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Abstract: Design Synthesis and Evaluation of Supramolecular Polymer Structures for

Signaling Gas Delivery

Ryan Joseph Carrazzone

ABSTRACT

In the early 200Qshydrogen sulfide (k) was added to tHamily of molecules known as
gasotransmittersa class of endogenously produced and freely diffusiidpgical signaling
molecules. Since this discovery, biologists and chemists have sought to understand the
physiological roles of b& andto elucidate thgotentialbenefits of exogenouszB delivery.As a
result many syntheticsmall moleculedonor compoundéave been created to deliver.8 in
response to various biologically relevant stimukurthermore, macromolecular and
supramolecular k& donor systesihave been created pootect donors in the biological milieu,
extend release kinetics, or contrel3+eleaseonditions Thus,H>S-donating nanostructuregth
precisely tuned release rates provide invaluable tools for further investigating the biological roles

and therapeutic potentiaf HzS.

This work describetwvo polymer micellesystems for the controlled delivery o$1 The
first system is based onp&Hreleasing polymer amphiphil@gth varying degrees of a plasticizing
comonomer incorporated into the cdoeming block. The glass transition temperature of the-core
forming block varied predictably with incorporation of the plasticizing comonomer.rdicgy,
the half-life of H.S releaselecreasedrom 4.2 h to 0.18 hwith increasing cordorming block
mobility. The second system is based o8 Ireleasing polymer amphiphiles with varying degrees
of crosslinking in the coréorming block. Thecrosslinked system was designed to achieve control

over S release rate with minimal dilution of donor in the efmmning block. The halfife of



H>S release increased from 117 min to 210 min with increasing crosslink density in the core
forming block, tirther demonstrating that>H release rates can be precisely controlled by tuning

micelle core mobility.

Beyond control over b6 release rate, further study of the biological rolesA t¢quires
donor systems with precisely triggered releagethls end, this dissertati@atsodiscuses efforts
to investigatfundamentaimicellel unimer relationshipsThis section includes an evaluation of
the impact of coreforming block mobility on micelleunimer coexistence utilizing a model
polymer amphiphile systeninimer populations correladavith glass transition temperatures of
the coreforming block, suggesting the need to consider micelle core mobility when discussing
polymer chain phase behavior of angdtilic block copolymersFinally, this work discloses new
methods for the radical polymerization of poly(olefin sulfonesh control over molecular
weight. POSs area unique class of polymers with great potential $imuli-responsive

depolymerizatiorio generate sulfur dioxide (SJQa signaling gas related to$i



Abstract Public: Utilizing Polymer Chemistry to Develop Advanced Hydrogen Sulfide

Donors
Ryan Joseph Carrazzone
GENERAL AUDIENCE ABSTRACT

Hydrogen sulfide (kS) is commonly known for its pungent odor and toxicity. Despite this
negative stigmaii>S has been revealeda vital signaling molecule both plants and animals
This discovery has prompted the coordination of biologists and chemists in an effotteto be
understand the roles of8 in the body. Driven by this motivgreat interest has centered around
the development of finely tunedolecules designed to generateéSHn the bodytermed HS
donors A variety of synthetic k5 donors have been reporteidh various conditions enabling
release Building on this work the development of polymeric.8 donorswith tunable release

rates will enablénvestigation into theomplex behavior of £8 in the body

The first half of thiglissertation focuses on the design and synthesis of two polym&ic H
donor systems for the controlled release g5 H hese systems take advantage of sequestering the
H>S donating species inside a polymenenatructurein water called a micelleBecauseH,S
releaserequiresa triggering moleculéo enterthe polymericnanastructure, release rate can be
tuned by modifying the mobility of the structurEhe first system discussetbmonstrates this
concept by increasing the flexibility of tinicelle core As expected, b5 release rates incredse
with increasing flexibility. The second system discussed advances this idea by limiting mobility
within themicelle corerather than increasing flexibilitAccordingly, BS release rates decredse

with decreasing mobility within thenicelle core



The latter half of this dissertatidmoadlyexplores the development of polymesignaling
gas delivery vehiclewith triggered release conditiond/e firstinvestigatehe impact of polymer
chain flexibility on the formation ofnicellesin wate. Polymer chain flexibilitysignificantly
impactedthe balance betweanicellesand unassembled polymer chains in solution, suggesting
the need to consider this characteristic when designing donor systenpsetise release
conditions. Lastly, we discusthe development of controlled polymerization techniques for
poly(olefin sulfones). We envisidhatpoly(olefin sulfones) will be a useful class of polymers in
the design of donor systems relying on triggered depolymerization for refghsesignalingyas

sulfur dioxide
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Chapter 1: The Benefits of Macromolecular/Supramolecular Approaches in b8 delivery:

A Review of Polymeric and SeHAssembled Donors

Reprinted(adapted)wvith permission fromCarrazzone R. J. et dntioxid. Redox Signak020

33, 7995. Copyright 2020 Mary Ann Liebert Inchttps://doi.org/10.1089/ars.2019.7864

1.1 Authors:

Ryan J. Carrazzon¥Y Kuljeet Kaur®¥ John B. Matsoh® ¥

SDepartment of Chemistry, Virginia Tech, Blacksburg, Virginia 24060, United States
MAvlacromolecules Innovation Institute, Virginia Tech, Blacksburg, Virginia 24060, United States
YVirginia Tech Center for Drug Discoveryjrginia Tech, Blacksburg, Virginia 24060, United

States

1.2 Abstract:

Significance Cell homeostasis and redox balance are regulated in part by hydrogen suffile (H

a gaseous signaling molecule known as a gasotransmitter. Given its biologicaHsSld®s
promising therapeutic potential, but controlled delivery of this reactive and hazardous gas is
challenging due to its promiscuity, rapid diffusivity, and toxicity at high doses. Macromolecular
and supramolecular drug delivery systemmse vital forthe effective delivery of many active
pharmaceutical ingredients, andS+stands to benefit greatly from the tunable physical, chemical,

and pharmacokinetic properties of polymeric and/orastembled drug delivery systems.

Recent AdvancesSeveral typesf H>S-releasing macroand supramolecular materials have been
developed in the past five years, and the field is expanding quickly-rSleasing polymers,

1
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polymer assemblies, polymer nanand microparticles, and sedssembled hydrogels have
enabledriggered, sustained, and/or localizegSHlelivery, and many of these materials are more

potent in biological assays than analogous small moleci8edbinors.

Critical Issues H»>S plays a role in a number of (patho)physiological processdading redox
balance, ion channel regulation, modulation of inducible nitric oxide synthase, angiogenesis, blood
pressure regulation, and more. Chemical tools designed to 1) dely¢o Btudy these processes,

and 2) exploit HS signaling pathways fdreatment of diseases require control over the timing,

rate, duration, and location of release.

Future Directions Development of new materials approaches fg# Helivery that enable long
term,triggered, localized, and/or targeted delivery of the gdenable greater understanding of

this vital signaling molecule and eventually expedite its clinical application.

1.3 Introduction:

Nextgeneration approaches to disease treatment will rely on the precise and controlled
delivery of active pharmaceuticangredients (APIs) such as drugs, peptides, enzymes, and
vaccines, among othet: To this end, drug delivery systems provide numerous benefits, including
a wide range of administration techniques, increased efficacy and longer circulation times relative
to pure APIs, and the potential for advanced delivery conditions (e.g., targeigggred
response). Often researchers transport, contain, and/or protect therapeutic agents using synthetic
polymers due to their ease of synthesis and wide versétititiact, many pharmaceuticals on the
market use macromolecular/supramolecular deliagproaches including microparticle depots

(e.g., Lupron, Vivitrol), liposomal formulations (e.g., Doxil), nanoparticles (e.g., Abraxane), and



implantable systems (e.g., Vitraser®)The development of polymeric drug delivery systems is
well studied, vith many thorough reviews existing in the literattf& Despite several decades of

work in this field, there remains a clinical need to continue to develop drug delivery systems.

Signaling gases, known as gasotransmife® stand to benefit from rdg delivery
approaches even more than conventional small molecule drugs, proteins, and other APIs due to
their potency and fast action. Gasotransmitters are biological signaling molecules which fulfill
several weldefined criteria, the most important bgi enzymatic regulation of their
production/metabolism and their independence from specific membrane re¢g&ftdiere exist
three known gasotransmitters: Nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide
(H2S). Each is produced and regelhendogenously, and each has specific physiological functions
and targets. There exist therapeutics on the market and/or in clinical trials for formulations of each
gasotransmitter, either in the form of the gas itself or as small molecules that relgaserate
the gas in viva 2 Unlike other chemical messengers, gasotransmitter signaling is not limited by
exocytosismediated release, receptunding, vesicular storage, and/or elaborate removal
processes from the site of actitinstead, cells guakly turn on or off gasotransmitter production
to regulate autocrine or paracrine signaling, and these gases diffuse rapidly through biological
membranes. Their shart vivohalf-lives match their rapid production, allowing NO, CO, an8§ H
to work togetler to regulate cell behavior nearly instantaneotfsSue to their gaseous nature,
fast diffusivity, and high reactivity, gasotransmitters are challenging to administer therapeutically

but may offer substantial benefits if delivered at a desired sitetiohan a controlled manner.

H.S, the most recent addition to the list of gasotransmfttér® has attracted attention
due to its various biological roles, including cardioprotectfdi vasodilatiorf®3?

angiogenesig*® antiinflammation®®3’ neurotransmissigif“® and others. It is produced

3



endogenously by the enzymes CSE, CBS, aMB3, which are present in organs and systems
throughout the body. Physiological concentrations e§ Hare highly regulated by distinct
biosynthetic processesshich contribute toward homeostasis of the organism. The appreciable
roles of BS in physiological and pathophysiological processes have led researchers to develop
methods to deliver ¥5 to study its physiological pathways and therapeutic potéhffalndeed,

small molecules that release3Hin vivo(so-called HS donors) provide evidence for the beneficial
effects of exogenous delivery ob$i***’ However, as is true for other gasotransmittersS 14

toxic at high concentrations, it has a shatf-life, and it has no specific receptor but many targets.
Coupled with its propensity to oxidize, these factors make sustained release and precise dosage

control vital for HS delivery, even more so than in delivery of traditional therapefitics.

Delivery of S can take several forms. Direct inhalation presents the most straightforward
method for exogenous:8 administration, delivering the gas without any byproducts or carriers.
The inhalation method can deliver the requires ldosage by modulatingag partial pressure
over time. Researchers have successfully employed inhalation to systemically deivwentice,
initiating a state of suspended animation or slower metab8fifaspite its advantages, inhaled
delivery of BS is not likely to reach dinical setting due to the malodorous nature of the gas and
its lack of targeting. Stringent safety regulations concerning storage of this flammable and
corrosive gas also hinder inhaled delivery. Inorganic sulfide salts (NaHS, Biad CaS) are
commonalternatives to gaseous$idelivery, providing instantaneous access 18 H its pure
form while avoiding the need to handle the gas directly. Sulfide salts are currently the most widely
employed delivery strategy in biological and preclinical studieestigating then vitro andin
vivo role of HS. Despite their availability and easy administration, sulfide salts have several

drawbacks. In particular, the burst3release profile from aqueous sulfide salt solutions stands



in stark contrast to susta&d, tightly regulated enzymatic.8 production. To address these
drawbacks, chemists and pharmacologists have designed syntb8tidoHors over the past
decade with control over the release kinetics, dosage, and location of release. Recent reviews cover
the many types of existing small moleculgSHlonors®°3 However, designing a synthetic$

donor is not trivial and requires careful consideration of stability, water solubifByrdtease rate,

trigger specificity, and toxicity of the donor itself asgll as any byproducts generated afteSH
release. Thus, despite great progress in the developmes# dbiHors, advanced delivery methods

are still needed.

Due to the benefits of drug delivery systems, and the inherent challenges in effectively
deliveling HzS, there has been a strong interest in macromolecular and supramole&ilar H
donors*®54% Here we provide an overview of the development and current state of
macromolecular/supramolecular.$ donor systems. In particular, we focus on the distinct
advantages that polymeric and satsembled delivery systems provide over small molecefie H
donas, and we illustrate how these advantages may enable a greater understandiSg of H

(patho)physiology and potentially translate to clinical applications,8ftHerapy.

14 Advantages of Macromolecular Systems
Macromolecular/supramolecular drug delivery systems can modulate the chemical,
physical, and pharmacokinetic properties of an API without drastically changing the chemical
nature of the payload. Through this control over these key properties, many tiatlemges
associated with delivering therapeutics can be addressed. For example, a large number of potential
therapeutic agents are inherently hydrophobic. This presents a problem with solubility in biological

systems, ultimately leading to low bioavail#lgiand drug efficacy. Incorporating the hydrophobic

5



drug into a watesoluble polymeric drug delivery system facilitates delivery in aqueous
environment$%>’ Furthermore, the incorporated hydrophobic drug adopts the pharmacokinetic
properties of the ggmer/supramolecular structure; therefore, changes that alter these properties
(i.e., changes to polymer composition, morphology, or functionality) may enable sustained or
timed release of the payloath® Additionally, the polymer/supramolecular scaffadields the
entrapped API from the surrounding environment, leading to reduced cytotoxicity in situations
where a burst release of the drug might be hazardous or®ickie shielding structure also
provides a large area for attachment of targeting functionalities, which may enable triggered or
localized release of the paylo#ftP! Altogether, it is clear that integrating small molecule
therapeutics into macromoleculangsamolecular systems provides advantages for biological

delivery.

The two major strategies for preparing macromolecular drug delivery systems include
covalent linkage and physical entrapment. In the covalent linkage approach, APIs are chemically
linkedto polymer scaffolds. The linkage method often depends on the specific chemical nature of
the API, making this approach specific to a given drug. In the physical entrapment approach, APls
are sequestered in polymeric nanostructures without the formatmovalient bonds. While this
approach often leads to lower loading rates than covalent linking, the lack of chemical modification
enables its use with a wider range of APIs. For example, poly(laaidé/colide) (PLGA) has
been used to deliver a wide rangf APIs by physical entrapmeiit®® While these preparation
methods differ in their implementation, they both succeed in changing the chemical, physical, and

pharmacokinetic properties of small molecule drugs, proteins, and other APIs.

15 Macromolecular Systems  with Covalently Bound HS Donors

Chemically linking APIs to a polymer scaffold, despite the need for linker chemistry



specific to each API, provides several advantages over physical entrapment. For example, a
physically entrapped API is prorie leaching, a process in which the drug escapes from the
polymer scaffold in an undesirable fashion (i.e., too quickly or before reaching the desired site of
release). Covalent linkage of drug to the polymer scaffold minimizes leeching and maintains the
desired release profile and/or pharmacokinetics. Additionally, chemical incorporation of the API
can be used to influence the physical properties of the polymer itself. For example, conjugation of
a hydrophobic drug to a hydrophilic polymer can result iplaiphilic behavior, which provides a
method for modifying the morphology of the system that is unique to covalently linked donors.
Finally, covalent linkers can be designed to release the drugs under specific conditions, such as a
change in pH or the prasee of a particular enzyme. As a result of these advantages of covalently
linked drug delivery systems over physically entrapped systems, a variety of chemically linked

H>S releasing polymers have been developed.

15.1 H2S Releasing LinearPolymers



A) ADT-functionalized polymers B) SATO-functionalized polymers
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Figure 1-1. Chemical structures of HBS-releasing linear polymers: A) ADT-functionalized
PEGbased polymersB) SATO-functionalized copolymerC) NTA-functionalized statistical
copolymer.D) Thioketalfunctionalized copolymer. PEG, poly(ethylene glycol); ADF(45
hydroxyphenyB3H-1,2-dithiole-3-thione; SATO, Saroylthiooxime; NTA, N-

thiocarboxyanhydride.

Covalent attachment of an>8 donating motif to a linear polymer provides a simple
strategy for design of a macromolecular donor. To this end, a variety of systems utilizing small
molecule HS donors attached to linear polymers have been developed. A popsldoibr that
can be easily attached to polymers ig8ydroxyphenyh3H-1,2-dithiole-3-thione (ADT-OH).
ADT-OH is the active metabolite in anethole trithione (a-béeretion stimulating drug used in
the treatment of dry mouth) and may have bioactivity aside from releas8i§ bleyond this, its
mechanism of release is not clemor are the factors that affect its rate of release. Despite these
issues, it has been conjugated onto several polymer systems, the first of which was reported by
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Hasegawa et al. in 2014 (Fity1A).%7 In this work, ADT-OH was conjugated to the chain end of
poly(ethylene glycol) (PEG), producing PEABT. Conjugation to the polymer provided
improved solubility of the drug, significantly reducing toxiciim vitro in RAW-Blue
macrophages. Interestinglyhet authors demonstrated that RBEBT conjugates became less
cytotoxic with more hydrolytically stable linkages, underlining the importance of covalently
attaching ADFOH to the polymer. The PEBDT conjugates entered cells through endocytosis,
while smallmolecule ADFOH diffused across the cell membrane into the cytoplasm. The authors
attribute the difference in cytotoxicity between small molecule and polymeric donors to a
difference in intracellular distribution due to these unique pathways of celltitgr Barthermore,

the slower release ofz8 from PEGADT relative to ADT-OH resulted in a significantly enhanced

potentiating effect on lipopolysaccharigteluced inflammation.

Also in 2014, our group developed macromoleculas-Honating polymers with aeh
repeating unit functionalized witB-aroylthiooximes (SATOs) through a pgstlymerization
modification of pendant aldehyde groups (FiglB).58 SATOs, reported by our group earlier in
2014, release #$ upon addition of a thiol. 4 release rate frorBATOs could be tuned by
changing substituents on the aroyl rifdhe SATGconjugated polymers retained control oSH
release through electronics of the aroyl structure, allowing for the preparation of several polymers
with varying S release kineticsA statistical copolymer, in which polymer repeat units are
randomly distributed, containing SATO pendant groups as well as oligo(ethylene glycol) (OEG)

pendant groups enhanced the water solubility of these hydrophobic donors.

In 2016, we developed a diffmt HS-donating polymer system usingN-
thiocarboxyanhydrides (NTAs) as theS+eleasing groups (Fid-1C).”° Nucleophilic addition

of an amine to the carbonyl neighboring the unsubstitutegl @i caused ringppening of the



NTA and released carbonylilide (COS), which is rapidly converted inte$lenzymatically by
carbonic anhydrasé.We synthesizedNTA-functionalized and OE@unctionalized norbornene
derivatives for use in ringpening metathesis polymerization (ROMP). ROMP provided a
polymerization method devoid of nucleophiles potentially capable of opening the NTA ring, and
copolymerization with the OE@®unctionalized norbornene derivative imparted good water
solubility to the copolymer. Conjugation of NTA maotifs to the polymer tesluh prolonged b5
release, with a-8old increase in release hdiffe relative to the small molecule NTA. This change

in release profile may be a result of steric crowding around the NTA, retarding nucleophilic

addition, which again showcases the prowe effect of polymer systems on sensitive prodrugs.

Recently Li et al. reported an.8donating polymer system based on conjugation-of 2
nitrobenzenemethanethiol to pendant ketones on a polymethacrylate backbone, creating a
photodegradable thioketainkage (Fig.1-1D).”> Upon UV irradiation, the thioketal linkage
degraded to releasex$l and 1,2hitrobenzaldehyde, while also regenerating the parent polymer.
Copolymerization of a ketone functionalized methacrylate with an -@BE&ionalized
methacrylateproduced a highly watesoluble graft copolymer with a molecular weight close to
the renal excretion threshold (40 kg/mol), the size below which clearance by the kidneys's rapid.
The rate of HS release from the copolymer correlated positively withithensity of UV
irradiation, with no release observed in the absence of irradiation. Additionally, thditiéoh

functionalized polymer and its byproducts showed no cytotoxicity below 25 uM in NIH3T3 cells.

152 Polymeric Micelles for HS Delivery.
Polymer micelles, a common drug delivery system made from amphiphilic block

copolymers, are known for their drug loading capability and long circulation times in the

10



bloodstreant? In such systems, amphiphilic block copolymers, polymers in which long runs of
repeat units are discretely partitioned but chemically linked;assiémble in water to form
micelles due to the differential solubility of the component blocks. Polymer escietm core

shell architectures in aqueous environments, with hydrophobic blocks forming the core and
hydrophilic blocks composing the surrounding shell. As a result, micellar systems can carry
various hydrophobic drug molecules within their cores, eitim@ugh covalent attachment or via
physical encapsulation, thereby behaving as efficient drug delivery vehicles. Furthermore, the size
range (typically 10100 nm) of polymer micelles is critical in determining their biodistribution, as
larger micelles magxceed the renal excretion threshold and accumulate in sites of interest through
the enhanced permeability and retention (EPR) effetiditionally, micellar carriers improve
agueous solubility and prolong the circulation times of encapsulated hydroghuddl molecule

APIs in the bloodstream.
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A) ADT-functionalized micelles B) SATO-functionalized micelles
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Figure 1-2. H2S-releasing micelles from amphiphilic block copolymers A) PEGb-PADT
block copolymer consisting of PEG and Alinctionalized blocks and TEM image of block
copolymer micellesB) SATO-functionalzed block copolymer with PEG as a hydrophilic block
and TEM image of block copolymer micelle§) Structure of SATCGfunctionalized block
copolymers consisting of a PEG hydrophilic block and atloyBATO-functionalized blocks as
hydrophobic blocks. A graphical representation g% Helease kinetics of the micelles depicting
decrease in b6 release h&lives with increasing amounts of alkyl compondb}.Structure of
thiobenzamiddunctionalized block copolymeE) Structure of PE&ased block copolymer with

persulfide end group and a graph ofSHelease at two pH valueBEM, transmission electron
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microscopy; PEG, polyethylene glycol; PADT, pol@&hydroxyphenyh3H-1,2-dithiole-3-

thione); SATO S-aroylthiooxime.

Among the earliest examples oi$ireleasing polymer micelles, Hasegawa et al. expanded
upon their previous work with linear.8-donatirg polymers to create AD€ontaining polymer
micelles (Fig. 1-2A).”® In this work, ADT was conjugated to poly(acrylic acid) that was
polymerized through reversible additimagmentation chautransfer (RAFT) polymerization, a
radical polymerization technig capable of producing polymers with controllable molecular
weights and endroup fidelity, using a PEGylated chain transfer agent (CTA) to yield an
amphiphilic block copolymer. Here PEG was the hydrophilic block and -AD¢€tionalized
poly(acrylic acid)was the hydrophobic block (PADT). Analysis by dynamic light scattering
(DLS) and transmission electron microscopy revealed formation of spherical micelles in water,
with an average hydrodynamic radius of 36 nm. Although only small amounts were released, t
H>S release profiles observed for these REREDAT polymer micelles were similar to those for
linear PEGADT, indicating that micellization did not hinder.&l release from the encapsulated
ADT-OH moieties. As reported for PEADT linear polymers, PE&-PADT micelles showed
less cytotoxicity than small molecule ABJH in vitro. Interestingly, PEG-PADT micelles
enhanced the prmflammatory response in gardiquimesimulated murine macrophages,
whereas ADTOH slightly decreased the pinflammatory response under similar conditions. The
observed difference is likely due to the altered cellular internalization of ADT micelles relative to
ADT-OH, similar to that observed for ABPEG polymers. This study showed the ability of
micellar systera to attenuate certain toxic effects eStonors by shielding them and controlling

their entry into cells.
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In 2017, we reported an.Breleasing polymer micelle system to address the rapid
clearance rate associated with linear polymers and accessghettmacokinetics (Figl-2B).””
In this work, 2(4-formylbenzoyloxy)ethyl methacrylate (FBEMA) monomer was polymerized via
RAFT using a PEGylated CTA to give an amphiphilic block copolymer bearing pendant SATO in
the hydrophobic block. Uniform sphericalicelles were then prepared with an average core
diameter of 21 £+ 2m as measured via TEM and hydrodynamic diameter of 38w ds measured
by DLS. Confinement of SATO moieties in the hydrophobic core of micelles resulted in a
significant increase in thd>S release halife, with micelles releasing-fbld more slowly than a
small molecule analog. We attributed this drastic difference in release rate to restricted diffusion
of the hydrophilic Cys trigger into the hydrophobic micelle cores, retardiSgdtease compared
with molecularly dissolved small molecules and linear polymers. This finding highlights the
potential for tuned release rate of3Hthrough control of polymer properties. Furthermore, the
polymer micelles were more effective relative tantmon small molecule ¥ donors (N5, a
small molecule SATO, and GYY4137) in decreasing viability of HCT116 colon carcinoma cells.
These results reveal the importance g lfelease rate on biological activity and further underline

the potential of polymér H>S donors.

Expanding upon the previous study, in 2019 we developed a method for systematically
tuning HS release rate from SATFEonjugated micelles (Fidl-2C).”® PEGb-pFBEMA block
copolymers, prepared in a similar fashion to the previous work, wergugated with
functionalized SATO derivatives. We hypothesized that controlling the rate of Cys diffusion into
the micelle core would control thex8 release rate. 43 release experiments on micelles swollen
in water with varying amounts ethanol provided evidence to support this claim, where e H

release rate became increasingly faster with greater degrees of micelle swelling. We further
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hypothesized that #$ release from SAT@onjugated micelles could be systematically tuned by
controling the chain mobility of the micelle core. To this end, wefwtctionalized PE&-
FBEMA block copolymers with varying amounts of SATO and an alkyl plasticizing agent, which
we expected would increase the mobility of polymer chains. As expected, thmgeseries of

block copolymers showed a trend in hydrophobic blégkthe temperature above which leng
range polymer backbone movement can occur, correlating with the mass ratio of SATO versus
alkyl group. Additionally, the &b release rate varied ov&®-fold throughout the series, with the
lowest Tyq hydrophobic block resulting in a release Hé# similar to that of small molecule
SATOs. Overall, this work highlighted the structural tunability of polymeric micelles and
demonstrated precise controlesvH:S release from a polymeric system without chemically

modifying the donor.

Another thiobenzamid&unctionalized macromolecular B-releasing system was
reported by Davis et al. in 2016 (Fig-2D).”® Two amphiphilic polymethacrylates were
synthesied by cepolymerizing 3(4-cyanophenoxy)propyl methacrylate (CPPMA),
oligo(ethylene glycol) monomethyl ether methacrylate (OEGMA), and methyl methacrylate using
RAFT polymerization. Pendant thioamides were generateiurvia thionation of benzonitrile
pendant groups present on the CPPMA block in a-polstmerization modification. The final
polymers, [POEGMAco-PTHA]-b-PMMA and PEOGMADb-[PTHA-co-PMMA] both formed
micelles in aqueous buffered solutions. Fast& Hlease from [POEGMA&0-PTHA]-b-PMMA
verals PEOGMAD-[PTHA-co-PMMA] micelles was attributed to the placement of the&sH
releasing thioamide units in the hydrophilic corona of the micelle in the former system versus
within the hydrophobic core for the latter system. The differenbsgrved in the & release

profiles of the two micellar systems highlights the shielding effect of micellization in slowing
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down the hydrolysis of donors encapsulated within the core. FurthermoreShielvered from
slow-releasing PEOGMA-[PTHA-co-PMMA] polymer micelles gradually increased levels of
cytosolic extracellular signadegulated kinases and plasma membianalized protein kinase C

activity in HEK293 cells.

In 2017, Quinn et. al. reported onp$releasing micelles from perthioestantaning
polymer constructs synthesized via RAFT polymerization with facilegeadp modification (Fig.
1-2E)8° The benzyl dithioester chain end was first functionalized with pyridyl disulfide groups
and subsequently reacted with thiobenzoic acid to yialghpers with benzoyt apped pert hi c
chain ends. The final perthioesfenctionalized polymeP[OEGMAJ-S-S-(C=0)Phunderwent
nucleophilic attack by cysteine to release a free perthiol, which subsequently libeif@tethkl
polymer remained stable in Befed aqueous solutions without thiol. As an extension of this
concept, the authors prepared an amphiphilic block copolymer by polymerizing butyl methacrylate
as a hydrophobic block to yieR[OEGMA-b-BMA] -S-S-(C=0)Ph. This polymer readily formed
micelleswhen dispersed in PBS (pH = 7.4) and showed significantly slop®rélease relative
to the homopolymers. Furthermore, a -m$ponsive amphiphilic block copolymer was
synthesized by copolymerizing,N-(dimethylamino) ethyl methacrylate (DMAEMA) aridl N-
(diisopropylamino) ethyl methacrylate (DIPMA) to generad®OEGMA-co-DMAEMA -b-
DIPMA]-S-S-(C=0)Ph. Cydriggered HS release from these pidsponsive micelles
significantly accelerated under acidic conditions. This phenomenon was attributedettssed
hydrophilicity of the DIPMA block under acidic conditions, leading to micelle disassembly and
increased exposure to cysteine; this work demonstrated the potential for triggered release of

gasotransmitters through careful design of a polymerig dalivery system.
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1.5.3 Polymeric Liposomes:

Related to micelles, liposomes represent another nanostructure accessible from surfactants
or amphiphilic block copolymers. The structure of liposomes resembles that of a lipid bilayer as
found in cell membranésthe amphiphilic constituents of liposomesaage in parallel to form a
bilayer with hydrophilic units forming the lining of the bilayer and hydrophobic tails forming the
core. As a result, liposomes can encapsulate hydrophobic drugs in the bilayer core and hydrophilic
drugs in the aqueous inner cpantment. Additionally, manipulation of membrane properties
allows for controlled release of bilayencapsulated drugs and/or penetration of triggering

molecules into the hydrophilic core.

In 2017, Quinn et. al. reported on a liposomaBidonating maa- and supramolecular
system utilizing PE&holesterol (PEGhol) conjugates with trisulfide linkag@s.Organic
polysulfides, which are biologically active components in various natural products, rel&ase H
upon thiol exchange reactiof®®* The authorsiypothesized that incorporation of the trisulfide
linker into the PEGChol conjugate would allow for thidgtiggered HS release, and the resultant
disruption of the liposomal membrane might induce release of a hydrophilic payload trapped inside
the lipoome. Thioltriggered release of 43 from micelles formed by the trisulfidimked
conjugates was confirmed using SF4, aib Kelective fluorescent probe. In contrast, n® H
release was observed from micelles that included disulfide or amide linkagescén gl the
trisulfide. The PEGChol conjugates were then incorporated intefprened liposomes using the
cholesterol group to anchor the conjugates into the bilay& rélease from these liposomes was
evaluated through amperometry using apSBelective micro-sensor. Trisulfide conjugates
incorporated into liposomes showed a reduced peaking concentratie8 oélative to micelles.

The authors attributed this decrease in tots8 kelease to partial inaccessibility of trisulfides in
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the bilayer membranewhich suggests a potential for tuning release from liposomes through

control of membrane properties.

154 Polymeric Micro/Nanoparticles:
Nanoparticles range in diameter from a few to a few hundred nanometers, making them
suitable for injection diregtlinto the bloodstream. This allows for free circulation throughout the
vasculature, targeting to specific tissues, and -lengn systemic release of APIs for leng
circulating nanoparticles. Polymer nanoparticles differ from polymer micelles in that ey a
typically made using specific processing methods such as nanoprecipitation, a phase separation
process rather than a saksembly process. Conversely, microparticles range in diameterfrom 1
100 nm and are therefore restricted in migrating froneir site of injection. As a result,
microparticles are more useful for applications requiring Htmm localized release through
injection or implantation at a desired site (e.g., muscle tissue, peritoneum). Due to their much
smaller surface area to wwhe ratio compared with nanoparticles, microparticles degrade more
slowly and release their cargo more slowly. Combined with their retention in tissue, these features

make microparticles suitable for lotgrm delivery of APIs.
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A) H,S-releasing microparticles

S
el o NN
il S \/1
o o}
ot oo L
o ¢]

2

2.5um 25 pm

B) H,S-releasing nanoparticles

Figure 1-3. Chemical strud¢ure and TEM images of HS-releasing nane and microparticles:

A) Structure ofthiobenzamidegsontaining polylactide block copolymer and SEM images of
polymer microparticlesB) Statistical copolymer consisting of SATOPEG, and AlEgen
functionalized polymethacrylate and SEM images of polymer nanoparticles. SEM, scanning
electron microscopy; SATCs-aroylthiooxime; PEG, polyethylene glycol; AlEgen, aggregation

induced emission fluorophore.

In 2015, Bowden et al. reported a polymeriSkonating microparticle system consisting
of a polylactide backbone decorated with thiobenzamide gfSiiag-opening copolymerization
of |-lactide and a -hydroxythiobenzamidéunctionalized lactide monomer afforded polymers
with varying thiobenzamideading along the backbone. Two sets of spherical microparticles were

generated with average diameterda2 N 4 a n d (Fig.1-3A). Regi@dation studies of
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the microparticles revealed 10% weight loss after four weeks at pH 7.4, suggestintgtiialpo

for prolongedHzS delivery. However, the authors could not quantitatively meadv®devels

due to low thiobenzamideadings in the micropatrticles, slow microparticle degradation, and rapid
loss ofH2S from aqueous solutions. The need for better analytical methods to asSedslivery

over sustained periods is addressed in the Key Challenges and Future Persgetiiveseiow.
Despite this limitation, microparticle systems offer the potential for localiz&dddlivery in the

range of weeks to months, which could be useful in a number of indications where low endogenous

H>S levels need lonterm supplementation.

In related work focusing on nanoparticles instead of microparticles, Lin ancrt@rs
recently described selluorescing, H.S-releasing nanoparticles containing SATOs and
aggregatiorinduced emission fluorophores (AIEgeA$RAFT polymerization of Formyl-4-
hydroxybenzyl methacrylate (FHMA) vyielded poly(FHMA) or pFHMA decorated with
salicylaldehyde (orthdnydroxybenzaldehyde) units as reactive handles, which were
functionalized in three different ways (Fif:3B). A small percentage of aldehyde unitere
functionalized with aminooxy PEG to impart water solubility to the polymer, while others were
crosslinked with hydrazine to form salicylalhydrazine as an AlEgen. Crosslinking with hydrazine
was carried out at a high dilution to promote irthain cr@slinking of aldehyde units, yielding a
watersoluble, AlEactive polymer nanoparticle. Finally, the remaining salicylaldehyde units were
converted into SATO groups, yieldidpS-releasing, AlEactive nanoparticles. The crosslinked
polymers were then dispeed in water with vigorous stirring, and nanoparticles were in the range
of 100 nm, as confirmed by SEM and DLS. Cellular internalization of the polymeric nanoparticles
was observed by confocal laser scanning microscopy, highlighting thdlusefscene

characteristics of the nanopatrticles. This was the first examplgSakleasing nanoparticles that
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could also be traced within the living systems. This work provides insight into thefumgitional
capabilities of polymeric drug delivery systems amxhibits the potential for in vivo 1%

guantification directly at the targeted sites.

155 Complex SelAssembled and Crosslinked Materials:
Hydrogels are three dimensional networks of entangled covalent or supramolecular
polymers that trap substantial amount of water. In the field of drug delivery, hydrogels are studied
widely due to their resemblance to soft tissue in terms of morphology and mechanical properties
combined with their ability to sequester and release APIs. Hydrogels canadmylbcategorized
as physically or chemically crosslinked gels depending on the type of network crosslinking.
Physically crosslinked hydrogels retain their 3D structures through reversibleovalent
supramolecular interactions, whereas covalent bomds ihdividual chains in chemically
crosslinked hydrogels. Hydrogels can be particularly advantageous for deliveithgnHa
localized manner. While macromolecular assemblies like micelles and nanoparticles may deliver
H>S to the targeted tissues throwyistemic administration, hydrogels can be injected or implanted

at the site of interest and delives$locally.

21



A) SATO-functionalized hydrogel B) SATO-functionalized nanocoils
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Figure 1-4. HxS-releasing hydrogels with covalently bound HS donors A) Structure of
SATO-functionalized peptide with SATO unit screened in yelldwsheet region in purple, and
charged region in green. Cartoon illustration showsasdembly of SATcpeptide into one
dimensional nanostructures.>$l release profiles of SATOybrogels with varying SATO
substituents show that peaking times and concentrations depend on RRBjyr&tpucture of
SATO-modified lysine and glutamic acid is represented as blue and red cubes respectively. Three
different sequences of constitutionallgiseric peptides consisting of two lysine and two glutamic
acid units each. Cry@EM image shows nanocoils formed by peptidEEKKs. C) Schematic

representation showing formation of mddbmponent hydrogel from partially oxidized alginate,

22



which is functimalized with TA and APTC and subsequently crosslinked with gelatin to form a
hydrogel. The IS release profile from the final hydrogel shows gradual release extending over
hours. D) Structure of thiobenzamide precursor and PEGMA polymer functionalized with
thiobenzamide. A hydrogel was obtained by crosslinking PEGMA polymer with EDGMA. Graph
of H2S release from hydrogel G1 and polymer solution P1, showing similar release profiles. SATO,
Saroylthiooxime; TEM, transmission electron microscopy; APTGanfnogyridine-5-
thiocarboxamide; TA, tetraaniline; PEGMA, poly(ethylene glycol) methyl ether methacrylate;

EDGMA, ethylene glycol dimethacrylate.

In 2015, our group reported a supramolecular, pefiiedeed HS-releasing hydrogel
system containing eovalently bound SATO don8f.The6mer pepti de seguence
sheetrich region (where peptide chains are arranged parallefjardilel to each other and are
stabilized by a network of intermoleculafddnds), a hydrophilic region containingelrglutamic
acid residues, and the-tdrminus functionalized with a SATO group. Driven by hydrophobic
interactions and stabilized by hydrogero n di n g -sheet rithhregionh the SATFO
functionalized peptides sedissembled into nanofibers in aqueousiohs. At concentrations as
low as 1 wt%, a robust hydrogel formed upon charge screening through the addition.oDQaCl
to shielding of the SATO groups in the nanofiber core, extended release was observed, with
measurable b6 levels beyond 15 h. Morecently we conducted deeper investigations into these
peptidebased materials by varying substituents on and around the SATO group-4#iy%&8°
Specifically, we found that R group substitution on the aroyl ring of the SATO unit affected the
internal structure of the selissembled nanofibers, which in turn regulated gel stiffnesS. H

release rates from the hydrogels depended on a complex balance between substituent electronic
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effects and internal nanofiber morphology, but extended release profitesolvgerved for all
hydrogels. These 1$-releasing, peptidbased hydrogels may be ideal for localize idelivery

because the peptide components of the gels can be degraded into benign metabolites.

Recently we reported a selésembled b&-releasing gstem based on constitutionally
isomeric peptide® A series of three tetrapeptides were designed with two lysine (K) and two
glutamic (E) acid units varying in their placement along the peptide backbond-#Hj. The
lysine residues were modified wiBATO groups, yielding three peptidesHEKs, KsEKsE, and
KsKsEE (Ks = SATO-modified lysine). Peptide &EKs selfassembled into an unusual nanocoll
morphology, whereas the other two peptides formed conventional twisted nanoribbons.
Interestingly, HS rekase from the nanocoils was slower than release from the nanoribbons, which
we attributed to slower diffusion of cysteine into nanocoils relative to nanoribbons. Furthermore,
nanocoils were more effective compared to small moleceBedénors (GYY4137 anNa:S) as
well as nanoribbons in rescuing H9C2 cardiomyocytes from doxorubicin toxicity, likely due to the
significant differences in ¢ release rates amongst the donors. This work demonstrated the
influence of morphology on donor release profiles, andiigeal evidence for the increased
efficacy of prolongedelease donors relative to burstease. Comparisons in biological studies
between comparable-B donors with different release rates will be vital for determining the
optimal rate in various setting$uning nanostructures through supramolecular approaches may
offer a method to modify release rate without changin® tdonor chemistry or released

byproducts, allowing for clear comparisons betwee8 #onors with variable release hies.

Recently, Liang and eccesearchers reported a smariSheleasing hydrogel for potential
treatment of myocardial infarctioh The researchers synthesized a macromolecuBuddnor by

grafting 2aminopyridine5-thiocarboxamide (APTC), a thiol triggered3idonor, onto partially
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oxidized alginate (AlgCHO). The macromolecular donor was further functionalized by
tetraaniline (TA) to impart conductivity to the final ARPTC-TA construct, which was
crosslinked with gelatin to form anp8releasing conductivieydrogel (Fig.1-4C). The hydrogel
showed strong adhesion to tissue due to presence of aldehyde groups on the hydrogel surface,
which can react with nucleophilic amines in tissue proteins. The authors observed a significant
increase in BB release haliife of small molecule APTC from 3 to 270 min by encapsulating it
within the hydrogel, and the hydrogel showed extend&lIrelease exceeding 24 h. The hydrogel
was evaluatedth mice hearts, exhibiting positive effects on function and remodeling of the left
ventricle by significantly reducing cardiac fibrosis and ventricle wall thickening. This
multifunctional hydrogel system underscores the importance of localiz&d ddlivery for
conditions like myocardial infarction and further demonstrates the potentiaeffassembled

systems to achieve these advanced drug delivery goals.

A light-responsive hydrogel was reported by Connal anevadkers in 20172 They
synthesized light sensitive thiobenzaldehyde precursors that released thioaldehydes upon
irradiation. The released thioaldehydes further reacted with amines to form imines, relegsing H
as a byproduct. The small molecule thiobenzaldehyde precursors released a small amggint of H
upon irradiation followed by enhancement isBHelease rate upon additiohamines. The authors
then synthesized a vinyl monomer incorporating the thiobenzaldeyhyde precursor group, which
was copolymerized with polyethylene glycol methacrylate (PEGMA) to form water soluble, light
sensitive, HS-releasing polymers, and furtherosslinked with ethylene glycol dimethacrylate
(EGDMA) to provide lightsensitive HS releasing hydrogels (Fi@-4D). Slow HS release rates

were observed from the hydrogels and linear polymers relative to the small molecule donor. To
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that end, the hydgel was tested as a surface for-ceilture to study b5 deliveryin vitro and

showed successful growth of cells on the gel surface and subsegSeaelIkery.

1.5.6 Depolymerizable H2S-Donating Systems

An area of macromolecular drug delivestyategies that holds great potential but is in its
infancy is depolymerizable systems. In such systems, therapeutic agents are covalently attached to
or physically entrapped in polymers which can systematically depolymerize (also called self
immolation) yon application of a specific stimulé®>* These strategies are appealing because
they enable methods for triggered release of payloads and avoid the potentially long biological
clearance times of polymer byproducts associated with conventional macromolecular drug

delivery systems.
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Figure 1-5. Depolymerizable HS-releasing polymers A) Schematic illustration of %
triggered depolymerization of SADP1 polymer. Reduction of the azide end group initiates de
polymerization of SADP1 polymer, generating COS, which is rapidly converted y&tdyithe

enzyme CAB) Graph of depolymerization kinetics measured via\d¥ spectroscopy comparing
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various triggersC) Graph of HS release curves from SADP1 polymer withe8las trigger. No
H>S release from the polymer was observed in the absence of enzyme CA. SAD&hpsiéHd

depolymerizable polymer; COS, carbonyl sulfide; CA, carbonic anhydrase.

In 2019, we developed a depolymerizable CQS/dbnor based asligo(thiourethanes}
A class of benzyl thiocarbamates developed by Pluth are GSSibhors that can be triggered by
a variety of stimulP®®” Operating through a 1-€limination mechanism, cleavage of a protecting
group initiates the reaction, genengtthe COS product that can be converted int® by carbonic
anhydrase. Inspired by this work, our group synthesized an aryl isothiocyanate monomer for use
in a polyaddition reaction to form an oligothiourethane. This monomer was polymerized and end
capped with 4azidobenzylalcohol to achieve an aryl azide-eapped oligothiourethane termed
selfamplified depolymerizable polymer 1 (SADP1, Fig5A). Previous work suggested the
potential for reduction of the aryl azide to the corresponding aryl amine ngaation with two
equivalents of KBS, which provided a pathway for selfplified depolymerizatio’? The
molecular weight was limited to 1,600 g/mol due to the low thermodynamic driving force for the
polymerization, but depolymerization triggered by reducing agents revealed a decrease in polymer
peaks and the appearance of peaks representative-aafindbenzylalcohol by UWis
spectroscopy (Figl-5B). The HS release profile of the oligothiourethawas observed by an
H>S-selective electrochemical probe (Fig5C). In the absence of carbonic anhydrase, addition
of NaS to a SADP1 solution showed onlyspike in BS concentration from the initial N&
addition. However, the experiment performed in the presence of carbonic anhydrase produced a
sudden spike followed by a gradual increaseJ8 ebncentration over several hours. The gradual

increase after thinitial spike was a result of slow generation of COS through the depolymerization
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mechanism, which was then converted int&® Hy carbonic anhydrase. In this way, the system
selfamplified BS production, where two equivalents ofSHreduced the azide égroup to

trigger the depolymerization, generating several more equivalentsSpfathich then went on to

trigger more depolymerization, producing moreSH This work hints at the possibilities of
depol ymeri zabl e pol ymer sd@ss malrlr i molsgdwithr e 1 ed u

potential to tune the triggering stimulus, the rate ¢ Hroduction, and the released byproducts.

1.6  Macromolecular  Systems  with  Physically Entrapped 5  Donors:

Physical entrapment of APIs within macromolecular or supramolecular materials is
experimentally simpler than covalent binding of APIs to the scaffold. Consisting at a minimum of
only a polymer and the drug to be delivered, no linker chemistry needs tevbmmkd, so
chemical designs are less elaborate. Additionally, a wide range of APIs can be sequestered in the
same polymer matrix, and multiple APIs can be entrapped if desired. On the macroscale, physical
entrapment tends to affect the physical properté the polymer matrix less than covalent
attachment, so physical, morphological, and biological properties of the matrix can be determined
and optimized independent of the API. A number of delivery systems have been developed based

on physically entrappg HS donors.
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A) JK1-loaded hydrogel
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Figure 1-6. Hydrogels and nanofibers with physically entrapped KIS donors A) Chemical
structure of pH sensitive JK1 donor and SEM images ofJBal hydrogel. Graph of 5 release
comparing hydrogels and small molecule JK1 doBdChemical structure of NHSI2 donor and
SEM images of fibers with varying PCL concentrations. Graph,8frdlease profile from fibers.

C) lllustration showing JK1 donor embedded within PCL iffbend concentration vs. time graph
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showing HS release profileSEM, scanning electron microscopy; &1, collagen JK1; PCL,

poly(caprolactone); NSH2, N-mercaptebased HS donor.

1.6.1 Hydrogels:

In 2019, Xiao et al. reported a dual p&hd enzymeesponsive bS-releasing hydrogel
based on collagen for the potential treatment of indivertible disc degeneration®{IRH-
sensitive small molecule 23 donor, JK1, was encapsulated within the porous network of the
collagen hydrogel to generate €1 gel (Fig.1-6A). ColJK1 could be slowly degraded by
MMP9, an enzyme that is overexpressed under IDD conditions. Degradation of the collagen gel
led to réease of JK1 into the low pH environment of the inflamed tissue, where it underwent
intramolecular cyclization to release®! H:S release from CalK1 was slower compared to the
small molecule donor alone and was accelerated in the presence of MMP8rraré) ColdK1
successfully inhibited apoptosis in nucleus pulposus cells and prevented degradation of
extracellular matrix (ECM), indicating its potential for IDD treatment. Encapsulating the donor
within the collagen hydrogel not only increased itsmeds time in the IDD lesion and prolonged
the HS release time, but it also created an enzggsponsive, olemand release system.
However, HS release from CalK1 gel in the absence of MMP9 was still substantial, highlighting
the need for continued delopment of enzymeesponsive systems that releas&nly in the

presence of the desired enzyme.

1.6.2 Electrospun Fibers:

A simple method to prepare drugleasing polymers with control over release rates,
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mechanical properties, and matrix degradghig electrospinning. Electrospinning is a process of
generating nano/microfibers by spraying a continuous stream of polymer solution and stretching
it under high voltage. Electrospun fibers, like polymeric andasdémbled hydrogels, resemble

the ECMin morphology and mechanical properties and therefore find use as materials for tissue
engineering and regenerative medicine. Electrospun fibers, however, are much larger in diameter
than peptidébased nanofibers or polymer chains (in the range of ~1 ensus 110 nm). The

large diameter allows the fibrous network to physically entrap and stabilize drugs and other
bioactive molecules with high drug loading capacity. Chemical structure and morphology affect
polymer degradation kinetics, as does fiber di@meyiving researchers several methods to alter
drug release profiles. With its tunability and versatility, the inexpensive technique of

electrospinning is a natural fit for.H releasing materials, where control of release rate is vital.

Wang and caworkers reported the first electrospunSteleasing microfibers in 2015
based on a biodegradable polycaprolactone (PCL) polymer nf&téx.solution of PCL at
different concentrations (6%, 8%, and 12%) and a thiol activat&ddbhor (NSHD1) were
subjectedo electrospinning to yield microfibers with diameters ranging from 0.5 to 1.5 um (Fig.
1-6B). An increase in microfiber diameter was observed with increasing PCL concentration. SEM
revealed smooth microfiber surfaces indicative of uniform distributioN®fiD-1 within the
fibers, and FTIR spectroscopy confirmed NSHI2ncapsulation. ¥ release halives for the
microfibers were longer than NSHD alone, with measurablez8l levels extending past 24 h.
Release rate depended on fiber thickness, with thidkers releasing more slowly than thinner
ones. Additionally, these electrospunS-eleasing microfibers protected H9C2 cardiomyocytes
subjected to oxidative stress by addition ofOkH They also enhanced proliferation of 3T3

fibroblasts, which is potentially useful for wound healing.
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A few years later, the same group applied®ikeleasing PCL nanofibers, with diameters
near 300 nm, in the development of a nanofibrous coatinggdand healing®! The fabrication
and characterization of the nanofibers was similar to -RSHD-1 nanofibers, but the pH
responsive BB donor JK1 was included insteadSHelease from PGUK1 fibers was higher at
pH 6 relative to physiological pH, and wagrsficantly slower than small molecule JK1 donor
alone, with measurable:H levels past 2 h (Figl-6C). Onetime application of PCLIK1
nanofibrous scaffolds to futhickness cutaneous wound models in mice showed successful wound
regeneration over 20wlith healing rates significantly higher than PCL fibers alone. It is not clear
how the release profile changedvivocompared with the release over a few hawingtro, but it

likely released B for a much longer period based on the results frormthigo studies.

In 2018 Melino and cavorkers reported electrospun microfibrous polylactic acid (PLA)
membranes containing gadierived organosulfur compounds (OSCs) fabricated using two
different approache$?In the first approach, garlic edolubleextract (GaOS) was directly coated
onto the electrospun microfibers (=700 nm in diameter) to yield Ga@td PLA fiber
membranes (PFM+GaOS). In the second approach, GaOS or diallyl disulfide (DADS) was
encapsulated within the PFMs during the electrospon process to generate GaOSPFM or
DADSPFM fibers, respectively. Both doped fibers released substantially i8sh&h the coated
fibers. BS release experiments were conducted in pH 8 buffer at 37 °C, and although the authors
did not conduct a typical efease experiment to measure cumulative or-thea HS
concentrations over time, the electrospun mats clearly protected the extracts in the dry state for
several days. Studies on cardiac mesenchymal stem cells showed that the fiber mats protected the

cels from oxidative stress.
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1.6.3 Nanoemulsions and Liposomes:

A) DADS-containing nanoemulsions
oty [e)

B) Sdox-containing liposomes
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Figure 1-7. Nanoemulsions and liposomes with physically entrapped 28 donors A)

Structures of BSA, ALA, and DADS. Optical micrographs depicting spherical particles$er H

releasing nanoemulsions with ALA (BANEs) and without ALA (BBNEs). B) Chemical

structure of Dox modified withand8 donor . BSA, bovi n-kEnolacacidy m al b

DADS, diallyl disulfide; Dox, doxorubicin.

Nanoemulsionand liposomes physically loaded with$idonors have similar therapeutic
potential to polymer micelles described above. They can protect encapsulated APIs to improve

stability, increase circulation times, and accumulate at sites of interest (e.g., turhess) types
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of formulations are generally prepared through simple and scaleable processes such as
nanoprecipitation. Careful process control allows for tunable and uniform droplet sizes. The facile
preparation and wide range of formulation possibilides ideal for the development of various

macromolecular £5 donor systems.

In 2016, Melino et al. reported on an3teleasing protein nanoemulsion formulation
ut i | i zi nlipolel AddI@8), and bovine serum albumin (BSA) (Fig7A).1°* DADS is
found in various natural extracts and releases small amountsSofipdn reaction with a thiol.
Similarly, ALA promdes cardiovascular health, reduces the risk of cardiovascular attacks, and
exhibits chemoprotective effect®%” The therapeutic applications of both DADS and ALA are
limited by low aqueous solubility and stability. The authors suggested that a nasioemul
formulation of both compounds may improve their bioavailability, thus increasing their therapeutic
potential. Protein nanoemulsions of B®A -DADS (BAD-NEs) and BSADADS (BD-NES)
were prepared by sonication, with average diameters in the range edt &undred nm.
Interestingly, in thiolcontaining buffer, BABDNESs, which contained all three components,
released more total23 per unit of DADS relative to both BNES, which lacked the ALA lipid
component, and DADS alone. The authors attributed thidtres both increased stability of
DADS in the nanoemulsion and the antioxidant properties of ALA. Incubation of-BED
nanoemulsions with supercoiled plasmid DNA in an oxidative environment revealed superior
antioxidant properties relative to ALA and DAD&one, as well as their binary mixture.
Furthermore, BADBNEs significantly decreased cell viability in M&F mammary
adenocarcinoma and HuT 78c€&ll lymphoma cells, suggesting their potential as ancamnicer

therapeutic.
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In 2019, Arpicco, Riganti andcoworkers reported on liposomal formulations of
doxorubicin (Dox) conjugated to anStdonor (Sdox):°® The Sdox compounds, reported by the

authors in previous work%11

showed reduced cardiotoxic effects compared with free Dox while
retaining their efficacy against human bone osteosarcoma cells (characterized for their resistance
to Dox). The authors suggested that encapsulation of Sdox in liposomes conjugated with
hyaluronic acid (HA) might promote targeting to osteosarcoma cells due to their expression of the
HA-receptor CD44. Liposomal Sdox (Lsdox) and hyaluronated liposomal Sdok ¢Hidx) were
prepared through hydration of drligid films, and successful insertiofi $dox into the liposomal
membrane was confirmed by differential scanning calorimetry:Liddox showed a higher
accumulation in CD44xpressing cell$n vitro relative to Dox, Sdox, Lsdox, and Caelya
commercial liposomal Dox formulation (Fif=7B). Additionally, HA-Lsdox induced higher cell
damage, apoptosis, and lower cell viability relative to the other formulatioagro. In vivo
studies revealed that HBsdox greatly outperformed Sdox and the other liposomal Dox
formulations with respect to iithition of K7M2 tumor growth. This work highlights the potential

for supramolecular donor systems in clinical applications & therapy. Sdox is an advanced
form of Dox that may reduce side effects of this common chemotherapy drug, but this work shows

that drug delivery vehicles are still needed for Sdox to maximize itscantier effects while

limiting cardiotoxicity.

1.7 Key Challenges and Future Perspectives:
In recent years it has become clear ths8,Hilong with the other knowgasotransmitters
NO and CO, are molecules of supreme importance in mammalian physiology. Our understanding

of the biological significance and therapeutic potential«8 ebntinues to expand, and there exists
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a need for a wide variety of strategies tod®lithe gas at the desired location in the body, at the
intended time, for the appropriate duration, and with the chosen rate of release. Due to its reactivity
and short haffife, controlled delivery becomes even more important fgi8 than conventional

small molecule drugs, which are typically selected from a variety of possible structures with
considerations toward their pharmacokinetics and target specificity. Small mole&utiohiors

remain vital in this endeavor, but>&releasing macroand supramecular materials offer

additional possibilities for regulating these key drug delivery parameters.

Polymers functionalized with 4% donors were the first macromolecular materials
developed for KS delivery, with initial reports in 2014. This strategy pdes a straightforward
method for extending the duration of$irelease and potentially altering its biodistribution and
pharmacokinetics compared with small molecule donors. However, the polymer itself in this
strategy typically brings limited if any addinal control over release compared with small
molecule analogs. Additionally, the fate of the polymeric byproduct(s) must be considered in these
delivery systems. If the polymer is small enough, it may be renally excreted; otherwise it may
accumulate ift is not biodegradable. DepolymerizableSHeleasing polymers, first reported in
2019, may hold advantages over functionalized-degradable or slowly degradable polymers,

including the potential for a specific trigger to initiate depolymerization.

Compared with soluble homopolymers and copolymee§-tdleasing block copolymers
that form assemblies, such as micelles and liposomes, enhance release control. The hydrophilic
block can protect k6 donors linked to or sequestered in the hydrophobic dorhaimicelle or
liposome, and micelle core mobility can regulate release rate. Beyond these advantages, micelles,
liposomes, and other sedfsembled structures have been studied extensively as drug delivery

vehicles, so bkS-releasing components can be udd#d in existing platforms. 43-releasing
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micelles with targeting groups on their peripheries hold potential fosgédeific BS delivery
through systemic injection. Furthermore, polymer assemblies enai8e delivery across
biological membranes such #® blood brain barrier, which may provide a unique method for

studying the biological effects of.B on neuromodulatiott?

Localized HS delivery may prove invaluable in studying the effects g8 ldn
specific organs because systemic drug deliverycleshnever have perfect targeting capacity.
Hydrogels, either with covalently attached3Honor motifs or sequestered donors, lead the way
in localized HS delivery. Hydrogels can be made from crosslinked wstkible polymers
(chemically crosslinked ldrogels) or from selassembling small molecules such as peptides
(physically crosslinked hydrogels). Both can be implanted (or injected from a needle in the case
of sheatthinning hydrogels, which disassemble in response to shear stress during injedtion a
reassemble in vivo after injection) at a site of interest to deliy®ridtally. Increased capacity to
control the HS release rate, hydrogel stiffness, and degradability of the hydrogel carrier material
will further enhance the utility of #$-releasing hydrogels. The potential to functionalize hydrogels
with additional bioactive units offers exciting possibilities in influencing cellular behavior and
promoting healing. k&-releasing microspheres and electospun scaffolds, which may offer longe
release periods than hydrogels, may also enable a number of biological studies and applications
where longterm delivery (i.e., weeks to months) is desired. Both platforms, several types of which
have thoroughly characterized degradation rates and nisoigrare also weBuited to pairing

H>S with other small molecule drugs where synergistic effects could be observed.

Many challenges remain in this field. While triggerable, simadlecule HS donors have
many advantages over sulfide salts, they drerently unstable compounds that must be handled

with care to avoid triggering release prematurely. This need for careful handling and storage
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extends to KS-releasing materials, and it can limit storage times and shipment methods. The
instability of HS donors also limits delivery of ¥$ to active delivery, where exogenousSHs
administeredn responséo a specific condition. In contrast, proactive delivery strategies involve
materials containintatent APIs that respond only to a biological triggerétease their payload.
Development of proactive 43-releasing materials with precisely triggered release mechanisms

are needed to continue moving the field forward.

Beyond stimuliresponsive delivery strategies, materials that releaSeoMer thecourse
of weeks to months are needed. Most extended biological studies on the effef3stiafatinent
in slow processes, for example chronic wound healing, are conducted using daily dosing of donor
compounds. This dosing schedule results in fluctuatioh$$ levels in circulation and/or at the
treatment site. Delivery from materials, such as hydrogels, microparticles, electrospun scaffolds,
or polymer films, has the potential to stabilizeéSHevels through sustained release. Furthermore,
long-releasingH»>S donors may enable treatment of chronic disease, such as high blood pressure,
through HS therapy. Indeed, delivery from various materials is used widely to decrease dosing
frequency and extend release times in many common pharmacetfitdiSustaned delivery of
H>S from materials has great therapeutic potential, but analytical challenges must be addressed in
order to properly characterize$irelease profiles from these materials, bothtro andin vivo.
Methods for determining #$ release prdés, such as the methylene blue method, fluorescent
sensing methods, and electrochemical probes, are well suited for measuring release times on the
order of minutes to hours, but each has limitations beyond this time period. Reliable and sensitive

methoddor long-term measurement of2H concentrations are needed.

Addressing these challenges inSteleasing materials may provide insight inteSH

biology and physiology and answer questions regarding potengahidrapies. For example, will
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targeted and or localized delivery reduce the dose needed compared with systemic injection?
Another question is how release rates affect therapeutic outcomes. Ongoing work in our lab and
other labs is beginning to show thastined HS concentrations at low levels are more effective

than instantaneous,H donors or very longcting donors. These results are consistent with a bell
shaped exposwm@sponse curve, in which:8H exerts its maximum beneficial biological effect at
intermediate concentrations. More efforts to compare similar donors with varying rateS of H
release are needed to verify these early results, and the outcomes of these experiments will inform
clinical possibilities for HS therapy. Compared with otheruds, the field of HS-releasing
materials is in its infancy; drug delivery methods have been used clinically for decades and
continue to be developed for other APIs. In the coming years, we expect to see materials capable
of controlling many aspects of,Hdelivery, revealing (patho)physiological insights and moving

toward clinical applications.
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Chapter 2: Tuning H2S Release byControlling Mobility in a Micelle Core

Reprinted(adapted)with permission fromCarrazzone, R. J. et éllacromolecule2019 52,
1104 1111 Copyright 2019 American Chemical Society.

https://doi.org/10.1021/acs.macromol.8b02315

2.1 Authors:

Ryan J. Carrazzon&¥ Jeffrey C. FosteP¥ Nathan J. Speat¥ Scott C. Radzinsk?y Kyle J.
Arrington, %V John B. Matsoh® ¥

SDepartment of Chemistry, Virginia Tech, Blacksburg, Virginia 24060, United States
Avlacromolecules Innovation Institute, Virginia Tech, Blacksburg, Virginia 24060, United States
Yirginia Tech Center for Drug Discoveryjrginia Tech, Blacksburg, Virginia 24060, United

States

2.2 Abstract:

Drug delivery from polymer micelles has been widely studied, but methods to precisely
tune rates of drug release from micelles are limited. Here, the mobility of hydrophobic micelle
cores was varied to tune the rate at which a covalently bound drug was released. This concept was
applied to cysteingriggered release of hydrogen sulfidee@) a signaling gas with therapeutic
potential. In this system, thidtiggered HS donor molecuke were covalently linked to the
hydrophobic blocks of selissembled polymer amphiphiles. Because releaseS®idtriggered
by cysteine, diffusion of cysteine into the hydrophobic micelle core was hypothesized to control

the rate of release. We confirméds hypothesis by carrying out release experiments fre& H
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releasing micelles in varying compositions of EtOKHHigher EtOH concentrations caused the
micelles to swell, facilitating diffusion in and out of their hydrophobic cores and leading to faste
H>S release from the micelles. To achieve a similar effect without addition of organic solvent, we
prepared micelles with varying core mobility via incorporation of a plasticzxgonomer in

the coreforming block. The glass transition temperaturg 0f the core block could therefore be
precisely varied by changing the amount of the plasticizingneoomer in the polymer. In
agueous solution under identical conditions, the release rat&Sofafied over 20old (t12=0.18

T 4.2 h), with the lowesty hydrophobic block resulting in the fastesiSHelease. This method of
modulating release kinetics from polymer micelles by tuning core mobility may be applicable to
many types of physically encapsulated and covalently linked small molecules inta ebdrig

delivery systems.

2.3 Introduction:
Polymeric micelles enhance the activity of conventional therapeutics by improving drug
solubility, minimizing ofttarget effects, providing protection against rapid breakdown, enhancing
circulation time (pharmacokinetics), reducing the volume of distribution, and imparting targeting
capability such that the therapeutic agent accumulates in the desired tis3hégs). of these
enhancements derive from the difference in size of polymer micelles relative to their small
molecule enapsulates and from the biocompatibility imparted by their hydrophilic polymer
shells? Since the 1990s, numerous polymer assemblies have been developed to deliver assorted
payloads, including small molecule antincer drugs? contrast/imaging agents, proteins’

RNA, and DNA!! among others.
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Despite their numerous advantages, the delivery of drugs by polymeric micelles can be
complicated by slow diffusion of triggedragents and/or encapsulated drugs both into and out of
the micelle core. For example, Eisenberg and coworkers showed that hydrophobic model drug
release from poly(caprolactonk)poly(ethylene oxide) micelles occurred under diffusion control,
with releaseates dependent on the structure and concentration of the encapsulatéd lagent.
similar exampl e, O6Reilly and coworkers demor
diffuse into the core of poly(triethyleneglycol acrylakepoly(tert-butyl acrylate) micelles using
a FRET experimeri Additionally, Appel and coworkers reported the dependence of treseele
rate of small molecule dyes from singlkain nanoparticles on core morphology, with low core
glass transition temperaturég) leading to fast release and higher cégeexhibiting sustained
release? Most recently, Thayumanavan and coworkers established a system in which chain
mobility facilitated the release of small molecule encapsulates from the glassy domain of
supramolecular assembli€sDiffusion of molecules into micelles is particularly relevant for
delivery systems in which the therapeutic is covalently attached to the polymer amphiphile and
requires a chemical reaction toa#lidrug release. In such systems, the rates of diffusion of small
molecules into and out of the micelle core can compete with those of theetlaging reaction
(i.e., hydrolysis). For example, Cui and coworkers recently demonstrated that supramolecular
structure controlled the release of hydrophobic drugs covalently bound to sheagssgifbling
peptides by restricting access of the triggering molecule to the degradable group linking the drug
to the peptidé® Similarly, van Esch and coworkers showed that release of a model drug covalently
linked to a gelling scaffold via an enzydabile linker was limited byhe supramolecular structure
of the hydrogel’ These examples highlight complexities that are often not easily addressed when

formulatingpolymeric micelles and related supramolecular materials for drug delivery.
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In our lab, we are interested in materials capable of delivering hydrogen suliisle éH
field of research garnering much attention recefftyn endogenously produced gas that is tightly
regulated in vivo, K is extensively involveih cellular signaling and homeostasisoreover,
the physiological activity of k& depends largely on its local concentration; therefore, to effect the
desired biological response;$imust be delivered selectively (i.e., to the correstig} precisely,
and on the appropriate timescété! H.S-releasing small molecules and materials have been
developed by our lab and otherstigliver the gas both in vitro and in vig®?° but better control
over the timing, location, rate, and diima of release are still needed. Using polymer amphiphiles
with reactiontriggered HS donors covalently bound to the hydrophobic block, we considered here
whether the BS release rate could be controlled by modulating diffusion of the trigger into the

micelles.

In recently published work, we preparegSHeleasing polymeric micelles based on block
copolymers of poly(ethylene glycol) (PEG) and polymethacryf&i®. each constitutional unit of
the polymethacrylate hydrophobic block was attache8-amoylthiooxime (SATO) group, which
releases bB in response to thiols such as eys¢ (Scheme S1). We observed tha$ lfelease
from SATO-functionalized micelles occurred over an order of magnitude more slowly than from
analogous small molecule SATOs under identical experimental conditions (Table S1). Given that
the SATOfunctionalizednydrophobic blocks are sequestered within the hydrophobic core of the
micelles, the triggering thiol must diffuse into the micelle to indug® k¢lease. Therefore, the
rate of diffusion of triggering molecules into micelle cores may greatly impactthedtease rate
from these assemblies. In this contribution, we evaluate the effect of the properties of the polymer
amphiphile (i.e., hydrophobic block glass transition temperature) @rélease from SATO

functionalized micelles. In addition, we consitlemw properties of the polymer amphiphile can be
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manipulated to tune characteristics of the micelle assemblies including their size and the kinetics
of small molecule release. It should be noted that although we focus on triggered relegse of H

the resuks discussed here may be applicable to a broad variety cfairdgd polymer micelles.

2.4 Results and Discussion:

2.4.1Influence of Electronics on BS Release from Statistical and Block Copolymers

We showed in our initial publication on SATOs thia electronics of the SATO structure
control the kinetics of thietriggered HS release (Schen2el).2° By changing substituents on the
aryl thioester unit, the rate of release can be tuned over an order of magnitude for small molecule
SATOs, with electron withdrawing substituents accelerating release and electron donating
substituents retarding it. In fa@ linear free energy relationship was observed between the rate of
the HbS-releasing reaction and tiparas ub st i t uent Hammett constant

chemical control over the release profile.

o Cys
R

R = CN, CF3, CI, F, H, CHz, OCH,

ty2= 8 min ————— 82 min

Scheme2-1. H,S release from small molecule SATOs.

In further studies, we explored the rate ofSHrelease from ¥D-soluble SATO
functionalized copolymers, which was also sensitive to electronic control and followedaa sim
trend based on substituent electroritih the present work evinitially asked if the rate of 4%
release could be manipulated in the same way for polymer assemblies prepared from SATO
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functionalized block copolymer amphiphiles. Therefore, we prepared a series of three polymer

amphiphiles with pendant SATOs thatfdied in theipara substituents.

o o 0
{0 A, MS s j ABN (0 A s_s AIBN Lo
A NC 1( W1 070 Tour O NC n l"/ M“ Dioxane m° NC "
H 0”0 0”0
» . .
0

~ ézi
[©]
1 N
NH
s 2
(e}

- = 40\/$0
TFA (cat.), DCM m NG "

[oJgNe]

FBEMA

J
»

R = F (3a), H (3b), OMe (3c)

Scheme 22. Preparation of SAT@unctionalized polymer amphiphiles.

SATO-functionalized polymer amphiphiles were prepared in three steps (Sch2me
First, 2(4-formylbenzoyloxy)ethyl methacrylateFBEMA) was polymerized via reversible
additiori fragmentation chain transfer (RAFT) polymerization using a PEGylated claaisfer
agent (macreCTA; PEG =M, 5,000g/mol), yielding block copolymet with a hydrophilic PEG
block and a hydrophobic poly(methacrylate) segment bearing pendant aldehyde functionality on
each constitutional unit. In the second step, the trithiocare@rat group was displaced using
azobisisobutyronitrile (AIBN) following a reported methddnaking polymer2. Finally, SATO
formation was conducted using three differ&wroylthiohydroxylamines (SATHAS), which
differed in theparasubstituent of the aromatic ring, to prepare SAt@ctionalized polymer3a-

C.
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With polymers3a-c in hand (molar mass and dispigy(P)) values are provided in Table
S2), polymer assemblies were prepared by the solvent switch method. Briefly, each polymer was
first dissolved in THF; polymer solutions were then rapidly diluted with an equal volume of DI
H20. The polymer solutions we then transferred to dialysis tubing and dialyzed againstOl H
for 48 h. Analysis of the three samples by dynamic light scattering (DLS) revealed monomodal
size distributions with intensity average diameters of 37 + 4 nm, 43 £ 2 nm, and 40 £ 3 nm for
polymers3a, 3b, and3c, respectively (Figure S27). Based on these data, the size of the SATO

polymer assemblies did not appear to depend opataesubstituent.

H>S release from SAT@ontaining micelles was measured using the methylene blue assay,
a comnon method for determining 43 concentration® For each experiment, a solution of
micelles with 250 €M SATO groups was all owed
Zn(OAc) in phosphate buffer (pH = 7). Aliquots were dtawn periodically and treated with
FeCk andN,N-dimethylp-phenylenediamine, leading to methylene blue formation. Kinetics plots
were obtained by measuring the absorbance of methylene blue at 750 nm for each time point until
a plateau was reached. Inntast to small molecule SATOs and SATuhctionalized linear
polymers, haHives measured by the methylene blue method fgB kelease from micelles
prepared from polymer8a-c did not trend with R group electronics (Table S3). These results
contradict our previous findings about the effect of substituent electronics®rel¢ase rates,
warranting further investigation into the origin of this apparent loss of electronic lcgFitrore

2-1).

56



%y .

// R = CF3, H, OCH, R =F, H, OCHj

\ Peaking time = 25-36 min ty2 = 52-250 min
Half-lives trend with electronics No apparent trend in half-lives

R =CN, CF3, Cl, F, H, CH;, OCH3
L]
P ti2= 8.0-82 min
@ ® © Half-lives trend with electronics

Figure 2-1. Ranges of IAS release rates from previously studied small molecule SATO and SATO

functionalized statistical copolymers, compared with SATO containing block copolymer micelles.

Based on these data, we concluded that the reaction of Cys with the pendant SATOs of
polymers3a-c was no longer the rate determining step ¢ Irelease. In our previous reportsSH
release studies from small molecule SATOs and SATO statistical copslyveez conducted on
single molecules dissolved in aqueous solution. Here, we speculated that the reaction likely
occurred inside of the polymer micelles due to the covalent attachment of the SATO groups to the
hydrophobic blocks of the polymer amphiphil@herefore, we hypothesized that the rate of
diffusion of the triggering Cys molecules into the hydrophobic micelle cores might determine the

rate of HS release from the SATnctionalized micelles.

2.4.2Micelle Swelling using EtOH

To evaluate this lyothesis, we conducted.8l release experiments from micelles made

from polymer3b with varying amounts of organic solvent (EtOH). We reasoned that EtOH would
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swell the micelle cores, facilitating Cys diffusion into the micelles. We also realized thabmaddit

of EtOH could influence the rate of the$releasing reaction in addition to the rate of Cys
diffusion. To determine whether EtOH altered the kinetics:& t¢lease from SATOs, methylene

blue assays were carried out on a small molecule SAE@EOSN=CHGHs) at 0, 10, 20, and

30 v/v% EtOH in phosphate buffer (pH = 7). Hifes of S release did not vary by more than

8% between the different experimental conditions, and there was no trend between EtOH
concentration and halife (Figure S29 and able S4); therefore, we concluded that EtOH had no

effect on the rate of the:8-releasing reaction.

After establishing that EtOH did not affect the rate eSHelease from small molecule
SATOs, we next investigated if EtOH would swell the polymer H@s@nd accelerate,H release
kinetics due to increased diffusion of the Cys trigger (Figug&). Toward this end, DLS of
micelles prepared from polym8&b was conducted with different amounts of EtOH, showing an
increase in the diameter of the micelfeom 39 + 1 nm in DI kD to 114 + 3 nm in 30 v/v% EtOH
solution (Figure2-2B; complete data set in Figure S32). As shown in Figt#€, methylene blue
experiments using the same series of EtOH concentrations as the small molecule study revealed a
decreae in HS release halives from 4.2 £ 0.3 h (0 v/v% EtOH) to 1.8 £ 0.5 h (30 v/v% EtOH)
(Figure 2-2C; complete data set in Figure S33 and Table S5). Taken together, these data are
consistent with our assumption that EtOH could swell the polymer micafidghat HS release
would occur more rapidly in solvestvollen micelles than in micelles that were not swollen. These
conclusions support the hypothesis that Cys diffusion into micelles prepared from p8lymer

affects the rate of ¥ release.
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Figure 2-2. A) Schematic illustration of the effect of added EtOH on micelle size and diffusion of

Cys into the micelle cores. B) DLS intensity average size distributions of micelles prepared from
polymer3b in H>O (red trace) and 30 v/v% EtOH irp® (green trace). C) ¥ release kinetics

from micelles prepared from polym&b in H>O (red filled circles and line) and 30 v/v% EtOH in

H20 (green open circles and line). The lines correspond to psesidorder kinetics fits. A SATO
concentrationof 256 M was utili zed for each experi ment,
H>S release. Release reactions were conducted in EtOH/phosphate buffer (pH = 7.0) mixtures at

rt. The error bars represent the standard deviation in conversion of n=3 replicates.

2.4.3 Tuning the Glass Transition Temperature of the HS-Releasing Block

Based on the DLS data on the polymer micelles, it is clear that EtOH causes swelling of
the micelles, which may play a role in acceleratings Helease. However, EtOH may also
plasticiz the micelle core, lowering the glass transition temperatgyef(the core block. Solvent
swelling of micelle cores has been previously repéftadd is associated with plasticization of

the hydrophobic polymer block.We hypothesized that a reduckgmight increase the mobility

59



of the micelle core, also contributing to enhanced diffusion of Cysaacelerated t6 release
kinetics. Therefore, to vary the rate opfJHrelease without introducing organic solvents, we

envisioned a copolymerization strategy to lowerThef the core block.

Copolymerization is an effective method to tune Th@®f a poymer because many copolymers

obey statistical estimations iy developed by Fox. Using differential scanning calorimetry

(DSC), we found that SATQunctionalized poly(FBEMA) has &g of 96 °C, while a dodecyl

oxime derivative of poly(FBEMA) has a much lewTy of 18 °C. Statistical copolymers of the

two should thereforehavigd6 s t hat are a function of the comp

with the Fox equation (Figuiz3).

Homopolymers vs. Statistical Copolymer

*i**“ﬁ %ﬁ*

O (o]
Se) X, O X, S
E “, E m)@ E ME
(0]
Tg18°C T496 °C 18°C<Ty<96°C

Figure 2-3. Tuning theTy of the hydrophbic block by introducing a plasticizing eoonomer.

To prepare statistical copolymers functionalized with both SATO and alkyl oxime groups,
it was necessary to understand the relative stability of these functional groups. Ideally, copolymers
of the desired composition could be obtained simply by alteriegrétio of SATHA and
hydroxylamine added in a single pgsilymerization reaction. Several model reactions were
carried out to assess the relative stability of the SATO and oxime groups. Baded\dAR

spectral evidence, oxime formation dominated the libguim between these two functional
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groups (see the Sl for a more detailed discussion). Therefore, to achieve the desired copolymer

composition, poly(FBEMA) was treated with a mixture containing assaichiometric amount of

hydroxylamine and an excessdquiv to aldehyde) of SATHA (e.g., to achieve 30 mol% oxime,

a polymer with DP 100 would be treated with 30 equiv of hydroxylamine and 300 equiv of SATHA

per polymer chain). This strategy, shown in Schéx3 was employed to prepare a series of

copolymes where the degree of oxime functionalization was varied frdifi00mol% (Table2-

1).

Scheme2-3. Preparation of alkyinodified homopolymers.

Table 2-1. Characterization of SAT@o-alkyl statistical copolymers.

Polymer Mn, sec Mntheo bl J2 Frz\all\é:ion Tg (°C)?
(kg mol)2 | (kg mol?) SATOS
4a 38 39.7 1.29 1.00 96
4b 39 40.9 1.16 0.72 66
4c 43 42.3 1.21 0.43 49
4d 45 43.6 1.18 0.18 32
4e 44 44.6 1.14 0.00 18

aAbsolute molar mass measured by SEC with light scattél@ajculated using the molar masses

of the two repeating units (SATO and oxime) in the statistical copolymer derived from the
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poly(FBEMA) block and mol fractions of each unit obtained¥aNMR spetroscopy ‘Weight
fraction of SATO comonomer in the statistical copolymer determined from theoretical molar mass
values and mol fractions of SATO and oxime units, demonstrated in EquatiéiM&sured by

DSC with a 20 °C/min heating and cooling rampadaported from second heat cycle.

DSC was employedto measurefés of the SATO/ oxi Mae.stati s
As shownin Figur@-4,theT¢ s of the statistical copol ymers f
at 18 °C for a homopolymer functionalized with alkyl oximes and increasing to 96 °C for a

homopolymer completely functionalized with SATOs.
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Figure 2-4. DSC analysis of poly(FBEMA) functionalized with different ratios of SATO and
oxime. A) DSC ofpolymer 4a (blue trace)4b (purple trace)4c (red trace)4d (orange trace),
and4e (green trace). B) Plot of I§ as a function of weight fraction of SATCrtaining repeat

unit. The solid black line represents a theoretical fit using the Fox equation afightee of t he

homopolymers.

Next, a PE&o-poly(FBEMA) block copolymer (polymeB) was functionalized with

different ratios of SATHA and hydroxylamine, using the strategy described above, to prepare
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polymersba-e (Scheme2-4). Based on the relationship we observed between the weight fraction
of the SATO component and for polymersda-e (Figure2-4B), we supposed that the trend gf T

in weight fraction of the SATO component would likely hold for the block copolyrbars
However, we were unable to measiizevalues for the block copolymers and we acknowledge
that actually values ardikely lower than those obtained for statistical copolyn#ere due to the

relatively lower molar masses. Our characterization of this series of polymers is provided in Table

Mﬂ NH,

N ]

@ . o

Scheme2-4. Preparation of PE®-(SATO-co-alkyl) polymer amphiphiles.

Table 2-2. Characterization of PEG-(SATO-co-alkyl) polymer amphiphiles.

Polymer Mn, sec Mntheo , | a2 Frz\gion Dn (nm)¢
(kg mol1)2 | (kg mol?) SATOC

5a 12.4 12.9 1.19 1.00 365

5b 13.3 13.2 1.13 0.66 36+1

5c 13.6 13.5 1.14 0.40 361

5d 13.8 13.8 1.17 0.09 65+ 2

5e 14.0 13.9 1.28 0.00 68+5

aAbsolute molar mass measured by light scattefi@glculated using the molar masses of the two

repeating units (SATO and oxime) in the statistical copolymer derived from the poly(FBEMA)
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block and mol fractions of each unit obtained ¥ NMR spectroscopy°Weight fraction of
SATO comonomer in the stalisal copolymer block determined from theoretical molar mass
values and mol fractions, demonstrated in equatiofl&&nsity average hydrodynamic diameter

measured using DLS in DI at 25 °C with block copolymer concentrations of 1 mg/mL.

As before, plymer assemblies of polymer amphiphilgse were prepared using the
solvent switch method. The sizes of the resulting polymer assemblies were then characterized by
DLS and their solution stability measured using the Nile Red assay. Polymer assemdig size
not appear to vary initially as a function of polymer composition, with assemblies prepared from
polymers5a-c near 36 nm; however, as the alkyl oxime content was raised above 90 wt%, the size
of the polymer assemblies increased significantly for pehgid and5e (Table2-2; see Figure
S41 for DLS traces). Polymebsl and5eposses3g values near rt. It is likely that the hydrophobic
cores of the polymer assemblies prepared from these polymers have increased mobility relative to
polymersb5a-c, whichar e ki netically Afrozeno in a gl ass)
concentrations (CMCs) for assemblies prepared from polybaeesneasured using the Nile Red

assay did not vary dramatically as a function of core composition (Table S7).

2.4.4Effect of Core Mobility on Diffusion

Introduction of the alkyl oxime functionality into the polymer amphiphiles provided an
effective strategy to modify thi of their hydrophobic blocks. In addition, this change in chemical
structure led to differencan the size of polymer assemblies prepared from the -atiodified

copolymers. Because the presence of EtOH enhanced diffusion of Cys into the micelles, we
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hypothesized that the alkphodification strategy would have a similar effect on the rate of
diffusion of small molecules into and out of polymer assemblies. To quantify diffusion rates, a
model study was conducted in which fluorescein was encapsulated in polymer assemblies of
polymersba, 5¢, and5e The dyeloaded micelles were placed in dialysis tuf@8 kDa MWCO),

and the fluorescence intensity of the incubation media was measured over time using fluorescence
spectroscopy. The amount of fluorescein released was quantified (Bidreising a method

similar to a previous repott.Briefly, the fluorescence intensity at each time point was compared

to the equilibrium intensity measured aftetd®&Release rates were extracted from these data using

HO 0. O
L0
Dye release
l COCH
0

the RitgerPeppas equatiott.

10

% Released
B (2] (o4
o o o
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o
S

o

0 2 4 6 8
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Figure 2-5. Fluorescein release from polymer assemi@adlue triangles)sc (red squares), and
5e(green circles) at various time points. Release experiments were conducted in phosphate buffer
(pH = 7.0) at 25 °C. The colored lines represent fits of the datg tle RitgeiPeppas equation.

Error bars represent the standard deviation for n=3 replicates.
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Micelles prepared from polyméa (highest cordy) exhibited the slowest release kinetics,
with a release rate of 3.1% / h. An intermediate release ratebtainad for polymer assemblies
prepared from polymesc (10% / h), while the fastest release rate of 17% / h was measured for
assemblies prepared from polynder This observed trend in fluorescein release rates is related to
the Ty of the block copolymerstilized in the study, with the fastest release rates occurring from
the polymer assemblies with the lowd@gtcores. Since release rate in this case only depends on
diffusion of fluorescein molecules out of the micelle cores, it is reasonable to aswmintieet
enhanced release kinetics observed for polydeeoriginate from faster fluorescein diffusion

facilitated by increased core mobility and void volume within the polymer assembilies.

2.4.5Effect of Core Mobility on H2S Release

Ultimately, we endeavored to modulate the rate 48 Hlease from SATQunctionalized
micelles. We showed in our earlier study that SATO moieties covalently bound inside the cores of
polymer assemblies releaseg3tonsiderably slower than SATO moietiegibd to molecularly
dissolved (unassembled) polymét§Ve showed here thatis decreased release rate is likely due
to slow diffusion of Cys into the glassy core of the polymer micelles. Based on these results, we
expected that it would be possible to achieve fa§ k¢lease by lowering thi, of the micelle
cores by introducinglasticizing alkyl chains to the copolymer structures. To evaluate if this
strategy would be useful for modulatingSrelease rates, we conducted methylene blue assays
on polymer assemblies prepared from polynders. We prepared micelle samples witlemdical
SATO concentrations (250 ¢&M) and triggered
consistent concentrations of the reacting species across all experiments. As shown i2&igure

H>S release occurred rapidly from assemblies prepared from poBbangnost alkyl content,
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lowest Tg) with a halflife of release of 0.18 h. The rate otFrelease then decreased with
increasingTg, similar to the trend observed for fluorescein releases nateasured above. For

polymer5a (no alkyl content, highedt), the release halife was 4.2 h.

Conversion

Ot,,=0.39 £ 0.04 h
At,=17+0.3h
#t,=42£03h

0 2 4 6 8 10
Time (h)

Figure 2-6. Effect of polymer composition an@y on kinetics of HS release from micelles of
polymersba (blue stars)5b (purple triangles)5c (red squags), andsd (orange circles). Solid

lines represent pseudiost-or der ki netics fits to each dat a
was utilized for each experiment, and 1 mM Cys was applied to triggemélease. Release
reactions were conducted in @phate buffer (pH = 7.0) at rt. The error bars represent the standard

deviation in conversion of n=3 replicates.

We attribute the >2fold difference in rate between the fastest and slowest releasing
micelles to increasingly faster diffusion of the triggering Cys molecules into the cores of
assemblies with increasingly lowg&y. We also considered that a high rateiiner exchange for
the micelles with plasticized cores could be responsible for the observed rate differences, but
previous reports on micelle exchange kinetics indicate that this process is generally much slower
than the timescale of23 release obserstdere®>32 Our conclusion that core mobility affects Cys
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diffusion (and therefore 4% release kinetics) is supported by the solvent swelling experiments, in
which H:S release occurred more rapidly from swollen, plasticized micelles and was attributed to
faster Cys diffusion. Further support comes from the fluoresetgase experiments that showed
more rapid release of fluorescein for micelles functionalized with the highest content of alkyl
oxime (lowestTy, most mobile). Indeed, at the highest alkyl content (91 wt. %), the rateSof H
release from the micelles apched the rate of23 release from small molecules dissolved in
solution, implying that the reaction kinetics have been decoupled from Cys diffusion and again

depend on the rate of reaction of Cys with the SATO moieties.

2.5 Conclusions:

The origin ofslow release of k6 from SATOfunctionalized micelles was investigated
and attributed to limitations in the rate of diffusion of triggering Cys molecules into the micelle
cores. Swelling studies with EtOH showed that greater swelling in micelleledresfaster KIS
release, likely due to faster Cys diffusion. To increase Cys diffusion without adding organic
solvent, SATGcontaining amphiphilic block copolymers were functionalized with plasticizing
alkyl chains to increase micelle core mobility. Iqmaration of an alkyl canonomer was shown
to decreasdy of the hydrophobic block in a systematic fashion. Evidence of enhanced diffusion
in lower Ty micelles was provided by release of sequestered fluorescein from micelles prepared
from these alkylmodified block copolymers, with faster release observed from micelles with
increased weight fractions of the alkyl comonomer. When triggered with Cys, tHéehaffH.S
release could be tuned over more than an order of magnitude, froinQ2.8, by incrasing the
weight fraction of alkyl comonomer. We attribute this dramatic difference in release rate for block

copolymer micelles with high alkyl content to faster diffusion of the triggering Cys molecules into
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the micelle cores. Furthermore, we anticiphts this strategy could be broadly applied in other

drug delivery systems to precisely modulate drug release kinetics.
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2.8 Experimental:

Materials

All reagents were obtained from commercial vendors and used as received unless otherwise
st at eAkobis(2methWpropionitrile) (AIBN) was recrystallized from methanol prior to use.
S-Aroylthiohydroxylamine (SATHA) andSATO1 ((CeHs)C=OSN=CH(GH4)COOH were
prepared according to previously reported procedure¥he monomer 4
formylbenzoyloxy)ethyl methacrylate (FBEMA) was also synthesized as previously reported.

Dry solvents were purified by passage through a solvent purification system (MBraun).
Methods

NMR spectra were measured on an Agilent 400 MHz spectronteteand 13C NMR
chemical shifts are reported in ppm relativeinternal solvent resonances. Yields refer to
chromatographically and spectroscopically pure compounds unless otherwise stated. Size
exclusion chromatography (SEC) was carried out in THF at 1 mL/min at 30 °C on two Agilent
PLgel 10 um MIXEDB columns conneed in series with a Wyatt Dawn Heleos 2 light scattering
detector and a Wyatt Optilab Rex refractive index detector. No calibration standards were used,
and dv/dc values were obtained by assuming 100% mass elution from the columrAgisUV
absorbance speatwere recorded on a Spectramax M2 plate reader (Molecular Devices) from 800

to 550 nm. Dynamic light scattering (DLS) was conducted using a Malvern Zetasizer Nano

72



operating at 25 °C. A solution of micelles was prepared at 1 mg/mL and filtered witre an®.2

filter prior to scanning. The calculations of the particle size distributions and distribution averages
were conducted using CONTIN patrticle size distribution analysis routines with intensity, volume
and number averages. Measurements were made inatgénd errors reflect standard deviations.

In cases where EtOHA mixtures were used the solvent viscosity and refractive index were set
according to literature valug$ Fluorescence spectroscopy was performed on a Varian Cary
Eclipse Fluorescence Sgec o phot omet er . Fl uorescenceemeasur ¢
460 nm and slit widths of 5 nm for both excitation and emission slits. The emission intensity was
then monitored at 540 nm. Differential scanning calorimetry (DSC) studies were carritaut
Q-2000 DSC in aluminum pans operated with a dry nitrogen purge-B0riC to 140 °C with a
heating and cooling rate of 20 °C/min. Results are reported from the second heat cycle and figures

are shown as exo down.

Synthesis of Alkyl Hydroxylamine

(0] (0]
KoCO4 NoH,
(0] (0]

Alkyl hydroxylamine was prepared using a modified literature procedim@und bottom
flask was charged with-iromoundecane (10.40 g, 41.7 mmol), hydroxyphthalimide (10.21 g,
62.6 mmol), KCOz (8.65 g, 62.6 mmol), and DMF (60 mL). The reaction mixture was heated at
80 °C for 48 h. The reaction mixture was then cooled to rtr&aetion mixture was diluted with
H>O (100 mL), and the product was extracted with EtOAc (2 x 100 mL). The combined EtOAc
layers were washed with brine (5x), dried oves®@, and rotovapped to afford the crude dodecyl

phthalimide product asygellow oil. This was used in the next step without further purification.
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Dodecyl phthalimide(14.9 g, 45.0 mmol) was dissolved in@#(200 mL) in a round
bottom flask. The flask was placed in an ice bath. Hydrazine (40%0h 7.48 mL, 225 mmol)
wasadded in one portion, and the reaction mixture was allowed to warm to rt and was stirred for
2 h. The reaction mixture was transferred to a separatory funnel and washed consecutively with
H20, satd. NaHCg) and brine. The organic layer was dried oves3{a and rotovapped to afford
the pure product as a colorless oil (5.88 g, 65% yi8tINMR (CDCk, 400 MHz) G: 5. 3
3.65 (t,J = 8 Hz, 2H), 1.56 (g = 8 Hz, 2H), 1.28 (m, 18H), 0.88 (,= 7 Hz, 3H).13C NMR
(CDCls, 100 MHz) 0 :.64,728.62229.58, 29.37, 29.80, 29.33928.39, 25.99, 22.67,

14.10.
Synthesis of-¢yana4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CTA)

CTA was prepared according to a previously reported procéddwdecanethiol (10 mL,
41.7 mmol) was dissolved in hexanes (150 mL) in addwitom flask. To the flask was added a
solution of potassiuntert-butoxide (4.68 g, 41.7 mmol) in THF (50 mL). The reaction mixture
was stirred at rt for 20 min. GSvas added (2.7 mL, 44.7 mmol), and the reaction mixture was
stirred for an additional k. I was then added in portions until the reaction mixture maintained a
persistent dark brown color. The reaction mixture was stirred overnight at rt. The reaction mixture
was transferred to a separatory funnel and washed consecutively with 2@@N&>0, and

brine. The organic layer was then dried oves3@ and rotovapped.

The resulting viscous yellow oil (22.8 g, 41.1 mmol) was redissolved in EtOAc (100 mL)
in a round bottom f | asdzobis(4cyanovalere add) (Als6lg, Mvas ad
mmol). The reaction mixture was heated at reflux overnight. Silica gel was poured into the reaction
flask, and the silica slurry was rotovapped to dryness. The silica was thieadeg onto a silica

gel column, eluting with 9:1 hexanes/EtOAc. The maiatontaining fractions (R~ 0.3 in the
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mobile phase) were combined and rotovapped to give the product as a yellow solid (9.50 g, 57%
yield).'lHNMR (CDCk, 400 MHz J=4Hi, 21),.288(t) £ 4 Hz, 2H), 2.54 (m, 1H),

2.39 (m, 1H), 1.88 (SH), 1.69 (q.J = 8 Hz, 2H), 1.451.19 (m, 18H), 0.88 (f] = 4 Hz, 3H).13C

NMR (CDCl, 100 MHz): u 216. 88, 177. 63, 118. 99,
29.66, 29.54, 29.46, 29.19, 29.05, 27.78, 24.96, 22.81, 14.28U$IRM + H]" calculated

404.1746; found 404.1749.
Synthesis of macroCTA

MacroCTA was prepared according to a previously reported proc&dureund bottom
flask was charged wit@TA (0.81 g, 2.01 mmol), polyethylergdycol monomethyl etheiM =
5,000 g/mol, 2.0 g, 0.400 mmolydmethylamino pyridine (0.12 g, 0.982 mmol), and anhydrous
CH2Cl2> (40 mL). N,N'-Dicyclohexylcarbodiimide (DCC) (0.41 g, 1.99 mmol) was dissolved in 5
mL of anhydrous CECl2 in a vial. The DCGolution was added dropwise to the flask containing
the other reagents, and the reaction mixture was stirred at rt overnight. The precipitated solids were
removed by filtration. The desired product was isolated via precipitation from diethyl ether and
waspurified by repeated precipitations-42 from CHCI. into diethyl ether to afford the product
as a yellow solid (1.50 g, 69% yieldd NMR (CDCk, 400 MHz J)=4Hz 2H4),3B8 (t,
(t, J= 4 Hz, 2H), 3.743.51 (m, 494H), 3.45 (f| = 4 Hz, 2H), 3.36 (s, 3H), 3.31 (t= 8 Hz, 2H),
2.64 (t,J= 8 Hz, 2H), 2.51 (m, 1H), 2.37 (m, 1H), 1.86 (s, 3H), 1.68 #8 Hz, 2H), 1.421.18

(m, 18H), 0.87 (tJ = 4 Hz, 3H).
Synthesis of poly(FBEMA)
PEGhb-poly(FBEMA) was prepared according to a previously reported procédire:

typical polymerization procedure is as follows: To an estead Schlenk tube equipped with a
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magnetic stir bar was added A (13 mg, 0.032 mmolFBEMA (1.00 g, 3.81 mmol), and 5 mL

of anhydrous DMF. A solution of AIBN was prepared by dissolving2.6mg ( 15. 9 e mol )
of anhydrous DMF in a vial. 100 €L of this so
deoxygenated by subjecting the contents to thr
then backfilled with Mand submerged ian oil bath maintained at 75 °C. Samples were removed
periodically by N-purged syringe to monitor molar mass evolution by SEC and conversith by

NMR spectroscopy. The polymerization was quenched by submerging the tube into fiquidl N

exposing the reaction mixture to air. The resulting poly(FBEMA) was isolated via precipitation

from diethyl ether. If necessary, further precipitations fromx@liHinto diethyl ether were

preformed to remove residual monomer.
Synthesis of PE®-poly(FBEMA)

PEGhb-poly(FBEMA) was prepared according to a previously reported procédire:
typical polymerization procedure is as follows: To an esteaad Schlenk tube equipped with a
magnetic stir bar was added macroCTA (127 mg, 25.0 umol), FBEMA (1.00 g, 3.81 mmol), and
5 mL of anhydrous DMF. A solution of AIBN was prepared by digsgl 4.2 mg (2.54 pmol) in
1 mL of anhydrous DMF in a vial. 100 pL of this solution was added to the Schlenk tube. The tube
was deoxygenated by subjecting the contents t
was then backfilled with Nand submeged in an oil bath maintained at 75 °C. Samples were
removed periodically by Npurged syringe to monitor molar mass evolution by SEC and
conversion byH NMR spectroscopy. The polymerization was quenched by submerging the tube
into liquid N> and exposinghe reaction mixture to air. The resulting RPB®oly(FBEMA) was
isolated via precipitation from a diethyl ether. If necessary, further precipitations fre@i-Qtio

diethyl ether were preformed to remove residual monomer.
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Removal of Dithioester End Qup

A roundbottom flask was charged with PHs&spoly(FBEMA) (0.50 g, 14.0 umol), AIBN
(47.0 mg, 284 umol), and Etdioxane (3 mL). The flask was outfitted with a condenser, and the
reaction mixture was heated in an oil bath maintained at 80 °C for THe reaction mixture was

allowed to cool to rt, and the polymer was recovered via precipitation from diethyl ether.
Addition of SATHA to PE®-poly(FBEMA)

A general procedure for the SATO formation reaction is as follows: Following end group
removal, EG-b-poly(FBEMA) (100 mg, 3.21 pumol) was dissolved in £Hb (3 mL) in a 1 dram
vial. To the vial was added SATHA (147 mg, 962 umol) in one portion. Approximately 10 pL of
trifluoroacetic acid (TFA) was added as a catalyst. The reaction mixture was left to stand at rt for
16 h over molecular sieve$d NMR spectrosopy was conducted after this time to determine the
conversion of aldehyde to SATO. The modified polymer was recovered via precipitation from

diethyl ether.
Thiooxime micelle synthesis

A scintillation vial equipped with a stir bar was charged with polyfh@mg) and THF (5
mL). Distilled HO (5 mL) was rapidly added to the vial, and the solution was allowed to stir for
15 min. The solution was transferred to dialysis tubing (@ MWCO) and dialyzed against

distilled water for 48 h, changing the wateesy12 h.
Comparing HS release from SATFEbntaining small molecules, copolymers and micelles

Reactions for kinetic studies were run in quadruplicate, with each reaction vial containing

20 pL of phosphate buffer (1 M in28®, pH = 7), SATO solution (eithesmall moleculéSATO1,
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linear copolymer, or micelles to make an overall concentration of SATO groups of 250 uM), 100
pL of Zn(OAc) solution (40 mM in HO), 20 pL of cysteine solution (100 mM inp@), and DI

H20 to 2 mL total volume. Final concentrationgre 250 uM SATO functional groups, 2 mM
Zn(OAc), and 1 mM cysteine. A blank vial was run for each experiment containingOl H
instead of SATO solution. At predetermined timepoints, 100 uL aliquots were taken from each
vial and diluted with 10QL of FeCk solution (30 mM in 1.2 M HCI) and 100 pL pfphenylene
diamine solution (20 mM in 7.2 M HCI). Each aliquot solution remained sealed in a
microcentrifuge tube for a minimum of 24 h prior to addition of 250 pL to-avélb plate. The

absorbance for ea aliquot was measured at 750 nm using a plate reader.

H.S Release from small molecule SATO as a function of EtOH concentration

Reactions for kinetic studies were run in quadruplicate, with each reaction vial containing
20 pL of phosphate buffer (1 M iH20, pH = 7), 200 uLSATO1 solution (2.5mM in THF), 400
pL THF, 100 pL of Zn(OAc) solution (40 mM in HO), 20 pL of cysteine solution (100 mM in
H20), 0-600 uL of EtOH, and DI kD to 2 mL total volume. Final concentrations were 250 uM
SATO functional grops, 2 mM Zn(OAc), 0-30% EtOH, and 1 mM cysteine. A blank vial was
run for each experiment containing DIL® instead of SATO solution. At predetermined
timepoints, 100 pL aliquots were taken from each vial and diluted witlull@® FeCk solution
(30 mM in 1.2 M HCI) and 100 pL gb-phenylene diamine solution (20 mM in 7.2 M HCI). Each
aliquot solution remained sealed in a microcentrifuge tube for a minimum of 2 h prior to addition
of 250 pL to a 96well plate. The absorbance for each aliquot was meastiréd0 nm using a

plate reader.

H>S Release from micelles as a function of EtOH concentration.
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Reactions for kinetic studies were run in quadruplicate, with each reaction vial containing
20 pL of phosphate buffer (1 M in2B®, pH = 7), micelle solution (final concentration of SATO
functional groups 250 pM), 100 pL of Zn(OAQolution (40 mM in HO), 20 uL of cysteine
solution (100 mM in HO), 0600 pL of EtOH, and DI KD to 2 mL total volume. Final
concentrations were 250 uSIATO functional groups, 2 mM Zn(OA%)0-30% EtOH, and 1 mM
cysteine. A blank vial was run for each experiment containing no micelle solution. At
predetermined timepoints, 100 pL aliquots were taken from each vial and diluted wjih 00
FeCk solution (30 mM in 1.2M HCI) and 100 pL op-phenylene diamine solution (20 mM in
7.2M HCI). Each aliquot solution remained sealed in a microcentrifuge tube for a minimum of 24
h prior to addition of 250 uL to a 9%ell plate. The absorbance for each aliquot waasuared at

750 nm using a plate reader.
Evaluation of Synthesis of SATO-Oxime Copolymers

To determine the reactivity of oxime and SATHA nucleophiles towards the pendant
aldehydes of poly(FEBMA), a series of NMR tube experiments were conductedhinl8ang
of polymer3 was dissolved in CD@GIn a vial. To the vial was added a predetermined amount of
either SATHA or alkyl oxime, both according to Table S6. 20 pL of TFA and molecular sieves
were then added to the vials, and the reactions were allmyaaceed at rt for 16 AH NMR
spectroscopy was then utilized to compare the relative incorporation of these nucleophiles via
integration of resonances from the oxime, SATO, and/or aldehyde groups. These results are

summarized in Table S6.

In addition, a 2step method was also evaluated wherein poly(FEBMA) was first
functionalized with either oxime or SATO groups, isolated via precipitation, and then treated with

an excess of the other nucleophile type. NMR spectroscopic analysis was tideicted as

79



described above. If the oxime was installed first, addition of excess SATHA and catalytic TFA did
not alter the proportion of oxime that was present prior to this reaction (ca. 70 mol%). In contrast,
oxime addition to a polymer pifenctionalizel with SATO groups (ca. 45 mol%) led to a polymer

that was completely functionalized with oximes.

Based on these results, we concluded that to achieve a desired sidechain composition, a
postfunctionalization reaction could be conducted in one step whéehei desired amount of
oxime nucleophile would be added in addition to excess SATHA nucleophile. This procedure was

employed to prepare polymeta-e and5a-e.

Fluorescein release from micelles as a function of alkyl content

PEGb-poly(FBEMA) (1.0 mg, 0059 pumol) was added to a scintillation vial and dissolved
in 0.9 mL of THF. To the vial was added 100 pL of a 1 mg/mL solution of fluorescein in THF,
after which 1 mL of HO was rapidly added. The solution was stirred for 5 min, then diluted with
phosphat buffer (100 mM in KO, pH = 7.0) to 10 mL of total volume, transferred to dialysis
tubing (MWCO 68 kD), and placed in a beaker containing 200 mL of phosphate buffer (100 mM
in H20, pH =7.0). At predetermined times points, aliquots (2 mL each) were eghiiom the

external dialysate solution and analyzed by fluorescence to quantify fluorescein content.

H>S Release from micelles as a function of alkyl content

Reactions for kinetic studies were run in quadruplicate, with each reaction vial containing
20 pL of phosphate buffer (1M in ¥, pH = 7), micelle solution (final concentration of SATO
functional groups 250 pM), 100 pL of Zn(OAQolution (40 mM in HO), 20 uL of cysteine
solution (100 mM in HO), and DI HO to 2 mL total volume. Final concentrations were 250 uM

SATO functional groups, 2 mM Zn(OAg)and 1 mM cysteine. A blank vial was run for each
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experiment containing no micelle solution. At predetermined timepoints, 100 pL aliquots were
taken from each @i and diluted with 10QL of FeCk solution (30 mM in 1.2M HCI) and 100 pL

of p-phenylene diamine solution (20 mM in 7.2M HCI). Each aliquot solution remained sealed in
a microcentrifuge tube for a minimum of 24 h prior to addition of 250 pL toadbplate. The

absorbance for each aliquot was measured at 750 nm using a plate reader.

1 b 1 d e
N S TS S S - NH2
o)
a C
Hb
Hd Ha
CDCI H
0 i
) AU
10 9 8 7 6 5 4 3 2 1
f1 (ppm)

Figure S1.'H NMR spectrum of dodecyl hydroxylamine.
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Figure S3.'H NMR spectrum o#-cyano-4-(dodecylsulfanyithiocarbonyl)sulfanyl pentanoic

acid (CTA).
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Figure S4.13C NMR spectrum ofi-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic

acid (CTA).
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Figure S5. 'H NMR spectrum of PEG-(4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl

pentanoic acid) (macroCTA)
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Figure S6.'H NMR spectrum opolymer 3a(PEGb-(SATO-F)).
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Figure S7.'H NMR spectrum opolymer 3b (PEGb-(SATO).
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Figure S8.1H NMR spectrum opolymer 3¢ (PEGb-(SATO-OMe).
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Figure S9.1H NMR spectrum opolymer 4a (poly(SATO)).
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Figure S10.*H NMR spectrum opolymer 4b (poly(SATO-co-alkyl)).
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Figure S11.'H NMR spectrum opolymer 4c (poly(SATO-co-alkyl)).
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Figure S12.1H NMR spectrum oPolymer 4d (poly(SATO-co-alkyl)).

87



0]
NC OH
CN

o” 0

0.0
o}
N
10 9 8 7 6 5 4 3 2 1

1 (ppm)

Figure S13.1H NMR spectrum opolymer 4e(poly(alkyl)).
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Figure S14.Stacked'H NMR spectra of polymerda-e highlighting differences in monomer

loading.
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Figure S15.1H NMR spectrum opolymer 5a(PEGb-(SATO)).
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Figure S16.1H NMR spectrum opolymer 5b (PEGb-(SATO-co-alkyl)).
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Figure S17.1H NMR spectrum opolymer 5¢c (PEGb-(SATO-co-alkyl)).
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Figure S18.1H NMR spectrum opolymer 5d (PEGb-(SATO-co-alkyl)).
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Figure S19.'H NMR spectrum opolymer 5e(PEGb-(alkyl)).
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Figure S20.Stacked'H NMR spectra of polymer§a-e highlighting differences in monomer

loading.
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Figure S21.SEC trace of polymet (PEGb-poly(FBEMA)).
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Figure S22.SEC trace of polymez (PEGb-poly(FBEMA) after enelgroup removal).

93



0 5 10 15 20
Retention Time (min)

-
-

Figure S23.SEC trace of polyme3a (PEGb-(SATO-F)).
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Figure S24.SEC trace of polyme3b (PEGb-(SATO)).
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Figure S25.SEC trace of polyme3c (PEGb-(SATO-OMe)).

Table S1. BS Rekase from SATOfunctionalized small molecules and copolymers

Architecture ti2 H:S Release (mif)
Small moleculeSATO1GHsCOSN=CHE-COOH) 19+1
Poly(FBEMSATG0-OEGMA) 52+1

Block copolymer (micelles) 206 £ 6
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®H,S halflives measured using the methylene blue assay.

Table S2.Characterization of polymeBs-c.

Polymer | para-Substituent Mn, sedkg mol™)? Mn,tneo (kg mott)> | 2

3a F 16 15.7 1.29
3b H 16 15.3 1.21
3c OMe 18 16.1 1.13

2Absolute molar mass measured by light scattef@glculated from conversions determined via

H NMR spectroscopy.
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Figure S25 Effect ofp-substituent on number average micelle size prepared from pol@aers
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Figure S26.Effect of p-substituent on volume average micelle size prepared from pol@aers
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Figure S27.Effect of p-substituent on intensity average micelle size prepared from poly@aers
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Figure S28.Effect of p-substituent on the rate of.8l release from polymefa-c. Rates were
determined using the methylene blue assay.
each experiment, and 1 mM Cys was applied to trigg& itlease. Release reactions were
conducted in phosphate buffer (pH = 7.0) at room temperafine.error bars represent the

standard deviation in conversion of n=3 replicates.

Table S3 Effect ofp-substituent on the rate oh8 release.

Polymer para-Substituent t12 HoS release ()
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3a F 0.83+0.2

3b H 4.2+0.3

3c OMe 25+0.5

®H>S half-lives measured using the methylene blue assay.
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Figure S29 Effect of EtOH concentration on the rate ofSHrelease from a small molecule
SATOL1 (CeHsCOSN=CHGHs-COOH). Rates were measured using the methylene blue assay. A
SATOlc oncent r aMiwasntilized for Bashlexperiment, and 1 mM Cys was applied to

trigger HS release. Release reactions were conducted in 30% THF in phosphate buffer (pH = 7.0)
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at room temperature. The error bars represent the standard deviation in conversion of n=4

replicates.

Table S4 Summary of HS release hallives from small molecules SATOs based on EtOH
concentration. Release hiilfes were determined based on pseftickt-order kinetics fits to the

data in Figure S29.

Concentration | ti2(min)@

0% EtOH 19+1
10% EtOH 19+1
20% EtOH 17+£2
30% EtOH 201

®H.S haltlives measured using the methylene blue assay.
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Figure S3Q Effect of EtOH concentration on number average micelle size prepared using polymer

3b (PEGh-(SATO)).
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Figure S31 Effect of EtOH concentration on volume average micelle size prepared using polymer

3b (PEGb-(SATO)).
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Figure S32 Effect of EtOH conentration on intensity average micelle size prepared using

polymer3b (PEGb-(SATO)).
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Figure S33 Effect of EtOH concentration on2H release from SATO micelles prepared using
polymer3b. Rates were determined using the methylene blue assay. A SATent@tion of 250
eM was wutilized for each experi mraldase. Releade 1 mM
reactions were conducted in EtOH/phosphate buffer (pH = 7.0) mixtures at room temperature. The

error bars represent the standard deviation mvexsion of n=3 replicates.
Table S5.Summary of HS release halives from SATO micelles based on EtOH concentration.

Concentration | ti2H2S Release (1)
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0% EtOH 42 +0.3
10% EtOH 3.7+£0.5
20% EtOH 20+0.9
30% EtOH 1.8+05

#H,S half-lives measured using the methylene blue assay.

Table S6 Evaluation of pospolymerization modification of poly(FBEMA) homopolymers using

oxime and SATHA nucleophiles.

Eg Oximé Eq SATHA Mol% Oximé Mol% SATO Mol% Aldehydé
5 0 100 0 0

0 5 0 100 0

2.5 2.5 13 61 26

dEquivalents of nucleophile relative to the concentration of pendant aldehydes of poly(FBEMA).
bDetermined via relative integration of peaks corresponding to oxime, SATO, and aldehyde

protons.
Equation S1.

WP YO YO

SC0E ¢ OINA &0 Q¢ wk U4 & &
SC0E £ LA &R Qo wk WA £ & € ©'Qf QR QT ® itXa £ o
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Table S7.Summary of critical micelle concentrations for polymease.

Sample

CMC (pg/mL)?

5a

5b

5c

5d

sSe

&Critical micelle concentrations determined using the Nile red assay.

51+4

59+2

51+6
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Fig S34.Critical micelle concentration plot for polym&a (PEGb-(SATO)) determined using the

Nile Red assay.
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Fig S35.Critical micelle concentration plot for polym&b (PEGb-(SATO-co-alkyl)) determined

using the Nile Red assay.
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Fig S36.Critical micelle concentration plot for polym&c (PEGb-(SATO-co-alkyl)) determined

using the Nile Red assay.
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Fig S37.Critical micelle concentration plot for polym&d (PEGb-(SATO-co-alkyl)) determined

using the Nile Red assay.
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Fig S38.Critical micelle concentration plot for polymge (PEGb-(alkyl)) determined usindhe

Nile Red assay.
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Figure S39 Effect of alkyl content on number average micelle size using polysaers
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Figure S4Q Effect of alkyl content on volume average micelle size using polybaees
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Figure S41 Effect of alkyl content on intensity average micelle size using polybaess

Scheme S1HS release from SATGCsS.
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Chapter 3: Tuning Small Molecule Release from Polymer Micelles: The Effect of

Crosslinking in the Hydrophobic Block

Reprinted(adapatedith permission fromCarrazone, R. J. et alEur. Polym. J.202Q 141,

110077 Copyright 2020 Elsevier Ltchttps://doi.org/10.1016/j.eurpolymj.2020.110077

3.1. Authors:
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SDepartment of Chemistry, Virginia Tech, Blacksburg, Virginia 24060, United States
Avlacromolecules Innovation Institute, Virginia Tech, Blacksburg, Virginia 24060, United States
Yirginia Tech Center for Drug Discovery, Virginia Tech, Blacksbgginia 24060, United

States

3.2 Abstract:

Polymer micelles, used extensively as vehicles in the delivery of active pharmaceutical
ingredients, represent a versatile polymer architecture in drug delivery systems. We hypothesized
that degree of crossking in the hydrophobic core of amphiphilic block copolymer micelles could
be used to tune the rate of release of the biological signaling gas (gasotransmitter) hydrogen sulfide
(H2S), a potential therapeutic. To test this hypothesis, we first synthemmphiphilic block
copolymers of the structure PH&P(FBEA) (PEG = poly(ethylene glycol), FBEA 2-(4-
formylbenzoyloxy)ethyl acrylaje Using a modified arndfirst approach, we then varied the
crosslinking percentage in the cdoeming block via addition d a 'O,0O-alkanediyl

bis(hydroxylaminekrosslinking agent. We followed incorporation of the crosslinkeiHNMR
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spectroscopy, monitoring the appearance of the oxime signal resulting from reaction of pendant
aryl aldehydes on the block copolymer with foxd/lamines on the crosslinker, which revealed
crosslinking percentages of 5, 10, and 15%. We then instaligdadieasingS-aroylthiooxime
(SATO) groups on the crosslinked polymers, yielding micelles with SATO units in their
hydrophobic cores after sedésembly in water. v6 release studies in water, using cysteine (Cys)

as a trigger to induce28 release from the SATO groups in the micelle core, revealed increasing
half-lives of HS release, from 117 + 6 min to 210 £ 30 min, with increasiogslinking density

in the micelle core. This result was consistent with our hypothesis, and we speculate that core
crosslinking limits the rate of Cys diffusion into the micelle core, decreasing the release rate. This
method for tuning the release of atently linked small molecules through modulation of micelle
core crosslinking density may extend beyond kb other drug delivery systems where precise

control of release rate is needed.

3.3 Introduction:
Macromolecular and supramolecular delivery eéds represent a wide class of drug
delivery systems with potential for controlled release raté@elivery vehicles that assemble into
higherorder structures in solution enable modulation of physical and pharmacokinetic properties
of active pharmacewal ingredients (APIs) without drastic changes in their chemical structure,
leading to effects such as tunable release rates, extended circulation times, and targetéd release.
Among these classes of delivery vehicles, polymer micelles provide a paijicuérsatile
architecture with many tunable features, such as core and corona size, the number and nature of
functional groups in the core or corona, and variable core chain mobility, all of which influence

donor release kinetié® The hydrophobic nate of many APIs promotes their encapsulation or
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sequestration into hydrophobic micelle cores, which represents an effective strategy to overcome
their low solubility in agqueous environments. As such, precise control over the diffusion of
molecules into athout of micelles presents an appealing method for tuning donor release kinetics

in micellar drug delivery systems.

Of particular interest to our group is delivery of endogenous biological signaling gases,
known as gasotransmitters, which have recentlgrged as powerful and widespread signaling
molecules with vast therapeutic potentfal? Gasotransmitters have short in vivo Hales and
are toxic at high concentrations, so sustained and controlled delivery is vital. Currently recognized
gasotransntiers include nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfig),(H
and all are produced and regulated endogenously in mammals, are membrane permeable, and
interact with each other in a medley of cellular signaling procéds®g. exploiting these
endogenous pathways, gasotransmitters may exhibit unique therapeutic advantages over

conventional small molecule APIs.

HoS is the most recently recognized gasotransmitter and participates in an array of
biological processes including cardioprotecf*!® vasodilationt®® angiogenesi$*?! and
others?#2* Mammals produce ¥$ endogenously and systemically, with physical concentrations
tightly regulated by various biosynthetic mechanisms. The presencgSahHmnany biological
signaling pathwaysas prompted researchers to develop strategies for its exogenous delivery; a
plethora of small molecules and polymers designed to relegSanHresponse to a stimulus
(termed HS donors) have been synthesized to help evaluate its role in signalingybémidg
exploit its therapeutic potenti&t3* Emerging evidence indicates that controlled delivery in a
sustained manner, mi mi cki ngS,isdrigcal to dsdsycoess awaat ur a

therautic®® As such, recent interest has focused on developing drug delivery systems with
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precise control over 1% release rate§*2 Among these systems, polymer micelles have garnered

much attention recently for their versatility/*346

We envisioned that the wide range of structural tunability of polymer micelles would
provide multiple mechanisms through which to control delivery 28 flom HS donors tethered
to the micelle cordorming block. Indeed, the idea of controllidgffusion into and out of the
micelle core has been used previously to tune drug releasé’@&%or example, our group
recently synthesized a series oiSHeleasing polymer micelles with tunable release kinetics
through control over polymer chamobility in the micelle coré® We incorporated a plasticizing
comonomer into the coiferming block of an amphiphilic block copolymer wigraroylthiooxime
(SATO) H:S donors attached to the hydrophobic block to alter its glass transition tempéigiure (
with low Tg coreforming blocks resulting in highly mobile micelle coresSHelease required
diffusion of a triggering molecule (cysteine, Cys) into the micelle core (see Scheme S1 for
mechanism of Cysriggered HS release from SATOs), so more mobileelie cores exhibited
faster Cys diffusion and consequently faste® Irfelease rates. While we achieved a wide range of
H>S release kinetics with this method, incorporation of high levels of the plasticizing comonomer
heavily diluted HS donor concentrath. To address this problem, we considered core
crosslinking, which can significantly influence chain mobility in a micelle ¢&teSpecifically,
we hypothesized that small amounts of crosslinking would reduce micelle core mobility, slowing
diffusion oftriggering Cys molecules into the core and reducing klease rates (Figugel).
Thus, in this work, we aimed to utilize crosslinking in the micelle core to tune core mobility, and

in turn, KBS release kinetics, without drastically lowering th&oror concentration.
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Increasing Crosslink Density

. 2

Decreasing H,S Release Rate

Figure 3-1. Schematic illustration showing the influence of hydrophobic block crosslinking
density on HS release rate. Higher crosslinking density results in less mobile micelle cores,
slowing diffusion of triggering Cymolecules into the core and decreasing the rate$f H

release.

3.4 Results and Discussion:
3.4.1 Synthesis of Micelles with Crosslinks in the Hydrophobic Core
Because our previous work revealed that micelle cores withljovoreforming blocks
releasd H.S faster than those with more rigid, higiigcoreforming blocks!® we expected core
crosslinking to limit chain mobility, thus slowing.8 release. Therefore, in order to achieve a
range of HS release rates, we aimed to creat8 keleasing micelles with loWg coreforming
blocks, which would exhibit fast release profiles, and incorporate varying degrees of core
crosslinking to reduce the release rate. To accomplish this goal, we first required a monomer
capable of yielding lovify polymers that could subsequently be functionalized wii #bnors.
Knowing that we could easily convert pendant aryl aldehydes in®réleasing SATO
groups3®5”and that polyacrylates exhibit lowg&6 s t han t heir pol yYmet haci
we selected the aryl aldehydienctionalized acrylate -P4-formylbenzoyloxy)ethyl acrylate

(FBEA) as the monomer for the hydrophobic, efirening block of the polymer micelles. Based
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on conditions described in a previous synthesis of the methacrylate iderfithis monome??

we prepared FBEA by couplingt®droxyethyl acrylate with-4ormylbenzoic acid using-géthyt
3-(3-dimethylaminopropyl)carbodiimide (EDC) as the coupling agent (Scheme 1A). Compared to
the methacrylate monomer we had used in previsask, we expected the more flexible
polyacrylate backbone of poly(FBEA) to afford greater chain mobility and result in micelles with

faster HS release rates.

A o

o] EDC o] ~o
+ HO —_—
\)’LO/\/OH o DMAP (cat.) ™ o/\/o
5z

THF 0

HO)% TSM/ \)ko/\/oY©/\ SDOM'; 40T W

K@O P(FBEA)
\
o}

Scheme3-1. Monomer and poly(FBEA) synthesis. (8ynthesis of FBEA monomer and (B)
homopolymerization of FBEA using RAFT. Polymerization conditions: [FBEA]/[CTA]/[AIBN]

=50:1:0.1, 33% w/v FBEA in DMF, 80 °C.

Polymerization of FBEA was carried out using reversible additagmentation chain
transfer (RAFT) polymerization (Scheme 1B). To our knowledge, there are no reports of a
reversibledeactivation radical polymerization of FBEA. As such, we performed kinetic analysis

I i vi ngnes s {dodedylthiocarkootipoglthig)}ae r i z at

ot

to assess the

methylpropionic acid (DMPA) as the chain transfer agent (CTA) because it is well suited for
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polymerization of acrylate monomevi& RAFT. Monomer conversion, determined %y NMR
spectroscopy, progressed linearly with time, which is indieatif a polymerization with good
molecular weight control (Figurg-2A). We observed a short induction time of around 10 min,
consistent with reports on polymerization of acrylates with this €plot of polymerMn, as
measured by SEC, versus % monowmnversion, showed linear evolution of molecular weight
over time and low dispersity | throughout the polymerization, both of which also indicate good
molecular weight control. Furthermore, polynMy values agreed well with expected molecular
weights ased on monomer conversion. Differential scanning calorimetry (DSC) showed that the
polymer had &g of 155 °C (Figure S10), which we expected would afford micelles with highly

mobile, rubbery cores.
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Figure 3-2. Kinetics of RAFT polymerization of FBEA: (A) Pseudiost-order kinetics plot of

the polymerization showing monomer conversion over timegidisbed blue line shows a linear

fit to the data. (BMn (blue circles) and dispersity (orange circles), as determined by SEC with
light scattering, versus monomer conversion, as determin&d MR spectroscopy; dashed

line shows expecteld, based on maymer conversion. Linear evolution of molecular weight

over time and good agreement between theoretical and measured molecular weight indicate a

polymerization with a high degree of molecular weight control.

Next, we set out to prepare micelles wiploly(FBEA) cores. We first synthesized
trithiocarbonatderminated poly(ethylene glycol) (PEG), termikhcroCTA here (Schem@-
2A), according to a previously reported procedtiré/e then utilized RAFT polymerization to
grow hydrophobic poly(FBEA) fronMacroCTA, resulting in an amphiphilic PEG-P(FBEA)
block copolymer (Schem&2B). We characterized this polymer by SEC, observinlylaof 14
kg/mol with a dispersity of 1.13 (Figure S11). We expected the low dispersity to result in uniform
micelle size disibutions. Therefore, we used this batch of block copolymer for preparation of all
micelles in order to have uniform micelle composition with crosslinking percentage in the

hydrophobic block as the only variable.
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Scheme3-2. MacroCTA and block copolymer synthesis. (A) Synthesislatro-CTA. (B)
Preparation of PE®-P(FBEA) amphiphilic block copolymer. Polymerization conditions:

[FBEA]/[MacroCTAJ/[AIBN] = 50:1:0.1, 50% w/v FBEA in DMF, 80 °C).

Many methods for @paring crosslinked micelles have been repdt&Among these
methods there are two prevalent strategies: crosslinking gbpreed polymer assemblies, and
crosslinking of unassembled polymer chains to induce formation of a polymer assembly {the arm
first approach). SATOs are reactive functional groups, so we planned to install them after
crosslinking to avoid potential side reactions. Additionally, we expected that installation of SATOs
into a micelle core could be hindered by the formation of crdssliso we avoided crosslinking
preformed polymer assemblies. Instead, we utilized a modified version of thiérsirapproach,
with the goal of preparing lightly crosslinked polymer clusters, which could serve as precursor
amphiphiles to ES-releasing ntelles with crosslinks in the hydrophobic core. By taking this

approach we allowed for facile installation of34donors after the crosslinking reaction.
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Scheme3-3. (A) Chemical structures showing the preparation of crosslinked?E(EBEA)
polymer clusters. (B) Schematic illustration of this process; blue represents the hydrophilic PEG
block, orange represents the hydrophobic P(FBEA) block, and green repres@&iié\the

crosslinker.

To achieve our goal of preparing micelles with crosslinks in the hydrophobic core, we first
synthesized a difunctional crosslinker with hydroxylamine functional gro@p§-(1,10
decanediyl) bis(hydroxylamin@y BHA for short, accordig to a previously reported procedtie.
Reaction of an aldehyde with a hydroxylamine produces an oxime linkage, which we expected to
be stable throughout the functionalization of remaining unreacted aldehydes based on our previous
work.#¢ In this method, PE®-P(FBEA) was dissolved in a good solvent for both blocks I,
thenBHA was added in different amounts (5, 10, and 15 mol% hydroxylamines with respect to
aldehyde groups) to create oxime linkages between thdawoneng blocks (8heme3-3). After

recovering the resulting polymer clustePolymers 1b-d), we measured the incorporation of
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