 Multi-Mode Reader, BioTek Instruments). Kinetic analysis was done by subtracting the
absorbance of the blank solution from eaafetpoint at 750 nm. The firstrder halflife of H2S

release was determined by plotting In[3¢dnversion)] vstime, with t2=In(2)/slope.

H2S Release Profile of APA Hydrogels.

A special glass vial with a gélolding insert well at the bottom was dgsed, and it was used for
detecting HS released from APA solutioBigure 3S) or hydrogels (Figur8S10). APA peptide
solution or gel 100puL) was transferred into the inner well, then 10Qys was added titne well

to trigger HS releaseThe holder was covered immediately usinBraathe EASIER membrane
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(Diversified Biotech) and sealed with an-ihg. Next, 5 mL ofilx PBS was added to the vial to
absorb HS. An H:S-sensitive electrael probe was submerged into the PB&Jthe evolution of

H2>S was monitored over timat rt.

Fluorescence Spectra

Fluorescence spectroscopy was performed on an Agilent Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies) with a scanning speed of 120 nm/min, a 1 nm data
pitch, an excitation slit widh of 20 nm, an emission slit width of 10 nm, amd = 290 nm.

Measurements were taken in a 1 cm quartz cuvette.

IR Spectra

IR spectra were recorded on a Nicolet 8700IRTSpectrometer equipped with an attenuated total
reflectance (ATR) sampling accesg@Thermo Fisher Scientific). Peptide hydrogels were made
with D20, and all spectra were recorded as an average of 64 scans from 1800 to 1200 cm

background spectrum of a blank was collected and subtracted from the sample spectra.

Circular Dichroism (CD) Spectra

CD spectra were obtained using a Jas8@% CD spectrometer (Jasco Inc.ytavith a constant
N2 flow set t0120 mL/min. The range of wavelengths employed 2&3&to 190 nm (50 nm/min)
with a response time of 8 s. Samples wereamegpfreshly before analysis at 0.25 mg/mL in water
in al mm quartz cuvette. Samples at 10 mg/mL were analyzed in a 0.2 mm quartz Resette.

data wereconverted to mean residellipticity for comparison.
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Statistics

The H:S peaking times and peakingncentrations of APA solutions and hydrogels were collected
from three trials under the saragperimentatonditions. Mean valuesreshown with error bars
indicating standard deviations from three trials. ddtawere analyzed by a omeay analysis of
varance (ANOVA) with theTukey-Kramer HSDtest wheren=3 andp < 0.05denotes statistical
significance ANOVA analysis was performed usid§/P* software ¢ersion10.0.2, Copyrigh&

2012 SAS Institute Inc.).

3.5 Results and discussion

3.5.1 Results

Synthesis of APAs.

Substituted APAsAPAs 1-5) weresuccessfullysynthesized following the route tchemel.

Briefly, an aldehydecontaining peptide with the sequence FBWE 4 (FBA = 4-formylbenzoic

acid) was prepared by Fmbased soligphase peptideysthesis, adding the aromatic aldehyde
unit by coupling FBA to the peptide-términus on resin. After cleavage, the FBXVE 4 peptide

was purified by preparative HPLC. Next, substituted SATHAs were added in a condensation
reaction catalyzed by trifluoroatie acid (TFA). Product peptides were isolated and purified by
preparative HPLC. Purity was confirmed by analytldBILC andmass spectrometry (Figure& S

and ).
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Scheme3.1. Synthesis of SAT&ontainingAPAs 1-52
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4AVE4 indicates peptidde-Ala-Val-Glu-Glu-Glu-Glu.

Critical Aggregation Concentration (CAC) of APAs

The CACs ofAPAs 1-5 were determined by the Nile Red assag/we have previously used for
selfassembled peptidé¥ The assay revealed that tl@AC values (TableSl) for all APAs

hovered near 0.5 mg/mL. Based on these data, all subsequent experiments were conducted either
well below (0.1 or 0.25 mg/mL) or above (10 mg/mL) the CAC to evaluate the characteristics of

the APAs in their molecularly dissolved state or in ssdkerbled aggregates, respectively.

Hydrolysis of APAs

With pure APAs in hand, we next considered their hydrolytic stabilltgerapeutic or
bioengineering applications of APAs will require aqueous solutions under physiological
conditions anda hydrolyticaly unstable peptide may limit its practical applicatioHgdrolysis

experiments wereonducted in phosphate buffer at pH 7.4 at concentrations below the CAC, as

69



we have done previously on other SATO peptidésVe found thatsolutions ofAPAs 1-5 had
hydrolysis hallivesranging from 9 to 14 fiTable 3S1)Thus,the APAs wererelatively stable at
physiological pH A linear free energy relationship (rate of hydrolysis vs. Hamiethlues)
revealed aorrelation between substitueasd their elettonic effects, withy =0.3 (Figure 3S5).
Electrondonating groups improdethe hydrolytic stability ofthe APAs, consistent with a
hydrolysis mechanism involving an electrophilic C=N carbon. The low valug frconsistent

with the relatively long distaze from the aroyl ring substituent to the reactive C=N group.

Transmission Electron Microscopy (TEM) Imaging

APAs 1-5 were imaged by conventional TEM after depositing from 10 mg/mL solutos
staining with uranyl acetate (Figur82A-E). In all casesonedimensional nanostructures were
observed, albeit with some differences between the individual ARA&.1 formed short, fibrillar
structures along with some poorly defined aggregates, wRife4 formed bundles of nanofibers.
APAs 2, 3, and5 formed long thin nanofibersThesedifferencesmayberelated tovariability in
packingof the selfassemldd structuresThe fibrillar structures and nanofibers APAs 1-5 had
lengths in th¢ m scale and widths of about 10 ywvhile the lengths ahdividual APA molecules
were around5 nm as calculated by Chemdra® Thus, thediametes of the nanofibers were
approximatelytwice thewidthsof theAPA moleculesindicatingthatthe selfassembled structuse

arelikely cylindrical micelles (Figure3.2F).
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Figure 3.2. TEM images ofselfassembledPAs 1-5 (A-E) and a schematic illustration of the
proposed nanofiber structure (A).wt% peptide solutiongn water were cast @a TEM grids
before staining with 2 wt % uranyl acetate and thé#owed to dry under aifor 12 h before

imaging

H2S Release from Dilute APA Solutions
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We evaluated the release kinetics of the APAs in dilute solution (below the CAC) using both the
methylere blue method and an electrode probe metiiadd The methylene blue method is a
widely employedcolorimetric assay to detect28l releasé?” 238 240Although it can lead to
erroneous data in biological medfawe have found that it works well for meaing cumulative
kinetics of HS release in aqueous solutifBy convertingN,N-dimethytp-phenylenediamine

into methylene blue in the presence of trappe&,Hhe absorbance at 750 nm indicateS H
concentration in solutioff! In contrast to the methylene blue method, tb8-kknsitive electrode
probe detects a wider concentration range e ldnd shows % release data in reaine.
However, because a3 is constantly oxidizing and volatilizing from solution, it cannot measure
cumulative release. Peaking time and concentration are typically used to compare data from release
curves generated using this method.

The HS release halives of dilute (0.1 mg/mL) APA solutions were determined by the methylene
blue assay using previdysreported condition3!® By fitting the cumulative release data to
pseudsfirst-order kinetics Table 3S2), we found that haifives of release ranged from 13 min
(APA 5) to 31 min APA 1). The data revealed a correlation betweeB kelease kinetics and
Hammettd values of thepara-substituents (Figur@S6), with the Hammett plot showingvevalue

of 0.77, which is close to our previously reporiedalue of 1.05 for small molecule analogues of
these APASS

The electrode probe method was also appbendnitor the HS release profiles from dilute APA
solutions. APA solutions were prepared and then transferred to the inner well in a specially
designed vial. A solution dfys (2 equiv with respect to APA) was added to the inner well, and
the well was sdad with a gas permeable membrane. A large volume of PBS was then added to

the vial to cover the inner well and absorisiHwhich was detected by the electrode probe. When
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the substituents changed from electdmmatingOMe (APA 1) to electrorwithdrawing Cl APA
5), the peaking time decreased from 270 min to 120 min. The trendSopékking time from
APAs 1to 5 matched the decreasing trend eSHelease halives deternmed by the methylene

blue assay.

Table 3.1. H2S release profiles #fPAs 1-52

Dilute solution Assembled solution Hydrogel
APA R group | Peaking Chnax Peaking Chnax Peaking Crnax

time (min)  (uUM) time (min)  (UM) time (min)  (uM)
APA1 OMe 270£20 0.5+0.2 240£30 3.8+0.6 42+3 0.9+0.3
APA2 Me 240t10 0.3t0.1 160+20 3.4+0.4 4016 0.9+0.1
APA3 H 230+5 0.5:0.2 250+10 3.3+0.7 5615 0.8+0.1
APA4 F 180+30 0.4+0.1 100£20 4.5+0.5 267 1.3+0.1
APA5 CI 120+10 0.3t0.0 160+£30 6.7+0.9 233 1.5+0.1

%H,S release peaRkg time and peaking concentrationn(&) from APAs adilute solutiors (0.25
mg/mL), sel-assembled solutions (X0g/mL), andhydrogels (10 mg/mL), as determined by the
electrode probe method. C{® equiv with respect to SATO groupsps useds the trigger for

H2S release in all casddean values are shown with error bars indicating standard deviations from

three trials. See Figur@S12-13 for full statistical analyses.

H2S Release from 8lf-assembledAPA Solutions
To measureH:S releasekinetics from APA nanostructure8PAs weredissolvedin 1x PBSat 10
mg/mL (abovethe CAC), andthenthese solutions wetteansferred tahespecialy designed vial.

Cys (2 equiv with respect to APAyasaddedto trigger HS releaseo the gelholding inner well
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containing the peptide, the inner well was sealed, and the experiments were carried out under the
same conditions as for the dilute solutiovée found that this methgorovided more consistent
resultsthan methylene blue for measuringS+Helease from concentrated solutions and gels, so
methylene blue was not used in these experiments.

The peaking times werén the same range (-2h) for theselfassembled APA solutiond0

mg/mL) and dilute APA solutiong0.25 mg/mL) but the correlation found in dilute peptide
solutions between Hammett v aandipeaking time was lost at 10 mg/mL (Table 3APAs 1

and 3 had significantly longer peaking times than the other ti@As at 10 mg/mL.Peaking
concentrations were nearly an order of magnitude higher than in dilute solutions. We attribute the
loss in electronic control over release rate to variations in patkthg selfassembled nanofibers,

as described in the Discussion section.

Gel Preparation and Rheology

Hydrogels were prepared from each APA from-ssl$éembled solutions (10 mg/mL). Addition of
CaCkt led to instantaneous gelation, and tisveeep rheologexperiments revealed an increase in
storage moduli over time, with each beginning to plateau after 1 h (B§8jeThe storage moduli
of the APA hydrogels after 1rianged from 50 t800 Pa (Figur&S8 and Tabl8S3).APAs 1, 3,
and4 had storage moduaround 50 Pa, lower than our previously reported 10 mg/mL SATO
IAVE 3 peptide hydrogel (320 P& We attribute this difference to the additional Glu unit in the
APAs reported here, as this increases the hydrophilicity of the APA, decreasing the fdrietng
for selfassembly. Hydrogels made froAPAs 2 and5 were stiffer than the other APAs, with

storage moduli near 300 Pa.
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H2S Release from @ls

We also measured-H release from hydrogels prepared frAPAs 1-5. To quantify HS release

from APA hydrogels, we used a similar experimental setup as described for the electrode probe
studies on APA solutions. In this case, APA solution (10 mg/mL) was addbd itmer well of

the specially designed vial, followed by CaCAfter allowing 2 h for hydrgel maturationCys

was added to trigger release ofSd The inner well was then quickly sealed, PBS solution was
added to the vial, and28 escaping through the gpsrmeable membrane was detected using the
electrochemical probe at rt.

In general, the tease profiles from the hydrogels were quite different from theassémbled
solutions.The peaking time ofAPA 3 was significantljlongerthanother APAs,and the peaking
concentration oAPA 3 was significantly smaller than other APAhough the trends similar to
selfassembled APA solutions, thgeaking times wereconsiderablyshorter, and peaking
concentrations were lower. We noticed that the gels remained at least partially intact throughout
the release experiments, even though the productgeltase are solubt®We attribute this to

slow diffusion of Cys throughout the gel, such that release occurred only from the top layer.
However, despite these differences in release profiles, the overall trends in peaking times were

similar to the selassembled solutions.

Circular Dichroism Spectroscopy
Several spectroscopic methods were used to provide mokdeuddicharacterization of the APAs.
We began with circular dichroism (CDEEach APAwas analyzedn solution at0.25 mg/mL

(below the CAC) andlO mg/mL (above the CAC)as well as at 10 mg/mL in gel form after
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addition of CaGl. All CD spectra were recorded in unbuffered water as buffer salts prevent data
acquisition at low wavelengths.

In a typical CD spectrurfor a proteinanU-helix structure presents two negative bands at 208 and
222 nm,a b-sheet conformation has a positive peak at 195 nm and a negative peak at 248 nm,
a random coil shows a single negative barstibelow 200 nn?#2 243At 0.25 mg/mL, all of the
APAs showed negativpeaksbetween 19200 nm (Figure 3.3), signifying a random coil
conformationwhich is consistent with the Nile Red data indicating that this concentration is below
the CAC. In contrastat 10 mg/mL the CD spectrdisplayed o peaks at 1® nm while the
absorptionat 222226 nm dominated (Tabl&.2), which is consistent wittb-sheet formationA
thioflavin T (ThT) assay (Figur&S9) on each APA also confirmed the presendesifees. When

20 mM CaCk was added to the solutiots form hydogels, the absorptions changedrginally.
Theb-sheetabsorption peaks shifted to lower wavelengths, te22® nm, with small changes in

the relative intensity of the band among the different ARAsnpared with classicatsheet peaks
(218 nm), theb-sheetpeaks of 10 mg/mL APA solutions and hydrogels were shifted to higher
wavelength. This shift likely indicates twistbesheetpacking in the selassembled structures, as

addressed in the Discussion secfth.
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Figure 3.3. Circular dichroism spectra @&PAs 1-5 at 0.25 mg/mL in HO, 10 mg/mL inH20,

and 10 mg/mL irgelform (H20 with 20 mM CaG)).

Table 3.2. Spectroscopic data 0APAs 1-5 in solution and in hydrogel form.

R CD peak (nm} FTIR  peak Fluorescence
Name

group  Solution Hydrogel (Clupk redshift (nmj
APA1 OMe 224 223 1618 4
APA2 Me 226 221 1624 2
APA3 H 223 220 1626 2
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APA4 F 223 220 1624 2

APAS5 CI 222 219 1632 10

2APA 1-5 solutions (10 mg/mL in kD) and hydrogels (10 mg/mL in2B with addition of 20 mM
CaCl2) were prepared for CD experimenfll measurements were taken in0&2 mm quartz
cuvette PAPAs 1-5in hydrogel form(10 mg/mL with 20 mM CaG) were prepared in D for IR
experiments®indicatesshift in emission maximunuponconcentration change from 0.25 to 10

mg/mL with an excitation wavelength @90 nm

FTIR spectroscopy

Fouriertransform infrared (FTIR) spectroscopy was used to complement the CD spectra for
hydrogels prepared froMPAs 1-5. Insteaddf H20, D20 was used for these experiments because
H20 absorbs at 1645 chnwhich prevents observation of the amide | peak-gheetforming
peptides. In these experiments, APA hydrogels (10 mg/mL) were prepared as before, and FTIR
spectra were recordessing attenuated total reflectance mode.

In Figure 3.4, low frequency amide | peaks ranging from 1615 to 1630 were assigned tb-

sheet conformatior¥>246 andthe lack of high frequency amide | peaks around 18880 cmt
suggested nantiparallel arrangemerih the selfassembled structuré®: 24’ This signature
indicates that the APAsef s sembl| ed st r uct tsheefmckingdAs pbseevdd p ar al
via TEM, APAs seHassembled into cylindrical micelles (Figu82). In this malel, hydrophobic
aromatic groups stack in the core, while hydrophilic peptides faveaatditconsistent with parallel
b-sheet packing. Thus, the FTIR results matched the cylindrical micelle model, furthur supporting
the TEM observations.

Although the IR pectra for the APAs were similar, the peak absorptions in the low frequency

amide | peaks varied somewhiaar exampleAPA 1 hadab-sheet peakt 1618 crt, while APA
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5 hadb-sheet pealkat 1632 crt. APAs 2-4 all had similar pealpositions, ranging frol624to
1626 cmt. These di fferences | i-gheelpgckingambrigtha five APAhhange s

This is addressed further in the Discussion section.

OMe(APA 1)
Me(APA 2)
H(APA 3)
F(APA 4)
CI(APA 5)

Transmittance

LN B B N R B B B R RN B SN BN SN BN B S B B |
1750 1700 1650 1600 1550
Wavenumber (cm™)

Figure 3.4. FTIR spectra of hydrogels prepared frétRAs 1-5 (10 mg/mLAPA with 20 mM
CaCkbin D20). The blue band highlights the amide | absorption range where a peak is expected in

b-sheetforming peptides. Traces are offset for sake of clarity.

Fluorescence spectroscopy

Fluorescence spectroscopy was employed to further evaluate the aromatic stacking behavior of the
APAs. The APAs in this study contain both electaonating (OMe, Me) and electron
withdrawing (ClI, F) substituentgeading to variable electron densitiestive APA aromatic ring
systems Dilute (0.25 mg/mL) and selissembled (10 mg/mL) APA solutignas well as 10

mg/mL APA hydrogels formed after adding CaGlhere prepared. Fluorescence spectra were
measured with an excitation wavelength of 290 nm

At concentrations below the CAC (0.25 mg/mlAPA emission peaks were observed at

approximately380 nm (Figure3.5). The ectra had similar shapes, but emission maxima varied
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somewhat among the APAs. At concentrations above the CAC (10 mg/mL), redskiéis w
observed compared to the dilute solution spectra (0.25 mg/mL), which indicates the onset of
aromatic stacking*® The extent of the redshift varied among the different APAs. Finally, no
obvious shifts in emission maxima were found when €a@ls addedo induce hydrogel

formation; however, the overall emission intensity increased dramatically.

T - - 0.25mg/mL  OMe(1) — 10 mg/mL Gel OMe(1)
S N 10 mg/mL — =10 mg/mL Sol.
’ / -~ - S — ~ —
.~ -.____,_-__"‘"‘_—..,___ ——————————
Me(2) Me(2)
RN H(3) H(3)
/N
R -
- / ™~ — e e _ _ )
R F(4) F(4)
L I \\\
/ \
- 7 N - - o
s N - - - - - _
LTIy - CI(5) CI(5)
” / \ = - -
/ ~ T~ .
/ N I _
T T T T T T T T |-._|_ T Cast — | B N D B S B R S e |
350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 3.5. Fluorescence spectra APAs 1-5 (ax=290 nm). Solutions were prepared in 10 mM
PBS, anchydragels were formed by addition of 20 mM Cadlhegrgphson the leftshowdilute
solution (0.25 mg/mL)and selassembled solutio(il0 mg/mL) spectra, with peak intensities
normalized to highlighthanges in peak emissiofhe spectra on the right show satisembled

solutions andhydragels both at 10 mg/mLThe intensitiegre not normalizeth these spectra
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3.5.2Discussion

Substituent Effects on SeHAssembly

The TEM images ofAPAs 1-5 indicated that the subtle cheral differences among the peptides
impactd molecular packing APA 1 formed fibrillar structures along with poorly defined
aggregates, andPAs 2-5 formed nanofibers. Although all APAs showed primarily cylindrical
micelles, the electronic and steric difaces among them led to differences in the length of
nanostructures. For example, TEM image#\BA 1 (OMe) revealed mostly fibrillar structures,

but small, poorly defined aggregates were also observed. These aggregates likely arose as a result
of a greate steric bulk of OMe group relative to the other substituents. These differences also
became apparent whikxaminingthe effect of substituents on hydrogen bonding in each of the
APAs. We usedFTIR spectroscopyto assesshe amide | peak othe b-shees, where lower
absorption frequency indicatagyreater averageydrogenbond lengtt¥*°We observed trend of
shifting to higher frequencfrom APA 1 (1618 cm?) to APA 5 (1632 cm') with APAs 2-4 all
absorbing in the range of 1644626 cm' (Figure3.4). APA 1 (OMe) showed the most elongated
b-sheet hydrogen bonding, consistent with the cylindrical micelle model in which the presence of
the bulky OMe group twisted tlignmentof theb-shees andaffeciedthe hydrogen bond length,
resulting in the shifted amide | peak comphti@ that ofthe typical b-sheetpeak rangé1630cnrt
h.139Similarly, thehighest IR absorption, indicative of the shortest avenggeogen bondengths

and leastwistedb-sheets, was found f@&PA 5 (Cl). CD resultsalso supported the presence of
twistedb-sheets for the APA hydrogels (Figu#8). The negativeb-sheepeaksvere shifted from

their typical position at218 nmto 219-223 nm. Again, APA 1 showed the largest shift (peak
absorption at 223 nm), whilaPA 5 showed the smallest shift (peak absorption at 219 nm).

Collectively, the TEM, FTIR, and CD results support a twidtexheet model where the bulky
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OMe substituent oMPA 1 causes a greatéwist and shorter fibrillar structures than the other
substituents, while the CI substituent ARA 5 appears to favor tighter packing than the other
APAs.

Consistent with their effects on supramolecular packing in the peptide regisaptguents ats

af f e € stackingof the aromatic SATO urstof the peptidesRedshifts were observed the
fluorescence spectugpon crossing the CAC, i.e., going frén25 mg/mL to 10 mg/mL foAPAs

1-5 (Figure 3.5). Two packing patterns exist in parallel” stacking: the displaced stacking
conformation(J-aggregation) andhe sandwich stacking conformatiqit-aggregationy>® We
found thatAPAs 1 and5 had redshiftof 4 nm and 10 nnrespectivelywhile APAs 2-4 all had
redshifts of 2 nm. As redshift is an indicator feaggregation in"-" stacking?®! the higher
redshifts ofAPAs 1 and5 compared withAPAs 2-4 suggest that selissembled\PAs 1 and5
exhibit more dJaggregation in the aromatic region thRAs 2-4. The enhanced-dggregation in
APAs 1and5 is likely related to both sterichindrance (APA 1) and electronic effectAPA 5).

For APA 1, the steridoulk of the OMe group caimduce more-aggregatiorthan Haggregation

In contrastfor APA 5, theelectronwithdrawingCl substituentikely decreasetheenergybarrier

for thedisplaced conformatioand leads to moreaggregatior>? Theresults from fluorescence
spectroscopy areonsistent withthe results from FTIRpectroscopy, witAPAs 2-4 all exhibiting
similar spectral features arAlPAs 1 and5 showing distinct IR absorptions and fluorescence
redshifts Based on these observations, we conclude that the substituents not only affected the H

bonding and packing d@fshees among the APAs, but also affected their stacking.

Tunable H2S Releasdrom APAS
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In our previous work with small molecule SATOs, we demonstrated that by manipulating the
electronics of the SAT@nit, we could tune the #$ release tta over arorder of magnitude® We
expected that the electronic control of3Hrelease kinetics observed in small molecule SATOs
would be preserved in dilute APA solutions (belihve CAC), but that the trend would be lost in
seltassembled APAs (above the CAC), where the nanostructure could limit Cys difflision
assess this hyplogsis, we evaluateHizS release kineticsn dilute solutions, selfassembled
solutiors,andhydrogels. The results revealed noticeable differences indBedtease profiles of
the APAs under these different conditio®r dilute APA solutions (0.5and 025 mg/mL),
substituentlectronis largely controlled b5 release rategrhereasnolecular packing influenced
H2S release behavior iconcentratedAPA solutions (10 mg/mLand hydrogels (10 mg/mL)
Below we discuss these different general trends as wehe effect of specific substituents on
release rates.

The HS release rates for dilute APA solutions at 0.1 mgdatermined byhe methylene blue
methodfit well to a Hammett plot(Figure 3%). APAs 1 and 2, which have electredonating
substituent®n the SATO unijthad longer release hdl¥es (31 min and 22 min, respectivelyjan
unsubstitutedAPA 3 (19 min), whileAPAs 4 and5 with electronwithdrawing substituents had
shorter release haliives (14 min and 13 minrespectively. The Hammettr value was 0.77,
demonstrating a strong dependenceHaf release rate on substituent electronics. Related
experiments using an electrochemical probe method to meas8reetdase fron®.25 mg/mL
solutions (Table.1) showed similar result3he trend of HS release peaking times detected by
the electrode probe was the same as the methylene blue assaR¥gH-5 significantly faster

thanAPAs1-3. Based on these two methods of evaluatipg t¢lease ratesie conclude that>S
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releasdrom APAs at concentrationselowthe CAC valuewas regulated by substituestectronic

effects.

The correlation between substituent Hammett u
weakened upon moving to higher concentrafibable 3.1 and Figure3.6), which we attribute to
seltassembledhanostructure formation. In peptide amphiphiles and other shorgsssmbling

peptides, small changes in chemical structure can dramatically impact supramolecular assembly
and drug releas&? 253257 As is evidentfrom the TEM images, peptides sasembled to form

rigid nanofibers at 10 mg/mL. The packing of peptide units into nanofdzersl slow down the

diffusion of Cysto thehydrophobicSATO coretherebydeceleratinghe reaction ratéVe recently

saw simiar effects in SAT@Gcontaining polymer micelles, which releasedSH-10fold more

slowly than analogous small SATO molecuiés.
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Figure 3.6. Peaking time and peak concentrationd{f of 10 mg/mLAPA solutions and gels.
Mean values wereetermind from three trials with error bars indicating standard deviation

Figures3S12 and3S13 includea full statistical analysis of the data.

In concentrated solution experiments (10 mg/mARAs 1-2 showed longr H2S peaking time

(160-240min) compared t&\PAs 4-5 (100-160 min), a trend that was consistent with the dilute
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solution release result&PAs 4 and5 also had higher peaking concentrations, which tends to
occur with fastereleasing HS donors because more3 builds up before it oxidizes and
volatilizes. HoweverAPA 3 (H) showed the longest peaking time of(@b0 min) indicating that
correlatonlet ween Hammett G values and release rate
experiments. Therefore, we propose that differences among molecularly packed structures of
APAs also translated into their28 release rates-or example,a high degee oftwist in the
nanatructurescould facilitate the penetration dys into the aromatic core, accelerating the
release ratewhile aromaticstacking mighstabilize the SATO corelecreamg the releaseate.
These differences in packing are highlgghtby several examples. FjrselfassembledAPA 1
(OMe) had a shortét2S release peaking tinibanAPA 3 (H), even thougltheelectronics of the
OMe group favor slow releas®@/e attribute this observation to tekortfibrillar morphologyof
APA 1 compared witithe nanofiber morphology #&PA 3 asobserved by TEMandits more
twisted structuras indicated by CD and FTIR results. The high degree of tw&Pi 1 likely
facilitated Cys diffusion into the nanostructure coracceleratingthe reaction rate In another
example,APA 5 (Cl), which showed the fastest reaction rate in dilute soluticable 3S2,
exhibited a peaking time comparableiBA 2 (Me) in concentrated solutio®PA 5 showed the
smallest degree di-sheettwist among all APAs baseon CD and FTIR data, along with the
greatest degree ofapgregation based on fluorescence data. These two effects appear to contribute
to the slower than expected$irelease rate f@xPA 5 in concentrated solutiofinally, APAs 2-

4 hadsimilar b-sheet twist and-dggregation levels, but the$irelease rate fé&xPA 3 was slower
than expected based on electronic differeymaggestinghat additional molecular packing effects

contributed to these differences that were not immediately apparemiriTIR, CD, and

fluorescence experiments. Thu® generalthe SATO substituents were less effective in
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controlling Hz2S release rateg concentrated solution than in dilute solution because differences
in molecular packing influenced release rates

Collectively, theH2S releasgrofiles from 10 mg/mL APA hydrogeiserequite different than the
profiles for 10 mg/mLsolutions Concentrated APA solutions allowed for free diffusiorCest
throughout the releasing solution, which was not truéhjaoirogels,where only the top layer of
the gel appeared to degrade and releaSe(the gel becomes soluble after compleiB kelease).
Penetration o€ysinto the hydrogels could be affected by many factors, incluthegigidity of

the supramolecular nanostruegandgel mesh sizé&% 258Qverall, limitedCyspenetration led to
lower peaking concentrations 4&) and much shorter peaking times for the gels than for the
solutions. While the data appear to show much less overall release from the gelslythe
difference between the two is the Ca@eklating agent. We attribute this difference between
solution and gel release profiles to the experimental setup, where we can oGlsamde before
sealing the inner well of the vial. Continuous availabitifyfCys or other reduced thiols, as would
be expected in vivo, would likely lead to full release eEHrom the gels.

Despite the collective differences in release profiles betweerasstimbled APA solutions and
their corresponding gels, the trerateag APAs were generally consistent between the two data
sets. For exampl&PA 3 hadthe longest peaking time (56 min) among the APA hydrogelds
among the APA solution®\lso similar to the solution dataheé peaking timesf APAs 1 and2

(42 min and 40 i, respectivelyweresignificantly greaterthanthose forAPAs 4 and5 (26 min

and 24 min, respectivelyAs in the concentrated solutions, peaking concentration was higher for
the fasterreleasing gels, witAPAs 1-3 showing peaking concentrations@8-0.9¢M andAPAs

4-5 showing peaking concentrations bf3-1.5 M. Gel stiffness did not appear to have a large

impact on HS release rates
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3.6 Conclusions

Thiswork exploresubstitueneffectsonthe supramolecular packing &ATO-conjugated APAs

as well as the influence of s@fsembled structures biaS release profile€lectrorwithdrawing

and donating wbstituens on the SATO groups on thes&PAs affeced both reactivity and
molecular packingin dilute solution (belowhe CAC),H:S release halives correlated linearly

with substituent Hammeti values in a Hammett plot, witblectronwithdrawing substituents
accelerang the H:S release rate arelectrondonating substituentdecreasing itThe steric and
electronic canponents of the substituents played a different role iressiémbled solutions (above
the CAC) and the r esHeeipackigg -h'ydt agé&li s g, daotdani
formation Overall, APAs with electromlonatingsubstituents and tightly packed safsembled
structures elongated the$irelease profile. These results highlight the complex interplay between
molecularlevel effects (i.e., substituent electronics) and supramolecular effects (i.e.,
supramolecular paakg) in drug releasing systems, expanding the design parameters for

supramolecular materials with applications in biology and medicine.
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Appendix A

Synthesis of SATHAs
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Scheme3S1 The synthesis routes of SATHAR.= OMe, Me, H, F, Cl)

The synthesis of OMeSATHA

SubstitutedS-aroylthiohydroxylamines (SATHAS) were synthesis via a general route (scheme
2.7.1) and procedure as published in previous SA&€ed small molecule pap&rAn example
synthesis of OM&ATHA was described as below

4-Methoxybenzoic acid$2 g) andthionyl chloride(10 mL)were added in a 100 mL round bottom
flask to form yellow solution. The round bottom flask was set up for refluxi®g &€ in the oil

bath, and after 18 reaction, the excessive thiorgtloride was evaporated by reduced pressure
and then condensed in a trap submerged in liquid nitrégssut 2.24 g of iscous yelbw liquid

was formedn the round bottom flaskEthanethioamine (1 gnd10% NaOH (10nL) were added
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to the round bottom diskandreacted undethe vigorousagitationfor 30 min Thesolution was
acidified with HCI to pH 2, anthenextracted byethyl acetate (EtOAc). The EtOAc was washed
with brine (2X) anddried over NaSQu before rotatory evaporatioiYellow solid was obtmed

after the rotatory evaporation with the purity eféthylthiobenzoic acid.-#ethoxythiobenzoic

acid crude product (1 g) was dissolved in 2.2 mL of NaOH (100 mg/mL) in a 250 mL round bottom
flask to form clear solution, and then placed in an ice.bEtle hydroxylamin€-sulfonic acid

(0.9 g, 1.4 equiv) of was dissolved in 3.2 mL of NaOH (100 mg/mL), and quickly added to the 4
methylthiobenzoic acid dropwise to form white precipitateOH5 mL) was added to reaction
flask after addition of hydroxylame-O-sulfonic acid, and the mixture was stirred vigorously for

30 min. DCM was added to the round bottom flask to take up the product, and separated from the
aqueous layer. The organic layer was then washed with brine (3X) and dried o8&\ Nefore
removing DCM by rotatory evaporation. White solid after evaporation was collected, and purified
by a silica column using DCM as the mobile phase. The product&MeHA was obtaineas
confirmed by'H and'3C NMR using (CR)2SO (Figure3.7.1). The synthesis GATHAs with

functional groups at the para site (Me, H, CI) followed the same procedure aSAMEDA.
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Synthesis of FSATHA

For the synthesis of-BATHA, the preparation of-fluorothiobenzoic acid was different from
those of the other substitutéldiobenzoic acids. 4luorobenzoic acid (2 g) and thionyl chloride

(10 mL) were reacted with refluxing at 96 for 4 h, then the tanyl chloride was removed by
reduced pressure. The produced liquid was then dissolved in 10 mL of dry benzene with addition
of 2.6 g ethanethioamine, and stirred overnight at rt, forming precigitat&e the precipitations

of the other thiobenzoic acg] the 4fluorothiobenzoic acid was in the benzene layer and no
acidification was needed. Excessive benzene was removed by rotatory evaporation, and 1.4 g
yellow solid was obtained in the round bottom flask. This crude productlobebthiobenzoic

acid was ground and used in tfa@lowing reaction without further purification. In a 250 mL round
bottom flask, 10 mL of methanol was used to dissolve the crill@rbthiobenzoic acid to form
yellow solution, and 4 mL of NaOH (100 mg/mL) was pourgd the lution. The round bottom

flask was placed in an ice bath, and 2.4 g of hydroxylai@isellfonic acid was added to the flask
quickly with vigorousagitation The mixture was stirred for 30 min wigllditionof 3 mL water,

and then DCM was used to extraobguct from the methanol/water. TBEM layer was washed

with brine 3 times, and dried over 04 before rotatory evaporatioithe crude produced was
purified through a silica column with DCM mobile phase to yield white prodidcand'3C NMR

(CDCh) wasused to confirm the successful preparation-&ATHA.
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F-SATHA
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Figure 3S2 'H (A) and*C NMR (B) spectra of FSATHA.
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Synthesis of APAs

4-FormylbenzoyWlAVE 4 peptide (FBAIAVE4) was synthesized by couplingformylbenzoic

acid (FBA) to thepeptide sequence Hela-Val-Glu-Glu-Glu-Glu (IAVEa4). The IAVEs peptide

was prepared via solid peptide synthesis using Rink amide MBHA resin and Fmoc protected amino
acids! For 1 mmol of resin, 4 mmol of each desired Frpoatected amino acid, 3.9 mmol of 2

(1 H-benzotriazolel-yl)-1,1,3,3tetramethyluroniumhexafluophosphate (HBTU), and 6 mmol

of N,N-diisopropylethylamine (DIEA) were dissolved in 15 mL WfN-dimethylformamide

(DMF) to make the coupling cocktail and then coupled to resin. Each coupling lasted for 4 h before
deprotection and washing of the resin.ekfthe IAVE peptide was synthesized, the last Fmoc
unit on the N terminus was deprotected. Next, 4 mmol of FBA was used in the coupling cocktalil
instead of an amino acid, while all other components were the same. FBA was coupled twice to
ensure completeonversion, and the resulting FBIAVE 4 peptide was cleaved from the resin

with TFA with 2.5% RO for 3 h. The cleaved peptide solution was collected, and crude peptide
was isolated by precipitation from diethyl ether. After HPLC purification, pure-FBAE 4 was

obtained and lyophilized.

Different S-aroylthiohydroxylamines (SATHAS) were preparaadreacted with FBAAVE 4 to
makeAPAs 1-5 following publishedprocedures$® Molecular weight and purity ofAPAs 1-5
were confirmed bymassspectrometry(MS, Figure 3S3) and analytical HPLQFigure 34),

respectively.

The MS instrument(Advion Expresslon Compact Mass Spectrometer) was setup in the negative

mode with 0.1%(v/v) NHsAd20 in O as mobile phase. For analytical HPLC, a Waters 2545
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Binary Gradient Module and Water SFO system were used withaddACN asmobile phases.
0.1%(v/v) formic acid was added to both mobile phases. An XTerra RP C18 c@hariitle size
5¢ m, 3 mm) was Usdéll toreeparate compoufide flow ratewas1.5 mL/minwith the
gradient increased from 5% to 508v) ACN in 10 min.APAs 1-5 were monitored at 280 nm

via aWaters 2489 UWis Detector.
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Figure 3S3. Mass spectra oAPAs. For APAs 1-5, exactmass[M] values arel114.2, 1098.2,
1084.2,1118.6, 1102.2 m/z, respectively. In aqueous solutions, APAs are partially hydrolyzed and

produce FBAIAVE 4,23" with an exact mass of 948.4 m/z and represented heredpy [M
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Figure 334. Analytical HPLC traces oAPAs 1-5. Note that APAs wergartially hydrolyzed
under theanalyticaHPLC conditions, giving rise to the SATHA peak&PAs 1-5: 12.62, 13.53,

14.17, 14.28, 15.18 mi®ATHAs 1-5:11.62, 11.72, 11.23, 11.20, 11.72 min).
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Hydrol ysis of APAs 15
Hydrolysis kinetics ofi5 uM APA solutionsin 10 mMphosphate buffer (pH = 7.4)areevaluated

using UWVis spectroscopy by monitoring the disappearance of the absorbance at 330 nm
corresponding to the SATO moiety, as described previdgdsh.representative experiment is

shownin Figure3S5, and hydrolysis data for all APAs are collected able3S1.
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Figure 3S5. (A) Representative hydrolysis experiment us#igA 1 (45¢ M in 10 mM phosphate

buffer at pH 7.4), where UWis traces show the disappearance of the SATO peak at 330 nm over

time. (B) Hammett plot of hydrolysis rates of AP@As=0.3).
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Table 3S1. Half-lives of hydrolysis and critical agggation concentrations (CACs) 8PAs 1-5.

Name R Hydrolysis t1/2 (h)2 CAC (mg/mL)P
APA 1 OMe 94+05 0.6 £0.2
APA 2 Me 9.8+04 04+0.2
APA 3 H 10.0+£ 0.5 0.7+£0.2
APA 4 F 11.9+05 0.6 £0.3
APA 5 Cl 13.2+0.7 0.6+0.4

@Half-life of hydrolysis of SATO group in 10 mM phosphate buffer (pH = 7.4) determined by UV

Vis spectroscopy’CACs determined by the Nile Red assay.

Methylene blue assay of dilute APA solutions

H2S release from 0.1 mg/mL solutionsAd?As 1-5 in the prsence otysteine (Cysyvas measured

by the methylene blugssayFrom the HS release traces, hdives of H:S release were calculated
assuming pseudfirst-order kinetics (Tabl&S2). The correlation between:8 release kinetics
and Hammetfl values of thep-substituents became clear upon fitting to a Hammett plot (Figure

3S6). A Hammettwvalue of 0.77 was obtained from the plot
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Table 3S2.Cystriggered HS released profiles frodPAs 1-5.2

H>S release 1, (min)
Name R groups
from solutions

APA 1 OMe 31+8
APA 2 Me 22+4
APA 3 H 19+8
APA 4 F 14+2
APA 5 Cl 13+4

#Half-lives determined using the methylene blue method from 0.1 mg/mL APAs solution. Cys was

applied at 1 mM. Experiments were conductetixiPBS buffer (pH = 7.4).

0.2 1

Log(Rx/RH)
[ ]

o
h%]
1

-0.4 T T Y
0.3 -0.1 0.1 0.3
Hammett o value

Figure 3S6. Hammett plot ofAPAs 1-5 at 0.1 mg/mL irlx PBS buffer ;4=0.77, R= 0.96)

Electrode probe methodof APA solutions
H2S releasstudies werearried out in &pecial glass vial with a gélolding inner wellat bottom.
APA solution (100uL) in PBSwas added to thenerwell, then2 equiv of Cys was added to the

solution Thewell wascovered witha BreatheEASIER membranéDiversified Biotech, Dedham,
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MA) and sealed with an-@ng immediately. 5 mL of PBS was added to the vial, which was
equipped with a stirrerAn H2S sensitiveelectrode probgWorld Precision Instruments) ag
submerged in the PB&nd the output current was recorded by a TBR 4100 Free Radical Analyzer
(World Precision Instruments) connected with computer. A plot &3 €bncentration vs. time
was constructed using the calibration cur/ee plotshowed an iiial increase followed by a
plateau, then started to decrease.nrteplot was smoothed using the Exponential Smoothing
function in Excel (Microsofi Excel for Mac, version 15.38, 2017 Microsoft) The maximum
concentration of a plateau was definedhespeaking concentration &), and the corresponding

time of Gnaxwas determined to be the peaking time.

Experiments were repeated in triplicate for each samplepll@F 10 mg/mL APA solution was
alsodeterminedoy the same procedure as 0.25 mg/mlutsan using thespecialglass vial and
electrode probe. The peaking times, peaking concentrations, correlation between Hammett
values and relative reaction rate, and theSHealtime profiles are shown in FiguBS7 for 0.25

mg/mL and 10 mg/mLAPA solutions
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Figure 3S7. H2S release from 0.25 mg/mand 10 mg/mLAPAs solutions determined by the
electrode probe metho@A) Average peaking time of 0.25 mg/mAPA 1-5 solutiors. Mean
values of three trialsare shown with error barspeesenting standard deviations; see Fi@8#2
for a full statistical analysis. (B) RepresentativeSHelease curves @.25 mg/mLAPA 1-5
solutions.(C) RepresentativéH2S release curves of 10 mg/mAPA 1-5 solutions using the

electrode probe method

APA Gel Rheology

Rheological studies wereompletedby using an ARG2 rheomete(TA instrumens) equipped
with a 25 mm ETC plate, and the gap between plate and top geometry was 0.50wh.dt
1 wt.% APA solution inlx PBS buffer(pH 7.4) was placed othe plate, then 25 pL of 20 mM

CacCk (in wate) was added to form a gel immediately. Thsw@eep experiments were run for 60
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min with 0.5% strain and 1 Hz frequendyhe timesweep data are shown in Figud®9, and the

storage moduli oAPA 1-5 hydrogelsafter 60 minare listed in Tabl8S3.

Table 3S3. Storage moduli of APA hydrogels.

Name R Storage Modulus (Pa)
APA 1 OMe 5020
APA 2 Me 310+20
APA 3 H 6020
APA 4 F 7050
APA 5 Cl 300430
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Figure 3S8. (A)-(E): 60 min timesweep ofAPAs 1-5 hydrogels Sorage moduli (@ and loss

moduli (G")are in solid and hollow markers, respectivéR).. Storage moduli G' (Pa) 8iPAs 1-

5 at the end of the timsweep (60 min).

10c



Thioflavin T (ThT) Assay of APAs

The ThT assay was used &valuatethe b-sheet structure of 10 mg/nmdolutions ofAPAs 1-5.

ThT (0.01 mg/mb was dissolved in 1x PBBuffer (pH 7.4)to make the working solution. APAs
were dissolved in the working solution to 10 mg/BA solutions APA-only solutiors were
preparedn 1x PBSwithout ThT. Fluorescence spectroscopyeasurements weperformed on a
Varian Cary Eclipsdluorescencespectrphotometer. The fluorescence spectrophotometer was
setup with excitation wavelength at 440 nemissionwavelengthrarging from 470 to 550 nm,

scanning speed 600 nm/min and10 nm slitwidths
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Figure 3S9. Fluorescence spectraAPAs 1-5in theThT assay.
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Detailed description of electrode probe method for &5 release studies from APAiydrogels

APA solution (DO pL at10 mg/mLin 1x PBSY was added the innevell of the vial, followed by
addition ofCaCk solution (1QuL at 200 mM in HO), andtheresulting gel was allowed to stabilize

for 2 h.Next, 10pL of Cyssolution (200 mM in PBSyas added tthe innemwell to trigger S
release The inner well was covered immediately with ee&8he EASIER membrane and sealed
with a plastic Gring. To absdr Hz2S and provide an environment for electrode probe detection, 5
mL of PBS was added to the veduipped withmagneticstirrer (Figure3S10). The HS-sensitive
electrode probe was submerged into the PBS solwimdthe released # was monitored over
time. The data processes af3+elease studies from APA hydrogels followed the same procedure
as APA solutionsThe peakling times and concentration curves APAs 1-5 areshown inFigure

3S11

Figure 3S10. HzS releag experimenbf peptide getletermined by b5 sensitive electrode prabe
The gel was formed in thener well. After Cys addition, the well wasaled with a gas permeable

membrane. The electrogeobe was used to monitor8 concentration in 5 mL PBS.
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Figure 3S11. Representative 5 releag curves of 10 mg/mL hydrogefsom APAs 1-5 using

electrodeprobe method.



Statistical Analysis

Oneway Analysis of Peaking times (min) By Substituents

300 3 08
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. AN | 074 A
250 O ) <" | K % AN
o2 NS D] g %%
€E \x 3 .
5 200 e / g 051 A S /
S8 5 (™= \ 2 A\ \ 7 M\
L \ / o / \
1501 -~ N g 7 N
W T F T W T WMe ' OMe AIFan 02 =G F T W ' We ' OMe Aifam
Substituents Tukey-Kramer Substituents Tukey-Kramer
005 005
Oneway Anova Oneway Anova
Summary of Fit Summary of Fit
Rsquare 0.880816 Rsquare 0275915
AdiRsquare 0833142 AdiRsquare -0.01372
RootMean Square Error 2295793 RootMean Square Error 0152622
Mean of Response 208.0667 Mean of Response 0399333
Observations (or Sum Wats) 15 Observations (or Sum Wats) 15
Analysis of Variance Analysis of Variance
Sum of Sum of
Source DF Squares Mean Square F Ratio Prob>F Source DF Squares Mean Square  FRatio Prob>F
Substituents 4 38952267 973807 184760 0.0001" Substituents 4 0.08876000 0022190 09526 04736
Error 10 5270667 527.07 Ermor 10 023293333 0.023293
C. Total 14 44222933 C. Total 14 0.32169333
Means for Oneway Anova Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95% Level Number  Mean Std Error Lower 95% Upper 95%
(] 3 121667 13255 92.13 15120 (] 3 0316667 008812 012033 051300
F 3 182667 13255 153.13 21220 F 3 0363333 0.08812 0.16700 0.55967
H 3 228000 13255 19847 25753 H 3 0486667 0.08812 0.29033 0.68300
Me 3 242667 13255 21313 27220 Me 30333333 008812 013700 052967
OMe 3 26533 13255 23580 29487 3 0496667 0.08812 0.30033 0.69300
StdError uses a pooled estimate of error variance StdError uses a pooled estimate of error variance
Means Comparisons Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile Confidence Quantile
q"  Alpha q"  Apha
329108 0.05 329108 005
LSD Threshold Matrix LSD Threshold Matrix
Abs(Dif)-HSD Abs(Dif)-HSD
OMe Me H F cl OMe H F Me cl
OMe -61692 -39025 -24358 20975 81975 OMe -041012 -0.40012 -027678 -024678 -023012
Me -39025 61692 -47.025 -1692 59308 H -040012 -041012 -028678 -025678 -0.24012
H 24358 -47.025 61692 -16.358 44642 E -027678 -028678 -041012 -038012 -0.36345
F 20975 -1692 -16358 61692  -0.692 Me  -024678 -025678 -0.38012 -041012 -0.39345
cl 81975 59308 44642 -0692 -61692 cl 023012 -024012 -036345 -0.39345 -0.41012

Positive values show pairs of means that are significantly different.

Connecting Letters Report Connecting Letters Report

Level Mean Level Mean

OMe A 26533333 OMe A 0.49666667

Me AB 242.66667 H A 0.48666667

H AB 228.00000 F A 036333333

F BC 18266667 Me A 0.33333333

cl Cc 121.66667 Cl A 0.31666667

Levels not connected by same letter are significantly different. Levels not same lefter ai different.

Ordered Differences Report Ordered Differences Report

Level -Level Difference StdErrDif Lower CL Upper CL p-Value Level -Level Difference Std ErrDif Lower CL Upper CL p-Value
OMe CI 1436667 1874507 819751 2053582 0.0001" OMe Ci 0.1800000 01246150 -0.230118 05901181 06160
Me CI 1210000 1874507 593084 1826916 0.0005" H cl 0.1700000 0.1246150 -0240118 05801181 06613
H cl 1063333 1874507 446418 168.0249 00015 | OMe Me 0.1633333 0.1246150 -0.246785 05734514 06913
OMe F 826667 1874507 209751 1443582 0.0090"| H Me 0.1533333 0.1246150 -0256785 05634514 07354
F cl 610000 1874507 -06916 1226916 0.0529 f OMe F 0.1333333 0.1246150 -0276785 05434514 08175
Me F 60.0000 1874507 -1.6916 1216916 0.0575 H 0.1233333 0.1246150 -0.286785 05334514 08541
H F 453333 1874507 -16.3582 107.0249 0.1873 F ci 0.0466667 0.1246150 -0.363451 04567847 09951
OMe H 373333 1874507 -243582 99.0249 03352 F Me 0.0300000 0.1246150 -0.380118 0.4401181 0.9991
OMe Me 226667 1874507 -390249 843582 07468 Me CI 0.0166667 0.1246150 -0.393451 0.4267847 0.9999 |/
Me H 146667 1874507 -47.0249 763582 0.9300 ! OMe H 0.0100000 0.1246150 -0.400118 04201181 1.0000

Figure 3S12. Statistical analysis of (A) peaking times and (B) peaking concentratioA® Af

dilute solutions (0.25 mg/mL). The ANOVA and the Tukesamer HSD tests were performed

(A)

Oneway Analysis of Cmax (uM) By Substituents

Positive values show pairs of means that are significantly different

with JMP software (n = 3 and p < 0.05).
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100 .
e
2] F 7 H ' Me ' OMe AlPain
Substituents Tukey-Kramer
005
Oneway Anova
Summary of Fit
Rsquare 0855952
AdiRsquare 0.798333
RootMean Square Error 28.04639
Mean of Response 1829333
Observations (or Sum Wats) 15
Analysis of Variance
Sum of
Source DF  Squares Mean Square FRatio Prob>F
Substituents 4 46740933 116852 148554 0.0003"
Error 10 7866.000 786.6
C. Total 14 54606933
Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95%
cl 3 156667 16.193 12059 19275
F 3 104333 16.193 6825 14041
H 3 250000 16.193 21392 286.08
Me 3 160000 16.193 12392 196.08
OMe 3 243667 16193 20759 27975
Std Error uses a pooled estimate of error variance
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q  Alpha
329108 0.05
LSD Threshold Matrix
Abs(Dif)-HSD
H OMe Me ci F
H 75365 -69032 14635 17968 70302
OMe -69.032 -75365 8302 11635 63968
Me 14635 8302 -75365 -72032 -19.698
[+] 17968 11635 -72032 -75365 -23.032
F 70302 63968 -19698 -23.032 -75365
Positive values show pairs of means that are significantly different.
Connecting Letters Report
Level Mean
H A 250.00000
OMe A 24366667
Me B 160.00000
ci B 156.66667
F B 10433333
Levels not connected by same lefter are significantly different
Ordered Differences Report
Level -Level Difference StdErrDif Lower CL Upper CL p-Value
H F 1456667 2289978 703016 2210317 0.0006"
OMe F 1393333 2289978 639683 2146984 0.0009"
H cl 933333 2289978 17.9683 168.6984 0.0149"
H Me 900000 2289978 146349 1653651 0.0186"
OMe CI 87.0000 2289978 116349 1623651 0.0227"
OMe Me 836667 2289978 83016 159.0317 0.0285"
Me F 556667 2289978 -196984 131.0317 01840
=] F 523333 2289978 -23.0317 1276984 02262
H OMe 63333 2289978 -69.0317 816984 09985
Me CI 33333 2289978 -720317 786984 09999

(A)

Figure 3S13. Statistical

concentrated\PA solutions (10 mg/mL). The ANOVA and the Tuk&yamer HSD tests were

analysis of (A) pealg times and (B) peaking concentrations of

Oneway Analysis of Cmax (uM) By Substituents
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3 . : A v e
E: c ' F ' H ' Me ' OMe
Substituents
Oneway Anova
Summary of Fit
Rsquare 0.796379
AdiRsquare 0714931
RootMean Square Error 0786977
Mean of Response 434
Observations (or Sum Wats) 15
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio Prob>F
Substituents 4 24222667 6.05567 97777 0.0017
Error 10 6193333 061933
C. Total 14 30416000
Means for Oneway Anova
Level Number  Mean StdError Lower95% Upper 95%
cl 3 673333 04543 7.7457
F 3 450000 045436 3.4876 55124
H 3 330000 045436 22876 43124
Me 3 336667 045436 23543 43790
OMe 3 380000 045436 27876 48124
Std Error uses a pooled estimate of error variance
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q Alpha
329108 005
LSD Threshold Matrix
Abs(Dif)-HSD
(] F OMe Me H
cl 21147 01186 08186 12519 13186
F 01186 21147 -14147 -09814 -09147
OMe 08186 -14147 21147 -16814 -16147
Me 12519 -09814 -16814 21147 -20481
H 13186 -09147 -16147 -20481 -21147

Positive values show pairs of means that are significantly different.

Connecting Letters Report

Level Mean

cl A 67333333

F B 4.5000000

OMe B 3.8000000

Me B 3.3666667

H B8 33000000

Levels not same letter are different
Ordered Differences Report

Level -Level Difference Std ErrDif Lower CL Upper CL
cl H 3433333 06425643 131860 5548065
cl Me 3366667 0.6425643 125193 54813%
cl OMe 2933333 06425643 081860 5048065
Cl F 2233333 06425643 011860 4.348065
F H 1200000 06425643 -091473 3314732
F Me 1133333 06425643 -098140 3248065
F OMe 0.700000 06425643 -141473 2814732
OMe H 0500000 06425643 -161473 2614732
OMe Me 0433333 06425643 -168140 2548065
Me H 0066667 06425643 -204807 21813%8

performed with JIMP software (n =3 and p < 0.05).
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p-Value
0.0023"
0.0027
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04421
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substituents Tukey-Kramer substituents Tukey-Kramer
0.05 0.05
Oneway Anova Oneway Anova
Summary of Fit Summary of Fit
Rsquare 0861335 Rsguare 0.751526
Adi Rsauare 0.80587 Adi Raguare 0652136
RoolMean Sguare Error 5.05539 RootMean Sauare Eror 0.194938
Mean of Respanse 37 46667 Mean of Response 1.083333
Obsarvations (or Sum Wats) 15 Observations (or Sum Wats) 15
Analysis of Variance Analysis of Variance
Sum of Sum of
Source DF  Squares Mean Square  F Ratio Prob>F Source DF  Squares Mean Square FRatio Prob>F
substituents 4 22030867 550.767 155291 0.0003" subsfituents 4 11483333 0287333 75614 00045
Error 10 354 6867 35.467 Error 10 0.3800000 0.032000
C. Total 14 2557.731 C. Total 14 15203333
Means for Oneway Anova Means for Oneway Anova
Level Number Mean Std Error Lower 95% Upper 95% Level Number Mean Std Error Lower 95% LUpper 95%
cl 3 226667 34383 15.006 30.328 cl 3 150000 0.11255 1.2492 1.7508
F 3 260000 34383 18330 33.681 F 3 133333 011255 1.0826 1.5841
H 3 56333 34383 48672 63.994 H 3 076667 011255 0.5159 1.0174
Me 3 40DBEGT 34383 33.006 43328 Me 3 096667 0.11255 0.7159 12174
Ohe 3 416667 34383 34006 49328 OMe 3 090000 041255 0.6492 14508

StdEmor uses a pooled estimate of error vanance

Means Comparisons

Comparisons forall pairs using Tukey-Kramer HSD
Confidence Quantile

Oneway A

lysis of Cmax (uM) By substi

Std Error uses a pooled estimate of emorvaniance

Means Comparisons

Comparisons forall pairs using Tukey-Kramer HSD
Confidence Quantile

g Alpha ¢ Alpha
320108 005 320108 0.05
LSD Threshold Matrix LSD Thresheold Matrix
Abs(DIn-HSD Abs(Dif-HSD
OMe Me F cl ci F Me OMe H
H 16003 -1336  -0336 14330 17664 Cl 052382 -035716 000951 007618 020951
OMe -1336 -16.003 -15.002 -0.336 2997 F -0.35716 -052382 015716 -0.08048 004234
Me -0336 15003 -16.003 -1.336 1007 Me 0.00951 015716 052382 -DA5T6 -0.32382
F 14330 -0.336 -1336  -16.003 -12670 OMe 007618 -0.03048 -D45T16 -D.52382 -039049
cl 17.664 2997 1897 -12670 -16.003 H 020851 004284 -0.32382 -D.30040 -0.52382

Pasitive values show pairs of means that are significantly differant.
Connecting Letters Report

Level Mean Level Mzan

H A 56.333333 =] A 1.5000000

OMe AB 41 6BBEET F AB 13333333

Me AB 40.666667 Me BC 09666667

F BC 26.000000 OMe BC 0.2000000

cl C 22666667 H c 0.766E6ET

Levels notconnected by same letter are significantly different. Levels nat by are different

Ordered Differences Report Ordered Differences Report

Level -Level Difference StdEmDif Lower CL Upper CL p-Value Level -Level Difference St ErrDIf Lower CL Upper CL p-Value

H cl 3366667 4862555 176636 4066973 0000 : cl H 07333333 01501645 0200510 1357157 0.0067*

H F 3033330 4862555 143303 4633640 0.0007 = } cl Ohe 06000000 01591645 0076177 1123823 0.0238° i

OMe  Cl 19.00000 4.882555 29969 3500307 0.0193" il F H 0.5666667 01501645 0.042843 1.000490 0.0329° 1

Me €I 18.00000 4862555 19969 3400307 00264 J ] cl Me 05333333 01501645 0009510 1057457 0.0456"]

H Me 1566667 4882555  -0.3364 3166973 00557 | F OMe 04333332 01591645 -0.090490 08957157 0.1197 S

OMe F 1566667 4862555 03364 3166973 00557 F Ma 0.3666G6T 01501645 -0.157157 0820490 0.2204

H OMe 1466667 4862555 -13364 3066873 00765 | Me H 02000000 01591645 -0323823 0723823 07212 :r[ 4
Me F 1468667 4882555  -1.3364 3066973 00765 i - cl F 0.1666667 0.1501645 -0.357157 0.690490 0.3283 i
F cl 333333 4862555 126697 1933640 09552 ] - oMz H 01333333 01501645 0390490 0657157 0.9127 L /

OMe  Me 1.00000 4862555 -15.0031 17.00307 09935 Me  OMe 00666667 01591645 -0.457157 0530490 0.9925

(A)

Posilive values snow pairs of means that are significanty different.
Connecting Letters Report

(B)

Figure 3S14. Statistical analysis of (A) peaking times and (B) peakingceatrations oAPA
hydrogels (10 mg/mL). The ANOVA and the Tukkyamer HSD tests were performed with IMP

software (n = 3 and p < 0.05).
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4.2 Abstract

Burns aredevastating forms of traumand infections during burn wound healirgre very
challenging.As a gasotransmitter, hydrogen sulfidee$iihas been studied to treat wounds and
inflammation, however, the release without control and the missing study of@obimai effects
leaves a gap in the application osSFHfor wound treatment. 33-releasing aromatic dipeptide
amphiphile (APA) hydrogels-6E and SYE, and non HS-releasing APA hydrogels-€E and G

YE were prepared to test their application on burn wonfettion modelsS-FE and SYE formed
selfassembled twisted nanoribbons and nanotubes, while n&reitasing GFE formed
nanoribbons. &E and SYE released kB with the peaking times of 41 and 39 min, respectively.
The selfassembled structures and teéease rates were affected by their packing differemces.

vitro andex vivoexperiments wittstaphylococcus aureEen29), a commonly found bacterium
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on burn wounds, showed significant antimicrobial effects. THESnd CFE not only killed
Xen29, b also inhibited biofilm formation, and-BE always showed better effects thaifrE.
These antimicrobial b&-releasing APA hydrogels provide a new approach to treat burn wound

infection, as well as providing healing solutions by the therapeutic effekitsSof

4.3 Introduction

Burnsaredevastahg forms of trauma thampact human life, disability, andreateeconomic
burden. In the United States, about 486,000 burn injurgge reportedby the National Center for
Injury Prevention and Control between 2e€A0152%° and worldwide there areapproximatéy
180,000 deaths caused by burns annuaiith most cases happeg in less develogd
countries?®® In 2015, injuries related to fire or tns were reportedas the 4th and 3rd leading
causs of deaths in the United States for childrensay® and 69, respectivelys! Even though
burn injuries have highsurvival rate 97 %),%%? survivorsareusuallyleft with severedeformities
life-long physical disabilities, and other morbiditi@he treament andmanagement of burn
injuriesdepend on the degree of skin damagient age, total body surface gread thecause
of the bur?®® Healing of burn woundsfollows the process ofblood clotting
(hemostasis inflammation, tissue growth (proliferation), and tisseenodeling(maturationy%4
However burn woundsresusceptible to infections, which not only lead to chronic inflammation
and impair wound recovery, busa increase morbidity and mortaffy 2%6with 70%of morbidity
caused by infection®’ Staphylococcus aurewnd Pseudomonaaeruginosaare the two most
common pathogens isolated from infected burn wodtd&°Theyattach to wound surfaseand

form biofilms, protecting themselvdsy limiting direct contacfrom thehost immune system or
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antimicrobial agent3© The difficultiesof treatng wound infections, along with rising bacterial
resistance to antimicrobial agents, create a need for novebdseth treat burn wousdand
managenfections

A new approach tpromoteburn woundhealingandreduceinfectiors could betreatment with
hydrogen sulfide (EB). HS is endogenouslyroduced, joining nitric oxide (NO) and carbon
monoxide (CO) in thegroup of signalling gasses called gasotransmittdeS plays several
physiological roles, including regulating ion channels, affecting the production of other
gasotransmitters, and promoting vasodilatibhrough these pathways, the therapeutic potential
of delivery of exogenousl2S has been investigated due to its ability to pronastgiogenesid’*
increase celproliferation and migration®®: 272 reduceinflammatiorf’® and reducenfection?’4
Specifically, BS canincrease blood perfusidie the woundand helpwoundresuscitabn,®” as
well ashelp clear the bacterial infecti@md accelerate the healing prodegacreasing neutrophil
migration through the activation tfe Kate channef’? 25These effects indicate that$ttherapy
can be an exclnt strategy for burn wound treatmemts burn wound treatment involves
challengedothfrom thehealing process and infections.

Many donors and delivery methods hadween reportedor therapeutic applications of 2B,
however,for clinical treatmentof burn wound and infectios, controlled release and localized
delivery are twdactors that needxtra attentionControllable HS releasds necessarypecause
instead of treatingvounds the burst release of2H could lead to inflammatory nesnse and
serious sideeffects, which has beewbserved usingulfide salts in a mouse cecal ligation and
puncture (CLP) induced sepsis model and a rat stroke f¥8d€l For this reason2S donors
with a good control of release rate (from min to a feaurs) and dose are better candidates

compared with sulfide salts and pureSHyas.Our lab has reportethe HS-releasing donors
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aroylthiooxime(SATO), which can release 23 with thiol triggersand the release rate che
precsely manipulatedby substituent8® The release halives of substituted SATO donors range
from 8 min to 82 min, making them proper candidates for clinic Weseover the treatment of
burn wounds and infections requires the application «8 td specificareas, which eliminates
systemic delivery methods like inhalation, oral administratiorand intravenous injection.
Therefore, hydrogels becomegaod choice forburn wound treatmenbecause hydrogels can
provide localized delivery at specific sitentiinsically biodegradable aomatic peptide
amphiphiles (APAs) canselfassemble into different structures via ramvalent interactions**
and then form hydrogel by entanglement of supramolecular structire&PA hydrogels have
storage moduli ranginfyjom as low as 100 Pa up to a few thousand Pa, making them suitable for
bioengineering purposes. Thus, we chose APA hydrdgetielivery of H2S.

Although many studieshave used HS as the therapy to treat disea®8such asischemia
reperfusioninjury,??® diabeteg$® and cancef® very few studiesare related tdurn injuies Even
among these studies, almost all cases focused on thefartimatory’® 27°or protective effects
of H2S againsbrgan injurieg’® 28%and none of them discusstt antimicrobial effects of #$.
Moreover these studies usegitherinorganic salts or synthetic donors without attemptat
controling releasePreliminarystudies from our labaveproven that SATGbased HS-releasing
APA hydrogelscanrelease HSin a controllable manngp® 253 28lhowever, we have not studied
the application of k5-releasing hydrogels on wound healing and infecti©onsidering the gap
in research related toeating infections using 4%, and the lackf studies about the applications
of HoS-releasing APA hydrogels, we were inspitednvestigate the antimicrobial effects of3
using APA hydrogels witburn wound modeldn this work, we desigred newSATO-basedAPA

with sequences of SAT®heGlu (SFE) and SATATyr-Glu (SYE), and used them to form
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hydrogelsfor localizedH2S releaseWe alsoevaluated the antimicrobiaffects of HS-releasing

APA hydrogels using burn wound models.

4.4 Experiment:

Peptidesveresynthesized vikgmocbasedsolid phase peptide synthesis using RinkdeMBHA

resin. Amino acids andesinwere purchaseffom P3BioSystems, and all other reagents were
purchasedand usedas received Commercialphosphatebuffered saling(PBS) was used fo

bacterial studiegSigma, Cat. No. P441,7and seHpreparedPBS(prepared following Cold Spring

Harbour Protocdf? was usedor all other experimentdNutrient Broth 1(NB1; Sigma, Cat. No.
P70122), Bact oE Agar ( AmlgethyleneRypcol (FEEDuUl NeccdH 40
Modi fied Eagl eds ,8ignh REmM N¢. 3105328), dndvtEaMbovine serum

(FBS, heatinactivated werepurchased froorsommerciaverdorsand used as received

Preparation of H2S-releasing SATO dipeptides (SFE and SYE) and non H:S-releasing
control dipeptides (GFE and C-YE)

Aldehydecontaining peptidewith the sequensdFBA-FE and FBAYE (FBA = 4-formylbenzoic
acid) were synthesizedria solid phase peptide synthesising methods described previousts.
After cleavage from the resiRBA-FE and FBAYE were treated with 0.01 M HCl and lyophilized
to remove residual trifluoroacetic acid (TFAATO dipeptides $FE and SYE) wereprepared
by reaction of th@eptidealdehydeg100 mg 1 equiy with S-benzoylthiohydroxylaminé72 mg

2 equiy following published procedurg8® 283using20 mg of Dowexas the acid catalygtstead
of TFA. Control oximedipeptides (C-FE and GYE), which do not release-B, wereproducedoy

reacting96 mg (1equiv) of FBA-FE or FBA-YE with 56 mg (2equiv) O-benzylhydroxylamine
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hydrochloride in 500 uL DMSG@or 3 h. All four dipeptides were purified by preparative HPLC

following apublishedprocedure?®?

Transmission electron microscop (TEM)

Peptide hydragels with concentrations of 36 mM50 ni) were prepared in 0.05 M pid.0
phosphate buffer arallowed toselfassemble for 18 houbeforediluting to 500niM in DI water.
Thepeptide solun (10 pL) wascastontocarboncoatedcopperTEM grids(Electron Microscopy
Sciences)and allowed to stand for 10 min befomcking away excess watewith filter paper.
Next, water(10 pL) was added tohe grids for 40 s to washthe samples and then Wwid away.
Finally, 2 wt% uranyl acetate solutiam water (10 pL) was dropped da thegridsto stainthe
samplesfor 6 min beforeremoving the excess by wickingample grids werallowed to dry
overnightin air beforeimaging All images were taken on a Phillip EM420 TEM with a slow

scanning CCD camera.

Thioflavin-T assay(ThT)

The selfassembled hydrogels with concentrations of 36 mM were prepared in pH 6.0 PBS (1X)
and matured for 2 h. ThT (0.02 mg/mL) was dissolved in pHPBS (1X) to make the working
solution. Each of the hydrogels wdsuted tol mM with 0.02 mg/mL ThT solutionand then
excited at 440 nmusing an Agilent Cary Eclipse fluorescence spectrometer (Agilent
Technologies)The emission wavelength ranged frdi#0 to 550 nm, with scanning speed of 600
nm/min. ThT control solutions consisted one peptds for each hydrogel and a Tonly

solution and these controlsere tested under the same fluorescence conditions.
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IR spectroscopy

A Nicolet 8700 IR spectrogter equipped with an attenuated total reflectance (ATR) accessory
(Thermo Fisher Scientificyvas usedfor IR spectroscopyDeuterated phosphate bufferas
prepareddy dissolving NaOH in RO to make 0.01 Msolution and then adjustg thepD to 6.4
using BPQu. All sampleswere dissolvedn this deuterated phosphate buffer at 36 mM (2 wt%),
andabackgroundscanof deuterated phosphate buffeas subtractedefore every measurement.

Each spectrum is an averagesdfscansvith frequency rangindrom 1400 to 1700 crh

Circular dichroism

For each dipeptidestock solution(36 mM)wasmadeby dissolving 1 mgf the pure dieptide in
50 uL of pH 60 PBS (1X) Unassembled dilute solutiobA, 0.1 mM) wasprepared by adding
nL of 36 mM peptidestock solutiorinto 718 of DI water,andsonicated for 1 mito breakany
selfassemldd structures, and immediately measured by T2 rest ofpeptide stock solution
wasallowed toselfassembldor 2 hto formhydroge] then2 pL of hydrogelwasmixedwith 718
nL of DI water just before the CD observation to preserve the supramolecular strudiileest
0.1 mM concentrationCD spectravere recordedy a Jasco-815 CD spectrometer (Jasco. Inc)
at room temperaturevith N2 flow and scan range set at 120 mL/min and-290 nm, respectively.

The scan rate was 50 nm/min with asii@sponse time\ll tests were taken in a 1 mm CD cuvette

Fluorescencespectra
For each gbeptide 1 mgof pure samplavasdissolved in 501 of pH 6.0 PBS (1X)and allowed
to selfassembldor 2 h to form hydrogelThen hydrogel was transferred to a sulero quartz

cuvette (Starna Cell4,6.40FQ-10/Z15, and armAgilent Cary Eclipse fluorescence spectrometer



(Agilent Technologiesyvas usedor fluorescence spectroscopy. The scanning speedinZ)
nm/min with 1 nm data pitch, and thexcitation and emissioslits were 10 nm and 20 nm,
respectivelyTheexcitation wavelengthegx) wasat 290 nm and the emission range was 3ED

nm.

H2S detection usingan H2S sensitive electrode probe method

The HSrelease profiles &-FE and SYE hydroge$ weredeterminedy HzS sensitive electrode
probe method®’. Each dpeptide samplél mg)wasdissolvedin 50 nL of pH 6.0 PBS (1X), and
then transferred to the gkblding well in a speciéj designedvial. The peptide solutions ithe
well wereallowed toselfassembldor 2 hto form hydrogelsand7.2nL of 500 mM cysteinavas
addedto the top ofthe hydroges to trigger HS releaseThen the well was quickly coverdry a
BreatheEASIER membrangDiversified Biotech, and sealed with an-@ing. 5 mL of pH 7.4
PBS (1X) was added to the vial to trapyreleased kB, andanelectrode prob@Norld Precision
Instruments, ISEH2S100)was submerged into the PBS to detect thetiesd H:S concentration.

The sgnals were recorded by LabScribe software (World Precision Instrument).

Rheology

The mechanical properties tiiehydrogelsvere studiethy an ARG2 rheometefTA instruments)
equipped with a Peltier platand a 20 mm measuring top geometiiye g@ between top geometry
and bottom plate was 50fin and the temperatureas keptat 37°C. For each dipeptidé& mgof
samplewasdissolved in250 ni. of PBS (1X, pH 6.0), then transferréa the Peltier platdy a
micropipetteand stabilized for 10 min bef® eachmeasurementEachrheological procedure

consisted of two timasweeps and a steadgtate shear to check both the mechanical properties and
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the recoverability otthe hydrogel The first timesweepwas measured a0.5% strain anch
frequency ofl Hz, followed by a 30 s steaeltate shear (500 /s) tmmpletely disassembtbe
hydrogel.Next, asecond 45 min timeweep wasppliedto observe the recovery tife hydrogel

under the same conditions as the first tsmeeep.

Determining the effect of cysteine on bacterial growth

Cysteine was used to trigger$i releasdrom SATO-containing peptide hydrogels. To confirm
that cysteine additiodoes not have an inherited antomubial effect we tested cysteinen the
growth of Staphylococcus aureisATCC 12600 (Xen29) bioluminescent pathogenic bacteria
Staphylococcus aureus one of the bacteridhat most commonly associated with burn woand
TheXen29 bacteria frozen stosblution was used to grow amernightculturein Nutrient brothl

( NB1l) pands@® imMLledgsteingCys)solutionwas made by dissolvirlg-cysteine powder
in DI water 1440 ul of the cysteine solution was addeda stock bacterial culturewith
concentration 1x190 Colonies Forming Unit per milliliter (CFU/mL). A control group was
preparedby mixing 1440m of PBS (1X to NB1 bacterial broth and making the final bacteria
concentratiorl x10° CFU/ml. Samplesof both treatmentsiere incubated iman orbital shaker at
37°C for 24 hours with the shaking speed of 166 .rBerial dilution was done arttie bacterial
solutions wereplated on NB1 platesThen all plates weracubated to form colonies and the

number of CFUvasenumerated.

Effects of H2S-releasing dpeptideson planktonic Staphylococcus Aureubacterial cultures
S-FE and SYE are chemically and structurally similathus S-FE and GFE werechosen to

represent thél2S-releasingthiooximeand non HS-releasing oxime gieptidesin the following



biological experimentsl mg of SFE was dissolvedn 50 niL. of pH 6 PBS buffer (1X) and then
selfassembledor 30 min at room temperature to form opadnydrogel (36 mM of SFE). Next,
7.2m of 500 mM cysteine (2 equiv.) was added t& S gel to induce b5 release, anthen100
m or 30 of the mixture wereusedto prepare groups dfigh S-FE concentration and low-EE
concentration, respectivelgoththe 100m andthe 30m of S-FE mixturewere mixedwith 20 m
of bacteria cultur§2x1® CFU/mL), and then broughtp to a final volume of 4061L. A bacteria

only groupwas also prepareby adding100 m of PBS (1X) instead of SFE hydragel Three

samples were prepared for glloupsandi ncubated at 37eC i Aftet ube

incubation,10 m of bacteral culture was taken from eashmpleanddiluted in mediato makea
serial of 16fold dilutions All dilutions werethen plagéd on NB1 agar platesnd culturedn an
incubatorfor 18 hto quantify bacterial burddpy counting colonies formed

The remaimng bacterial culturesf different treatment groupsere addedo 96well plates then
i ncubat ed f orBidil&swere iormed ineach \2alfter the&€incubatiorgnd masss
of biofilms werequantified using Crystal Violg(CV) stainingassay?* Before CV stainingthe
biofilms were washed twice with sterile water to remove gel remnants and plariddcteciaand
then fixed in 100% methanédr 30 minutesNext, the nethanolwas removedand the biofilns
werewashed with stée watertwice, followed bya 15 min stainingusing0.1% CV water. The
stained biofilns werewashedandair-dried for 24 h, andthen 100 pl of thesolubilizing solution
(200mM sodium citrate in 20 ml of 50% ethanwlxs addedo each well. The mixtured biofilms
and solubilizing solution wermixed using the shakgB rpm) at room temperature f@0 min
beforequantifying theabsorptions of C\stainedbiofilms at 590 nmwith the absorptionof the

solubilizingsolution as théackground
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Developing anex vivo infected burn model

TheXen29stock culturevas cul t ur ed o MElandgrgunto-1& EFUBNLZfore C i n
ex vivoburn model experimentJissueswere harvested-5 cm lateral from the paravertebral,
dorsolateral trunlof a freshly euthanizedswine fromanotherindependenexperimenthat was
approved by the Institutional Animal Care and Use Committee (IACHICWake Forest
University. The skintissueswereshavedandcleaned with 1:4 chlorhexidine gluconataenall
subcutaeous tissuewereremovedand rinsed, leaving thigll-thickness skin flap Next, kurns

were induced on the surfaoétheskin flapsusing apressure and temperature controlled metallic
cylinder, whichwasheatedto 1451 47 e C i n p ol y@)tsdluyidn.eTheeskigas y c o | (
cleanedagainwith 1:4 chlorhexidine gluconate and sterilaterandthen cutinto 3x3 cmpieces.

An indentation was created in the middle of each piece by a 4 mm punch biopsy blade to guide
injectionsof the Xen29All skin sampés wereplaced in 60 mm platendincubated in plates for

14 hous at 37°C, allowing the burn to mature.

Effects of H:S-releasingdipeptide on established biofilm inex vivo burn model

To developStaphylococcus Auredmofilms in the burn, Xen29 waisioculatedin theindentation

at the middle oskin pieces using (25G) needle with fixed 5 mm injection deptiarkedwith a
piece of sterile rubbed00uL of 1x10' CFU/mL bacterial culture was injected 5 mm below the
skin surface a& 15° angle infour different directions. Aftethe injection DMEM with 10%heat
inactivated HI-FBS) was added to the sample plates until immersiiejower dermis and the
sampleswere incubatedor 24 h at 37°C. Next, samplesvere cleaned with sterile water and
imagedby In Vivo Imaging System (IVISjo confirm the biofilm formation100nL of S-FE gel

(36 mM)mixed with2 equiv. of cysteine wasjectedby the special needie 4 directiondo make
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the SFE treatment conditiorf00 niL of C-FE mixed with2 equiv. of cysteinewas alsanjected

to samples to construct the-KE treatmentand a third set of samples were left without any
treatment All samples were incubated for 14 hours with DMEth 10% HI-FBS and then
imaged by IVIS agairto determine the changes in bioluminescent signal emitting form the

sampl ebs Xen 29

Effects of H:S-releasing peptide on biofilm formation inex vivo burn model

Theeffect of HoS-releasinglipeptides on biofilm formationwerealso determinedsingthe same
exvivo burn modelSamples ofx vivoburn modelvere matured for 14 houfsst, then100m of
S-FE hydragel were injectedo the indentationof samples Correspnding controls include a
sample groupsreated with GFE hydragel ora sample group with no treatmemtien100 ni of
~10’ CFU/mL Xen29 wasinjected into thendentation Eachtreatmentvasrepeatedn triplicate,
andall samples were ctured with enough DMEMvith 10%heat inactivatedFBSto immerse the
lower dermis and incubated for 14 hours at°@7 Samples were washed twideefore IVIS

observation.

Statistical analysis

The mean values of planktonic assays amdvivomodels were shown with error bars indicating
standard deviations from three trails or five trails. All data were analyzed bywagnanalysis

of variance (ANOVA) with the TukeKramer HSD test, where p < 0.Gfenotes statistical
significance. ANOVA analysis was performed using JMP software (version 10.0.2, Cogyright

2012 SAS Institute Inc.).
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4 5Resultsand discussion

4.5.1 Results

Preparation of dipeptide hydrogels

Four APAs were successfully synthesizedith the details of synthesis and purification are
described in SIAmong four dipeptide amphiphiles;FE and SYE were SATQGbased, and able
to release bB; the other two dipeptide amphiphilesFE and CYE, were oximebased control
molecules which could not release3H All products were white powders after purification and
lyophilization. For each APA hydrogel, pure dipeptide powder (1 mg) was dissolvedrin &0
10 mM PBS (pH 6.0) to form 20 mg/mL (36 mM) dipeptideusion, and the solution was allowed

to selfassemble for 30 min at rt to form an opaque hydrogel.

Critical aggregation concentrations (CACs) of dipeptides

The critical aggregation concentrat®(CACs) mark the critical pointwhere molecules start to
aggregateAbovethe CAC, peptide moleculeaggregate and sedfssemble it supramolecular
structures. To find the CAGH thedipeptidesaNile Red assawas used as previously report&|.
The results of the Nile Red assayeaaled that lh dipeptideshad CAC ranging from 0.2 to 0.7
mg/mL (TableS1). Based on the CA@atg subsequent experiments were conducted at either
mg/mL (36 mM) or 0.18 mg/mL (0.1 mM) to represent dipeptide amphiphiles in their self

assembled (SA) or assembled states (UA), respectively.

Transmission electron microscopy (TEM) imaging
To understand the sedissembly and supramolecular structures, which lead to the gel formation,

we started with morphological analysising conventional TEM. Images of sedssembled
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dipeptide morphologieareshownin Figure 4.1 andlBmeasurements wedone by counting 200
nanostructures using Imagddvisted nanoribbonwere observefor S-FE (Figure 4.1A) and G

FE (Figure 4.T), with thelengths ofthe twisted nanofiber®n um scale andthe widthsabout

13°5 and 246 nm, respectivelyAs seen in Figte 4.1B, SYE formed nanotubes confirmed by

the |ighter outside fAwall so &mmdHavevdi&€iYkhad nt er i
no specific morphologyand only nonspecific aggregatesvere observedFigure 4S3). The

thicknesses dthe threedipeptides, S-FE, GFE, andS-YE were6.9°1 nm, 7.62 nmand 6.81

nm. As shown in Figurd.1C, the calculated lengths of dipeptides wallenear 2.3 nm, indicating

the thicknessof the stacked dipeptide bilayer should betweeni 3426 nm. Thus, the obsed
thicknesse®f the selfassembled dipeptides suggest that two bilayers were packed to form these

morphologies.
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Figure 4.1. TEM images(stained with uranyl acetatef S'FE (A), SYE (B), andC-FE (C).

Schematic illustration of the proposed sadfembled structure (D)

Circular dichroism spectroscopy
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