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ABSTRACT

DESIGN, SYNTHESIS AND STUDY OF FUNCTIONAL AMPHIPHILIC POLYMERS
AND THEIR APPLICATIONS

MAY 2019
HUAN (JOY) HE
B.S., NANKAI UNIVERSITY
M.S., NANKAI UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Sankaran Thayumanavan
Amphiphilic homopolymers with high densities of functional groups are synthetically challenging.
Thiol-yne nucleophilic click reactions have been investigated to introduce multiple functional
groups in polymers with high density. An electron deficient alkyne group bearing methacrylate
monomer was polymerized using reversible addition—fragmentation chain-transfer (RAFT)
polymerization. Subsequently, the electron deficient alkyne group on polymer side chain was
readily reacted with a thiol reagent using triethylamine (TEA) as the organocatalyst. This reaction
was found to be very efficient under mild conditions. The resultant homopolymer bearing thiol
vinyl ether functional groups could perform a second thiol addition with a stronger base, such as
triazabicyclodecene (TBD), to prepare multifunctional homopolymers. This stepwise addition
process was monitored by different techniques. The fidelity of this method was demonstrated by
attaching four different functionalities, including both hydrophobic and hydrophilic moieties.
Also, a novel polymerization method was developed using same thiol-yne nucleophilic addition
strategy. Typically, two bi-functional thiol-based monomers with activated alkyne termini
differencing in their linker length can be prepared and polymerized utilizing this strategy. Under

mild conditions, monomers can be polymerized conveniently to yield linear structures with high

vii



molecular weights. The polymerization conditions were optimized by screening various catalysts,
solvents, temperatures, reaction time, and monomer concentrations. This new methodology
efficiently yields polymers with high molecular weight. Moreover, the resulting polymer contains
alkene backbone that acts as a functional handle for further modifications. For example, it can be
subjected to a second thiol species to achieve multi-functional capabilities. These post-modified
polymers with dithioacetal units in their backbone degrade in the presence of reactive oxygen

species, providing the opportunity to design functional materials with stimuli responsive features.
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CHAPTER

1. INTRODUCTION

1.1 Introduction

Amphiphilic polymers preparation and their self-assembly have been studied for many decades
due to their various morphologies formation into ordered structures at the molecular scale and
morphological transitions upon internal and/or external stimuli. Well controlled radical
polymerization method combined with highly efficient click chemistry reactions could enable
facile synthesis of complex polymer architecture. Based on polymer skeleton, amphiphilic
polymers could be classified as block copolymer!, random copolymer?, brush polymer?, star-
shaped polymer?®, and dendrimers®, etc. Through well-chosen monomer with different chemistry
characteristics, control over polymer molecular weight, and design of macromolecular
architecture, amphiphilic polymers can be used for numerous applications. These applications
include but are not limited to biomedical, micro electrical, optical, lithographic and photonic

materials® 12,

A" Amphiphilic block copolymer B Amphiphilic random copolymer

P P

C Amphiphilic homopolymer

Q Hydrophobic segment O Hydrophilic segment

- J

Scheme 1.1 Overview of amphiphilic polymers with different architectures. A) di-block; B) random; C)
homopolymer.



Recently, another amphiphilic polymer, in which both a hydrophilic and hydrophobic group are
locating in each repeating unit, has gained broad interest owing to their self-assembly property,
imparted from their unique polymer structures. This special polymer is named as an amphiphilic
homopolymer. In this introduction, we will focus on block copolymer, random copolymer and

amphiphilic homopolymers self-assemble, synthesis, and their applications. (Scheme 1.1).

1.1.1 Amphiphilic block copolymer

A block copolymer, a combination of two or more homopolymers, can possess properties
characteristic of each of the homopolymers as well as a set of features due to the polymer structure
as a whole?. Amphiphilic block copolymer contains both hydrophilic and hydrophobic blocks, in

which two distinct blocks have been tethered together through covalent bonds.

Spherical Cylindrical
Micelles Micelles

N>
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curvature curvature curvature
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Scheme 1.2 Various self-assembled structures formed by amphiphilic block copolymers in a block-
selective solvent. (Reproduced with the permission from ref?)

Due to the well-defined polymer architectures, their phase separations and morphology transitions
in water/organic solvent, as well as solid state have been studied®®. They can form aggregates with

variant morphologies from micelles to vesicles. The type of self-assemble is due to the



hydrophilic/lipophilic balance together with the inherent molecular curvature and how this
influences the copolymer chains packing®2. For example, a spherical micelle-like morphology
could obtain if the packing parameter (P) is estimated to be less than 1/3, in which the hydrophilic
segment is much larger than hydrophobic segment, and the whole polymer chain tends to self-
assemble into energetically favored corn shape. Amphiphilic block copolymers self-assembly
behavior and superior physical properties have manifested themselves in various applications, such
as biomedicine, microelectronics, and photonic materials®3. Despite half a century of development
of block copolymers, the synthesis of further multi-block copolymer remains tedious and
challenging, primarily because the reactive end group after two blocks may be lost during the
preparation and purification process, which limits their further applications. Almost at the same
time, random copolymers have been developed and could serve as an alternative candidate to

overcome the synthetic limitation.

1.1.2 Amphiphilic random copolymer

iy \
\i
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Vesicles Single Chain Nanoparticles

Nanogels
Scheme 1.3 Various self-assembled structures formed by amphiphilic random copolymers. (Reproduced
with the permission from refl4)



Random copolymers contain two or more monomers that have been randomized into a polymer
backbone. Monomers with distinct chemical properties can be mixed and matched as required.
Paralleling with the block copolymers, random copolymers can also self-assemble into different
morphologies, and they are less dense and fast respond if stimuli applied®®. Different from block
copolymers, the sequence of monomers is random and unpredictable. Because of the ill-defined
polymer structures, the morphology of amphiphilic random copolymers in aqueous solutions
largely depends on their hydrophilic-lipophilic balance (HLB). For example, an amphiphilic
random copolymer containing a hydrophobic dodecyl chain and hydrophilic L-glutamic acid was
prepared by copolymerization. Through adjusting the feed ratio of decyl group and L-glutamic
acid, a rich variety of nanostructures were fabricated, including giant vesicles, vesicles,
honeycomb films, and nanoporous spheres*®. However, compared with block copolymers, random
copolymers also have the disadvantage of a crystalline polymer, in which its melting point,

modulus, tensile strength and elastic properties will be dramatically compromised?’.

1.1.3 Amphiphilic homopolymer
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Inverse micelle-type assembly Micelle-type assembly

Scheme 1.4 Schematic representation of micelle-type and inverse-micelle-type assemblies?®,
The idea of amphiphilic homopolymer®® is inspired by the advantage combination of well-defined

structure from the block copolymer and facile synthesis of homopolymer. Our group*®-?* together



with others??2* have pioneered this area. The specialty of the amphiphilic homopolymer is that
both hydrophilic and lipophilic segments possess the same monomer or repeating unit. It can be
imaged that amphiphiles or small molecule surfactants have been tethered together using a string.
They could self-assemble into a range of nanostructures nano-sized aggregates with different
morphologies by changing the nature of monomer chemistry or hydrophobic component. For
example, an amphiphilic homopolymer containing (2-hydroxy-3-phenoxypropyl acrylate) (HPPA)
has been prepared through RAFT polymerization. Upon merely changing the homopolymer’s
chain length or co-solvents during self-assembly, large compound micelles (LCMs), simple
vesicles, large compound vesicles (LCVs), and hydrated large compound micelles (HLCMs) as a
result of the different intensity of inter/intra-polymer hydrogen bonding in the homopolymer self-
assemblies®® were obtained. Besides, morphologies, such as thin film?®, cubic?’, microfibers?®,

tubular vesicle?® were also reported by other researchers.

1.2 Synthesis of amphiphilic polymers

1.2.1 Synthesis of amphiphilic block copolymer

4 A
A Route of amphiphilic block copolymer preparation
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Scheme 1.5 General approaches of preparation of amphiphilic block copolymer.
The synthesis of the block copolymer can be generally categorized into three pathways. Firstly,

the preparation of block copolymer involves polymerization of one monomer at one time and



sequentially polymerize another monomer with the macroinitiators using atom transfer radical
polymerization (ATRP)*, or with macro-chain transfer reagent by RAFT3! (Scheme 1.5 (1)). Also,
a di-block copolymer can be prepared by linking two blocks of homopolymer together through
their end group reactions®*>3(Scheme 1.5 (2)). Another alternative approach is to start with a
difunctional initiator with which two different monomers can be polymerized with orthogonal

polymerization methods (Scheme 1.5 (3))%.

1.2.2 Synthesis of amphiphilic random copolymer

Unlike block copolymer, the synthesis of random copolymers is much easier. One could prepare a
random copolymer by either copolymerization of two or more monomers in one pot as long as
the monomers share similar reactivity (Scheme 1.6 (1)), or post-polymerization modification of
precursor polymer with different substitutes (Scheme 1.6 (2))%. The advantage of the random
copolymer is that their hydrophilic and lipophilic ratio could be tuned easily by changing the
feeding ratio of the two or more monomers, which overcomes the synthetic limitation of the block

copolymer.

B Route of amphiphilic random copolymer preparation

) Post Polymerization
2 *W Modification ' .

Scheme 1.6 One-step copolymerization one pot post-polymerization treatment for preparing the random
copolymer.

J

1.2.3 Synthesis of amphiphilic homopolymer
The synthesis of the amphiphilic homopolymer is easy compared to a two-step polymerization in

block copolymer. To have a homopolymer with amphiphilicity, one could either start with an



amphiphilic monomer or post polymerization modification with an amphiphile. However, rational
design and synthesis of monomers with desired amphiphilicity needs to be taken into
consideration. Also, the bulky volume of an amphiphilic monomer may prevent it from growing

into high molecular weight polymers.

C  Synthesis of amphiphilic homopolymer

e = U

Scheme 1.7 Preparation of amphiphilic homopolymer through amphiphile monomer polymerization.

1.3 Applications

Self-assembly of amphiphilic macromolecules is ubiquitous in nature. Examples include
amphiphilic peptide chains self-assembled into water-soluble proteins, and phospholipids self-
organized into cell membranes. Synthetic amphiphilic polymers, on the other hand, share similar
chemical and physical properties, could also self-assemble into ordered structures with various
morphologies. Those morphologies can be tuned through monomer chemical characteristics along
with surrounding environments such as temperature, solvent, and additives. This variant along
with the morphology transition tunability of polymeric aggregates provide a platform for
expanding applications from biomaterials to electronics. In this introduction, we will focus on
amphiphilic homopolymer application in responsive therapeutic delivery with micelle aggregates

and biomarker sensing with reverse micelle aggregates.

1.3.1 Responsive therapeutic delivery

Micelle, made from amphiphilic polymers, consist of the hydrophilic coronas that afford the
solubility in water, and hydrophobic cores that provide an ideal location for encapsulation of water-

insoluble molecules such as hydrophobic drugs and fluorescence probes. Increased stability can



also be achieved through coronal or core chain cross-linking. Therefore, amphiphilic
homopolymers were widely used as therapeutic delivery carriers. Further, by installing stimuli-
responsive functional groups in the polymer, controlled release of the payloads could be realized.
Different stimuli have been incorporated into polymers. The stimuli could be: a) biological stimuli,
such as protein, enzyme, or sugar; b) physical stimuli, such as magnetic field, electric field, light,
ultrasound, or temperature; c) chemical stimuli, such as pH and redox. Therapeutic drugs are
allowed to either covalently attached to the polymer through stimuli-responsive linker®” or non-

covalently encapsulated into a nanocarrier interior and released upon the disruption of nanocarrier.
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Scheme 1.8 Various stimuli are controlling the drug release from stimuli-responsive polymer-based
delivery systems®.

1.3.2 Biomarker sensing

Biomarkers are biomolecules including peptides, proteins, DNA, RNA or small molecules that

have been secreted into body fluid from malfunctioning tissue or cells. They have been identified



as a disease signature. It is imperative to detect those biomarkers in a fast fashion for early
diagnosis and disease treatment. Among others, amphiphilic homopolymers were utilized for
peptide and protein biomarkers separation and recognition. It is done through a reverse micelle
prepared from amphiphilic homopolymer and a sequent liquid-liquid extraction process. Peptides
of interest would be extracted and concentrated into reverse micelle interior. Combined with
MALDI-MS technique, the extracted peptide could be detected®*“3. More interestingly, the
detection signal could be enhanced more than 100-fold in optimum conditions. Until now, our
group has developed a series of polystyrene-based amphiphilic homopolymers with charge
moieties as a hydrophilic group and decyl chain as a hydrophobic group. The resultant polymer
has demonstrated itself in selectively and sensitively detection of biomarkers with pl higher than

aqueous solution pH value.
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Scheme 1.9 Selective detection of biomarker peptide from a mixture using reverse micelle combined with
MALDI-MS technique.

1.4 Thesis overview

In this thesis, we have demonstrated utilization of nucleophilic click chemistry for preparing
amphiphilic polymers. They could be homopolymer as well as random copolymers. These
polymers could self-assemble into macro assemblies and later on used for stimuli-responsive

therapeutics delivery, peptide detections, and antimicrobial studies. In chapter 2, a sequential



nucleophilic “click” reactions for functional amphiphilic homopolymers are presented. Through
the thiol-yne click reaction, a versatile system for preparing of multifactional amphiphilic
homopolymer. The fidelity is true to many functionalities. In chapter 3, we developed a
methodology for addition polymerization using thiol-yne click reaction. Installing a different thiol
sequentially leads to the responsive functionalities in the backbone. The reaction is investigated
and demonstrated itself to be efficient, fast and environmentally friendly. In chapter 4, we
developed a reverse micelle system composed of a polystyrene base amphiphilic homopolymer
which can achieve selective detection of model analytes. In chapter 5, we investigated the signal
enhance mechanism underlying peptide detection using reverse micelle system and mass
spectrometry technique. In chapter 6, we investigated the antimicrobial ability of silver ion loaded

amphiphilic homopolymer against Gram-negative bacteria.
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CHAPTER

2. SEQUENTIAL NUCLEOPHILIC “CLICK” REACTIONS FOR FUNCTIONAL
AMPHIPHILIC HOMOPOLYMERS

Adapted with permission from He, H.; Liu, B.; Wang, M.; Vachet, R. W.; Thayumanavan, S.
“Sequential nucleophilic “click” reactions for functional amphiphilic homopolymers” Polym.
Chem., 2019,10, 187-193. Copyright © 2018 Royal Society of Chemical.
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Scheme 2.1 Cartoon representation of sequential nucleophilic click reactions for functional amphiphilic
homopolymer preparation, self-assemble and stimuli-responsive disassemble.

2.1 Introduction

Classical homopolymers have been quite featureless by definition, because of their rather
monotonous repeat unit patterns. There has been an increased interest in introducing greater
functional group diversity in homopolymers. Prominent among this class of polymers are
amphiphilic homopolymers that contain both hydrophilic and hydrophobic groups in the same
repeating unit'2. These amphiphilic polymers can form micellar or vesicular aggregates in polar
solvent®>7 and reverse micelle-like structures in nonpolar solvent*®°. Due to their high density of
functional groups and stable self-assemblies, amphiphilic homopolymers have been used in
materials science for applications in areas such as separations'®* and catalysis*?*® and biology in

fields such as protein sensing** and DNA detection>®,
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Moreover, amphiphilic homopolymers with stimuli-responsive features can undergo
changes in morphological and physicochemical properties'® upon external or internal trigger
application, which makes them useful for designing stimuli-sensitive drug delivery systems!’=,
Because of these novel properties, significant effort has been devoted to the syntheses of
amphiphilic homopolymers. The commonly used method for amphiphilic homopolymer
preparation involves either polymerization of a pre-functionalized amphiphilic monomer?-?* or
post modification of a precursor polymer with functionalities of interest>?>2, In the former case,
100% ampbhiphilicity in each repeating unit can be potentially achieved. However, the drawbacks
of this approach include low polymerization efficiency and low polymeric molecular weights,
owing to the steric hindrance effect from the functional groups. Also, significant synthetic
challenges involved in making multifunctional monomers may limit their broad applications. On
the other hand, post-modification can lead to incomplete functionalization due to inefficient
reactions. Therefore, developing an efficient method for the synthesis of homopolymers using an
environmentally friendly approach is needed. We envisaged that a synthetic route that can
overcome these obstacles would pave the way for expanding the existing polymerization toolbox.

Our solution is to use efficient click chemistry to post-modify the polymer substrate with
different functionalities of interest. Click chemistry is increasingly useful in polymer and material
science due to its speed, atom economy, easy operation, and high reaction yields. Different click
chemistry strategies have been developed for this purpose, e.g., Cu-catalyzed?”?® or Cu free?®
Huisgen 1,3-dipolar cycloaddition, Staudinger ligation®® and thiol-ene®! click chemistry and thiol-
yne photo click chemistry®2. We were inspired by a recent report on a nucleophilic thiol-yne click

reaction, involving o,B-unsaturated esters.® In this reaction, the electron deficient alkyne group

of an a,B-unsaturated ester can readily react with a thiol reagent under mild conditions to form a

16



mixture of cis and trans thiol vinyl esters. This functional group is then poised to undergo another
thiol-ene addition reaction but only in the presence of a much stronger base. This latter requirement
offers the opportunity to attach two different thiol groups on the same carbon to afford a hetero-
dithiol adduct. This organocatalytic thiol-yne and a subsequent thiol-ene reaction has been reported
for small molecule synthesis, but its use in polymer synthesis has been very limited to the best of
our knowledge.®*% In this work, we utilize this concept, where the pre-installed electron deficient
alkyne groups on polymer side chains are used as a handle for post modification with different
thiol species to introduce the functionalities of interest. Furthermore, these customized polymers
bearing dithioacetal groups are sensitive to ROS stimulus and degrade in response to it**%’. The
mechanism of degradation is proposed to occur via nucleophilic attack of the hydroxyl radical to
break the C-S bond32. In this chapter, we have shown how thiol-alkyne click chemistry is used for
efficient post-polymerization modification with different functional groups, both hydrophobic and
hydrophilic. We demonstrate the ease of this approach and its potential for the design and syntheses

of stimuli-responsive materials.

2.2 Molecular design

Approach 2
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Approach 1 O
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Scheme 2.2 Synthetic approaches for the targeted o, 3-alkynoate ester-based polymer P1. Approach 1: i)
H>SO, (cat.), toluene, reflux, 42%; ii) CTR, AIBN, THF, 30%. Approach 2: i) DCC, DMAP, DCM, 52%j;
ii) CTR, AIBN, THF, 80%; iii) AgF, MeCN/THF, then 1M HCI, 99%
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2.3 Results and discussions

The precursor polymer for the targeted functionalization with two different functionalities
is shown as polymer P1 in Scheme 2.2. This structure can provide us opportunity for installing
functional moieties of interest through addition of thiol species. Two approaches were explored to
synthesize the target polymer (P1). Approach 1 involved direct polymerization of the unprotected
monomer 1, which was prepared through the esterification reaction of hydroxyethyl methacrylate
(HEMA) and propiolate acid (Scheme 2.2, approach 1). P1 was obtained through RAFT
polymerization of monomer 1 with 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid as chain
transfer agent. Different solvents (DMF or THF), monomer concentrations (500 mg/mL or 100
mg/mL) and reaction times (12 h or 24 h) were investigated to avoid crosslinking during the
polymerization reaction. However, even under the optimized conditions, mildly crosslinked
products (10 % crosslinking degree) were still produced. The crosslinking can be identified by the
alkene proton peaks (6.12 ppm, 5.63 ppm) from NMR spectrum. Moreover, due to the low
monomer concentration and short reaction time used here, the final polymerization yield was
relatively low (<30%).

The second approach that we investigated was to use a protection group for the active
alkyne group to prevent crosslinking during polymerization. In this process, TMS-protected
propiolate acid reacted with hydroxyethyl methacrylate (HEMA) to prepare monomer 2. By
protecting the alkyne group, monomer 2 can be conveniently polymerized with no crosslinking
observed from NMR. Note that the esterification reaction in refluxing toluene can produce
ethylene glycol dimethacrylate through trans-esterification of HEMA. This byproduct could then

act a cross-linker later in the polymerization reaction. Indeed, this byproduct was observed under
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the reaction conditions and was also found to exhibit a similar R¢ value (Rf = 0.6 in 10% ethyl
acetate/hexane) as that of the desired product in chromatography, which made the purification of
monomer 2 in this reaction difficult. To address this challenge, a base-catalyzed esterification
reaction was utilized with DCC and DMAP as the coupling reagents. After polymer P1° was
acquired through the polymerization of monomer 2, several deprotection methods were attempted.
The reagent tetra-n-butylammonium fluoride (TBAF) yielded insoluble products, presumably due
to the strong base-catalyzed crosslinking. Also, the reaction yield under acid conditions (pTsOH,
MeOH/DCM) was also very poor. We were gratified to find that a metal fluoride (AgF) in
MeCN/THF can be used to achieve 100% deprotection. By choosing the protection and
deprotection approach, we could successfully obtain the target polymer P1 with no crosslinking
and high overall yield (>70%).

PN OYT T PO T PO T

P1 ¢ P2 O 0 1354

ED N M coon o
P3

P4 P5 P6

Scheme 2.3 Schematic structure of multifunctional polymers: i) 1% thiol addition reaction with octyl thiol
and triethylamine in CHClIa. ii) 2™ thiol addition reaction with different thiol reagents (HS-R) and 1,5,7-
Triazabicyclo [4.4.0] dec-5-ene (TBD) in CHCls.

To test the possibility of sequential nucleophilic addition to P1, we treated the polymer
with octane-1-thiol (1.0 equiv. respect to alkyne group) as the nucleophile in the presence of
triethylamine (0.1 equiv.) as the organocatalyst. The reaction progress was monitored by *H NMR
(Figure 2.1A). The evolution of the alkyne proton signal at 3.01 ppm and the new alkene proton
signals at 7.73 ppm and 5.75 ppm were monitored. The former peak decreased in signal intensity

with time, while the latter ones concurrently increased in intensity. Complete disappearance of the
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alkyne peak and saturation of the alkene peaks within 80 minutes indicated a quantitative
conversion within this timeframe (Figure 2.1A). To check whether the thio-vinyl product is
available for a second nucleophilic addition under the same reaction conditions, the polymer was
reacted with excess octane-1-thiol (2.0 equiv. to alkene group) for much longer reaction time (up
to 24 h) with TEA as the catalyst. NMR spectra of these reactions showed that the alkene proton
peaks were intact, which suggests that the addition reaction stopped only at the first step and did
not go further for a second addition under the mild base conditions (Figure 2.1B). Also, the GPC
profiles of polymers from the tested reactions revealed the similar shape and same retention time
(Figure 2.6). Together, these results suggested that the degree of the first thiol addition reaction is
base-mediated and is independent of the amount of thiol reagent added to the system. This feature
is considered critical, as this provides us with the opportunity to attach a different thiol reagent

onto the same repeat unit by simply altering the reaction conditions for the second addition.
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Figure 2.1 (A) *H NMR spectrum for 1% thiol addition reaction with octyl thiol over time. (B) *H NMR
spectrum for 1% thiol addition with different amount of octyl thiol: (1) 1:1 24 h; (1) 1:2 4 h; (1) 1:2 9 h;
(IV) 1:2 24 h. (e.g., 1:1 is respect to the ratio of alkyne to thiol reagent, solvent: CDCls, base: TEA (0.1
equiv. respect to alkyne))

Next, the possibility of a second addition of a different thiol onto the vinyl side chains of
polymer P2 was tested (Scheme 2.3). The weak electrophilicity of the double bonds in P2 is
attributed to its relatively electron-rich character, owing to the thioether functionality. We

envisaged that the use of a stronger base would overcome this reactivity hurdle. Thus, polymer P2
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was treated with benzyl-thiol in the presence of triazabicyclodecene (TBD) as the organocatalytic
base. TBD was chosen as the base, as it is considered a strong base with the pKa of ~23.5 in DMSO
and pKa of ~15.2 in H20. In the presence of this base, the progress of the second addition to P2
was monitored by *H NMR. Total disappearance of the alkene proton signals from the NMR
spectrum indicated the complete addition of a second thiol species (Figure 2.2A). Since the double
bonds in P2 are based on an o,B-unsaturated ester, the second thiol is expected to add to the same
carbon through a Michael-type addition. Indeed, the proton signals at 4.15 ppm confirm this
expectation, where the product is a dithioacetal. The decrease in alkene proton signal was
monitored over time in an NMR tube. The complete disappearance of alkene proton signals was
considered to be 100% conversion, and the reaction process over time was plotted in figure 2.2B
for benzyl mercaptan. The alkene proton signals disappeared within 160 min, showing that the
second thiol addition reaction was complete to afford polymer P3 within 3 h under these reaction
conditions. A similar trend was observed when a different thiol nucleophile, cysteamine, was used

where the reaction completed in about 120 min (Figure 2.2C).
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Figure 2.2 (A) *H NMR evidence for 2" thiol addition using benzyl mercaptan. Kinetic study of 2" addition
with benzyl mercaptan (B) and cysteamine (C).

We next sought to examine whether this methodology would translate to useful
applications, such as peptide separation and detection. Peptide detection in biological fluids,

especially of disease-relevant biomarkers, can be challenging due to their low concentration and
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inherent sample complexity.3® There have been several approaches that have used
supramolecular chemistry to predictably simplify complex mixtures through selective
sequestration of peptides in a liquid-liquid extraction process for detection by matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS)!114142 To demonstrate the potential
utility of the bifunctional homopolymers synthesized here, we synthesized a negatively charged
amphiphilic homopolymer P5. To synthesize this polymer, tert-butyl-3-sulfanylpropanoate was
used as the second thiol addition reagent. Deprotection of tert-butyl group from the resultant
polymer using trifluoroacetic acid produced the targeted polymer P5, as evidenced by the complete
disappearance of tert-butyl proton signal at 1.41 ppm (Figure 2.3A).

The negatively charged, amphiphilic homopolymer P5 is expected to form micelle-like
aggregates in water and reverse-micelle-like aggregates in toluene. The size of micellar aggregate
was about 190 nm with negative charged zeta potential (-76.8 £ 4.05 mV), while the size of the
reverse micelle state in toluene was found to be around 260 nm (Figure 2.8). Reverse micelles of
such polymers can be used to selectively enrich peptides according to charge from an agqueous
phase into an organic phase. To identify whether these reverse micelle assemblies would be
capable of selectively sequestering molecules, we first investigated the extraction capability and
selectivity of P5 toward water-soluble dyes as the model analyte. A positively charged dye
molecule, rhodamine 6G (R6G), and a negatively charged molecule, calcein, were chosen as the
candidates for this study due to their distinct absorption spectrum. A 200 uL toluene solution with
a 2.3 mM concentration of P5 was used as the apolar phase, while the aqueous phase contained 1
mL of 4 uM calcein or 2.5 uM R6G in PBS buffer (pH = 7.4, 150 mM NaCl). After a two-phase
liquid-liquid extraction procedure, the apolar organic and the aqueous phases were separated. The

UV-visible absorption spectra of the aqueous solutions before and after the liquid-liquid extraction
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procedure were compared, and the overall efficiency of dye extraction was estimated based on the
amount of dye molecule left in the agueous phase. The binding efficiency and the amount of dye
molecule remaining in the aqueous phase are expected to be inversely correlated. As discerned
from the data in figures 2.3B and 2.3C, the P5 reverse micelle could efficiently extract the
complementarily charged analyte R6G from the aqueous phase to organic phase. In contrast, a
negligible amount of calcein is extracted by the same polymer P5. These data indicate that the

amphiphilic homopolymer P5 could also be used to selectively separate analyte molecules of
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Figure 2.3 (A) *H NMR spectrum of polymer P5 before (1) and after (11) deprotection. UV-Vis spectrum
of Calcein (B) and Rhodamine 6G (C) in aqueous solution before (black line) and after (red line) extraction
with reverse micelles made from P5.

After testing the selectivity with dye molecules, we evaluated the potential peptide
enrichment selectivity of polymer P5. The peptides preproenkephalin, pB-amyloid (1-11),
kinetensin and bradykinin were chosen as candidate peptides for their different pl values. These
peptides were dissolved in MOPS buffer at pH 7. A toluene solution containing the reverse

micelles of P5 was used as the organic phase. As shown in figure 2.4, after the liquid-liquid
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extraction process, only peptides with pl values higher than 7.0, viz. kinetensin (pl 10.84) and
bradykinin (pl 12.0) (Figure 2.4C), were selectively extracted into the organic phase and detected
by MALDI-MS. The more negatively charged peptides with pl values lower than 7, viz.
preproenkephalin (pI 3.71) and B-amyloid (1-11) (pl 4.31) (Figure 2.4B), remained in the aqueous
phase. This experiment shows that polymer P5 could be potentially useful in peptide separation

and detection.
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Figure 2.4 MALDI mass spectra of selective extraction of peptides in a mixture with reverse micelles made
from P5. A) A mixture of four peptides labeled with their pls in a buffer of pH 7 (Bradykinin m/z 1060.5,
Kinetensin m/z 1172.7, -amyloid (1-11) m/z 1326.3 and Preproenkephalin m/z 1954.7). B) Peptides left in
aqueous solution after extraction using reverse micelles made by polymer P5. C) Peptides extracted by P5.
* pl numbers are calculated by EXPASy
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Figure 2.5 (A) Chemical structure of polymer P6. (B) DLS size distribution curve and TEM image (insert)
of P6 micelle in aqueous solution. (scale bar =100 nm). (C) Fluorescence emission spectra of Nile Red
(NR) at different intervals in the presence of H,O; of an agueous solution of P6. (D) NR release profile at
different time intervals in the presence of different amount of H,O; in P6.

Finally, a charge neutral amphiphilic homopolymer P6 was prepared using tetra-ethylene
glycol monothiol (TEG-SH) as a second thiol agent (Figure 2.5A). The amphiphilic polymer P6
bears TEG as the hydrophilic moiety and octyl chain as hydrophobic moiety in each repeating unit.
This polymer, too, forms micelle-like aggregates in aqueous solution. These aggregates can
encapsulate water-insoluble guest molecules, such as small molecule drugs, in their hydrophobic
pockets. We were interested in utilizing this feature to test whether the ROS-sensitive nature of
the dithioacetal moiety can be utilized to cause molecular release from these aggregates.
Accordingly, Nile red (NR) was utilized as the model guest molecule due to its hydrophobic and
fluorescent nature. Also, NR is more fluorescent when present inside the hydrophobic core of the
micellar aggregate, whereas very little fluorescence would be observed if NR is in a more polar
environment, such as in water*3. This property could be used for monitoring NR release in response
to ROS stimulus. First of all, the morphological characterization of P6 micelle showed that they
form spherical aggregates with size ~130 nm (Figure 2.5B). The assembly was found to be stable
in solution for over a month. When 10 pL of H202 was added as the ROS trigger to a solution of
250 pM concentration of P6 in water, the fluorescence of the encapsulated NR was found to
decrease with time (Figure 2.5C). The control sample, on the other hand, showed very little change
in fluorescence properties if any over the same timeframe (Figure 2.5D). When the amount of
H>02 was increased to 30 pL, the kinetics of NR release was only moderately higher. Overall, the
highest molecular release obtained was ~40%. Moreover, the size of the aggregate was found to
slightly increase with time upon exposure to H20». These observations suggest that the degradation

of the dithioacetal bond itself by H.O> occurs but is very slow. This slow degradation results in
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incomplete cleavage of the amphiphilic moieties from the aggregates, which causes the aggregates
to swell. The fact that there is molecular release shows that the host-guest capacity of these swollen

assemblies is much worse than the parent assembly.

2.4 Summary

In summary, a novel method for the convenient preparation of bifunctional polymers using
sequential thiol-yne nucleophilic addition reactions is used in a post-polymerization modification
process. We have developed a procedure for introducing an activated terminal alkyne as the
polymer side chain functionality. This moiety can then be sequentially reacted with two different
thiols under mild reaction conditions. Since the base strength requirement for the first step and the
second step are considerably different and since the first addition is quantitative under the
optimized conditions, this sequential addition paved the way for introducing two different side
chain functional groups in every repeat unit of the polymer. The utility of this methodology has
been demonstrated by generating amphiphilic homopolymers, where hydrophilic and hydrophobic
functional groups have been introduced as the two different side chains. In addition to the
functional utility of these amphiphilic homopolymers, we have also provided a preliminary
demonstration of the possible ROS-induced degradation of the polymeric aggregates, as the
synthetic methodology naturally lends itself to the introduction of dithioacetal moieties in each of
the repeat units in the polymer. Overall, the syntheses of highly functional polymeric materials
using the environmentally-friendly nucleophilic thiol-yne click approach could pave the way for

expanding the functional polymer toolbox.

26



2.5 Experimental details

2.5.1 Materials and methods

Unless mentioned, all chemicals were used as received from Sigma-Aldrich. *H-NMR
spectra were recorded on a 400 MHz Bruker NMR spectrometer. Molecular weight of the polymers
was measured by gel permeation chromatography (GPC, Waters) using a PMMA standard with a
refractive index detector. THF was used as eluent with a flow rate of 1 mL/min. Dynamic light
scattering (DLS) measurements were performed using a Malvern Nano zetasizer. UV-visible
absorption spectra were recorded on a Varian (model EL 01125047) spectrophotometer. The
fluorescence spectra were obtained from a JASCO FP-6500 Spectro fluorometer. TEM images
were recorded on a JEOL-2000FX machine operating at an accelerating voltage of 100 kV.
Synthesis of monomer 1:

i o} Tolene, reflux j\\/ o Z
+ —_—
P ~OH HOJ\\\ H,S0, (cat.) g \I/
(0]

1

Propiolic acid (1.0 g, 7.04 mmol) and 2-Hydroxyethyl methacrylate (1.008 g, 7.74 mmol)
were mixed in 40 mL toluene. After the temperature was increased to 80 °C, 2 drops of sulfuric
acid were added to the above solution. The system was heated to reflux for 36 h with a Dean-Stark
apparatus for collecting the condensed water. After the reaction was cooled to room temperature,
NaHCOz3(Sat.) solution was added to quench the reaction. The crude product was extracted by
EtOAc three times. The combined organic phase was washed by brine, dried under sodium sulfate
and further condensed under vacuum. The crude was further purified by Combiflash with elute of
0~10% ethyl acetate/hexane to give the liquid product. (yield: 42%, 2.66 g). *H NMR (400 MHz,
Chloroform-d) & 6.15 (d, J = 1.3 Hz, 1H), 5.61 (d, J = 1.6 Hz, 1H), 4.47-4.44 (m, 2H), 4.39 (m,

2H), 2.93 (s, 1H), 1.95 (s, 3H).
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Synthesis of monomer 2:

j 0 DCC, DMAP j\\/ _ ™S
N T, 0
oo~ HOJ\ DCM, 0°C to rt 07 0"

TMS 2 o)

3-(Trimethylsilyl) propynoic acid (1.00 g, 7.04 mmol), 2-Hydroxyethyl methacrylate (1.01
g, 7.74 mmol) and dicyclohexylcarbodiimide (DCC, 1.45 g, 7.04 mmol) were mixed in cold
dichloromethane (50 mL). The solution was kept in an ice bath through the time of addition of
DMAP (0.43 g, 3.52 mmol) solution (in 2 mL DCM) dropwise. The temperature was brought to
r.t. when DMAP solution was finished adding. The system was kept in 40 °C for an overnight
before checking TLC. The product was purified by precipitating in cold Et,O to get rid of DHU
by-product. The crude product was further purified using Combiflash: 0~10% ethyl acetate/hexane
to give the liquid product. (yield: 52%, 0.94 g). *H NMR (400 MHz, Chloroform-d) § 6.15 (d, J =
1.3 Hz, 1H), 5.61 (d, J = 1.6 Hz, 1H), 4.46-4.43 (m, 4H), 1.96 (s, 3H), 0.25 (s, 9H). 3C NMR (400
MHz, Chloroform-d) 8 166.84, 152.54, 135.73, 126.12, 94.10, 63.29, 61.99, 18.16, -0.98. ESI-MS
m/z calculated for C12H1804Si+Na+: 277.09; found: 277.13.

i ™s  CTR AIBN T
S n =
o O/\/O\[/ Distilled THF, 68 \I/ MeCN/THF rt O/\/O\n//
P1 o

2 ol 18hrs., 85% dark, 12hrs, 99%

Synthesis of polymer P1°:

The polymer was prepared through RAFT polymerization*. Typical procedure for the
polymer P1° with DP=70: in a 10 mL Schlenk flask monomer 2 (770 mg, 2.75 mmol) was added
to AIBN (1.29 mg, 0.01 mmol), 4-cyano-4-((thiobenzoyl)-sulfanyl) pentanoic acid (10.98 mg, 0.04
mmol) and distilled THF (1.4 mL). The solution mixture was then de-gassed using four freeze-
pump-thaw cycles. The flask was sealed and immersed in a preheated oil bath at 68 °C for 18 h.

The polymer was precipitated in hexane. The precipitant was dissolved in minimum amount of
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DCM and precipitated in hexane. The same procedure was repeated for two more times to afford
the pure polymer. The other polymer prepared from monomer 1 was prepared by the same
procedure. *H NMR (500 MHz, Chloroform-d) & 4.39 (s, 2H), 4.23 (s, 2H), 2.16-1.79 (m, 2H),
1.19-0.84 (m, 3H), 0.29 (s, 8H). **C NMR (400 MHz, Chloroform-d) & 177.88, 176.30, 155.00,
153.39, 100.82, 97.27, 96.06, 94.92, 63.97, 62.89, 54.58, 45.55, 32.56, 31.77, 30.08, 19.93, 17.58,
0.84, 0.00, -0.09.

Synthesis of polymer P1:

Polymer P1 was prepared through deprotection of P1° using modified procedure®.
Typically, to a degassed solution (acetonitrile/THF) of P1* (100 mg, 0.39 mmol), AgF (60 mg,
0.47 mmol) was added in the dark, covering the reaction flask with aluminum foil. The reaction
mixture was stirred at room temperature. 1 M HCI (3 equiv.) was added. The mixture was stirred
for 10 min. Polymer supernatant was separated by centrifuging out AgCI precipitant. Polymer
residue was collected by extensive rinsing precipitant with DCM (twice) and centrifuge. The
polymer was purified by evaporating solvent and precipitating into hexane to get rid of small
molecules. The polymer was dried in high vacuum for overnight and gave a yield of 71 mg (99%).
IH NMR (400 MHz, Chloroform-d) & 4.46-4.38 (m, 2H), 4.20 (s, 2H), 3.20 (d, J = 38.9 Hz, 1H),
2.15-1.65 (m, 2H), 1.50-0.71 (m, 3H). ¥C NMR (400 MHz, Chloroform-d) § 207.81, 178.10,
153.14, 77.52, 75.11, 64.03, 63.07, 55.28, 45.60, 31.77, 19.64, 17.77, 0.83.

Synthesis of polymer P2:

Polymer P2 was prepared through nucleophilic reaction. Typically, P1 (63 mg, 0.35 mmol)
was dissolved in degassed CHCIs (2 mL) in a 7 mL vial. Triethylamine (4.82 uL, 0.03 mmol) and
1-thiol octyl (60 uL, 0.35 mmol) was dissolved in a separate vial in CHCIs and added into the

above polymer solution. The reaction was carried out at room temperature for 4 hours. Resulting
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polymer was purified by precipitation in methanol (90 mg, 80%). 'H NMR (400 MHz,
Chloroform-d) & 7.74 (d, J = 14.6 Hz, 1H), 5.79 — 5.69 (m, 1H), 4.34 — 4.29 (m, 4H), 4.20 — 4.14
(m, 2H), 2.79 (d, J = 8.2 Hz, 2H), 1.71 — 1.62 (m, 2H), 1.40 (t, J = 7.4 Hz, 2H), 1.28 (p, J = 6.0,
4.8 Hz, 8H), 1.04 (s, 3H), 0.88 (t, J = 6.6 Hz, 3H). 3C NMR (500 MHz, Chloroform-d) & 177.11,
176.04, 166.21, 164.88, 148.42, 148.25, 112.83, 62.98, 61.31, 54.55, 50.86, 45.02, 44.67, 31.80,
30.36, 29.71, 29.16, 28.84, 28.65, 22.65, 14.12.

Synthesis of polymer P3-6:

Polymer P3-6 were prepared through a sequential nucleophilic reaction using a stronger
base. Typically, P2 (1.0 equiv.) was dissolved in degassed CHCI3 (30 mg/mL) ina 1 mL vial. TBD
(0.1 equiv.) and 2" thiol reagent (Benzyl mercaptan for P3, Cysteamine for P4, tert-butyl 3-
sulfanylpropanoate for P5°, TEG-SH for P6) (1.1 equiv.) was dissolved in a separate vial in CHCl3
and added into the above polymer solution under argon. The reaction was stirred at room
temperature for 4~6 hrs. For polymer P3 and P4, they were designed for monitoring the reaction
in NMR tubes, and no further purification steps were applied. For polymer P5’ and P6, they were
purified by precipitation either in methanol (P5”) or hexane (P6).

P5’: Yield (90%). *H NMR (400 MHz, Chloroform-d) § 4.30-4.16 (m, 5H), 4.20-4.14 (m,
1H), 2.90-2.82 (m, 2H), 2.66-2.53 (m, 3H), 1.82 (m, 2H), 1.67-1.56 (m, 2H), 1.44 (s, 8H), 1.36-
1.26 (m, 10H), 1.02 (m, 2H), 0.88-0.85 (m, 3H). 3C NMR (400 MHz, Chloroform-d) § 176.79,
170.92, 169.72, 80.74, 61.89, 44.62, 41.39, 35.67, 31.82, 30.52, 29.21, 29.07, 25.82, 22.65, 14.14.

P6: Yield (77%). H NMR (400 MHz, Chloroform-d) § 4.34-4.29 (m, 4H), 4.20-4.14 (m,
1H), 3.66-3.64 (m, 11H), 3.56-3.55 (m, 2H), 3.38 (s, 3H), 2.90-2.82 (m, 3H), 2.71-2.60 (m, 2H),

1.83 (m, 2H), 1.69-1.57 (m, 4H), 1.37-1.28 (m, 10H), 1.04 (m, 2H), 0.88 (m, 3H).
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P5 was prepared by deprotecting the tert-butyl group using TFA. Typically, P5’ (41 mg,
0.08 mmol) was dissolved in degassed CHCIs (1.2 mL) in a 7 mL vial. TFA solution (0.8 mL in
1.2 mL of DCM) was added into the above solution. Argon was purged for 20min. Then the
reaction was carried out at room temperature for 4 hrs. The resulting polymer P5 was purified by
evaporating the TFA and byproduct to give a yield of 36.4 mg (92%). *H NMR (400 MHz,
Chloroform-d) & 4.33-4.19 (m, 5H), 2.91-2.59 (m, 5H), 1.88 (m, 2H), 1.68-1.58 (m, 2H), 1.37-
1.27 (m, 10H), 1.05 (m, 2H), 0.88-0.86 (m, 3H). 3C NMR (400 MHz, Chloroform-d) § 176.74,

62.66, 31.79, 29.17, 22.63, 14.10.

2.5.2 GPC profiles for first additions
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Figure 2.6 GPC profiles of polymer P2 with longer reaction time and more thiol reagents under TEA base
catalyst.
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2.5.3 NMR spectrum and GPC profiles for sequential additions
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Figure 2.7 *H NMR spectrum (A) and GPC profiles (B) of four steps of polymer P1°, P1, P2, and P6.

2.5.4 Micelle preparation

Polymer (10 mg) was dissolved in minimum amount of acetone. Distilled water (2 mL)
was added to the above solution. The acetone was then dialysis out against water for two days.
The exact concentration of micelle solution was determined by lyophilizing certain amount of
solution and measure the weight of solid residue. Typically, the final concentration of P6 micelle

solution is 3.5 mg/mL.

2.5.5 Reverse micelle preparation

Reverse micelle was prepared following the previous literature’®. Typically, 1mg of
polymer P5 was dissolved in toluene to make 1 mg/mL concentration solution. Different amount
of NaHCO3 (0.1M pH=8.2) solution was added into the toluene solution to deprotonate COOH
and make them more hydrophilic. Addition of trace amount of NaHCOs3 solution helps to make
water pool inside reserve micelle. Sonication has applied at least 3 hrs until a homogeneous

solution was obtained.
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2.5.6 Peptide extraction experiment

One micromolar of each peptide was dissolved in MOPS buffer of pH 7. Two hundred
microliters of the reverse micelle solution made from polymer P5 was added to 1 mL of the peptide
solution. Extraction was done under vigorous vortex for two hours. Centrifugation at 14 000 rcf
for 20 min was followed to separate the two phases. The aqueous phase was removed, and the
organic phase was dried by blowing N2 gas. Ten microliters of aqueous solution was taken and
mixed with 10 pL of a DHB matrix solution (25 mg/mL in 70% (v/v) acetonitrile containing 1%
(v/v) TFA). The dried organic residue was re-dissolved in 20 puL of THF and mixed with 30 pL of
the matrix solution. One microliter of this solution was spotted on the matrix-assisted laser
desorption/ionization (MALDI) target for analysis.

MALDI-MS analyses were performed on a Bruker Autoflex Il time-of-flight mass
spectrometer. All mass spectra were obtained in positive mode and represent an average of 300

shots acquired at 40% laser power with an accelerating voltage of 19kV.

2.5.7 DLS of P5 aggregates
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Figure 2.8 Size distribution of micelle (A) and reverse micelle (B) made from polymer P5. (C) Size
distribution of reverse micelle with different equivalents of H-O content addition respect to COOH group.
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2.5.8 DLS measurements of P6 in response to H202

A
0o ROS o¢®o —1hr

—6 hrs
H 164 ——14 hrs 40min
o._0 (oo} w23 W15 50 mMin

P6 SN H

Volume %

10 100 1000 10000
Size (nm)

Figure 2.9 (A) Schematic representative of polymer P6 degrades in response to ROS. (B) Size distribution
changes of micelle made from polymer P6 in response to H;O5.

2.5.9 NMR spectra
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Figure 2.10 *H NMR spectrum of monomer 1. Solvent: Chloroform-d.
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Figure 2.12. **C NMR spectrum of monomer 2. Solvent: Chloroform-d
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Figure 2.13. *H NMR spectrum of polymer P1°. Solvent: Chloroform-d.
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Figure 2.14. *3C NMR spectrum of polymer P1°. Solvent: Chloroform-d.
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Figure 2.16. **C NMR spectrum of polymer P1. Solvent: Chloroform-d.
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Figure 2.17. *H NMR spectrum of polymer P2. Solvent: Chloroform-d.
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Figure 2.19. *H NMR spectrum of polymer P5’. Solvent: Chloroform-d.
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Figure 2.20. **C NMR spectrum of polymer P5°. Solvent: Chloroform-d.
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CHAPTER

3. NUCLEOPHILIC “CLICK” REACTION FOR POLYMERIZATION AND
SEQUENTIAL BACKBONE MODIFICATION
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Scheme 3.1 Cartoon representation of addition polymerization of the bifunctional monomer, 2™ thiol
addition, and degradation upon stimuli.

3.1 Introduction

Polymers have been widely used in materials science. The current polymerization

methods are well established, such as radical polymerization (ATRP!, RAFT?, and NMP?), ionic

polymerization (anionic* and cationic® polymerization), condensation polymerization®, as well as

addition polymerization. They typically involve harsh reaction conditions, such as oxygen-free

atmosphere, high temperature and the use of transition metal catalysts. All these factors add

up to the total manufacturing cost in an industrial set up while posing significant safety issues.

Therefore, developing simple synthetic protocols to prepare polymeric materials is of marked

interest.
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Polymers with a stereo backbone have gained lots of interest due to their optical and
mechanical properties’. They have huge implications in plastics, fibers, rubbers and adhesive
industries. For example, the cis isomer of polybutadiene is elastic while the trans isomer has highly
ordered structure and are microcrystalline, which is an important property used in plastics.
Therefore, a sufficient cis stereoregularity is essential for synthetic rubber to maintain its elasticity.
Tunability of stereoisomers in polymers, however, has remained a challenge. Few literature reports
suggest that it can be controlled by using stereoselective catalysts and appropriate reaction
conditions®. For instance, Ziegler-Natta catalyst such as dialkyl-aluminum chloride-cobalt (11)
halide combinations was utilized to prepare high cis-1,4-PB with approximately 92% cis-1,4
content®. Yet, techniques to achieve stereoregularity on diverse polymers remains elusive.

Thiol group is a versatile functional group from a synthetic chemistry perspective as it
takes part in a variety of reactions. Thiol-ene chemistry is a widely utilized reaction that proceeds
in a click manner under the assistance of UV light and a photo initiator'®. Additionally, thiol
moieties participate in Michael addition, leading to the formation of a sulfur-carbon bond.
Recently, it has been shown that thiol groups can readily react with electron deficient triple bonds
under mild conditions, yielding stereo-selective products**2. These considerations suggest that a
bifunctional monomer with a thiol group at one terminus and an electron-deficient alkyne moiety
at the other could result in polymers with stereoregularity.

Furthermore, this polymer possesses thiol vinyl groups on its backbone, which is reported
to react with another thiol reagent to form dithiol acetal structure only in the presence of a much
stronger base. This latter requirement for preparing linear polymer architecture. Its capability of
post-polymerization modification allows us to incorporate new backbone characteristics and

multifunctionalities while also controlling the functional groups on the side chain. By doing this,
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the amphiphilic side chain could be easily incorporated onto polymer backbone to generate
amphiphilic polymers.

Moreover, the addition polymer with dithiol acetal structures on its backbone is considered
to be sensitive to ROS stimulus. The mechanism of ROS responsiveness is proposed to break the
C-S bond via hydroxyl radical nucleophilic attacking. Since the dithiol acetal functional groups
are located on the polymer backbone, we envision that the degradation of the final polymer upon
ROS stimulus would be accelerated.

In this work, we have developed a “click” addition polymerization method by using a bi-
functional monomer bearing both electron-deficient alkyne and thiol groups. The addition
polymerization reaction happens between alkyne and thiol groups to form linear polymers with
thiol vinyl group in its backbone (Scheme 3.2). Furthermore, a post-functionalization of the linear
polymer can be carried out with another thiol reagent via Michael addition with a stronger base,
providing the opportunity to prepare more complicated polymers. Finally, the multifunctional
polymer is ROS responsive due to the dithiol acetal structure. This property could allow us to

design new material for drug delivery field.

[e) [ Thiol-yne nucleophilic ] e} [e)
R “click” reaction
7 \O)k (R\O)I\ );]R*O)k
Addition polymerization o
Bi-functional monomer Precursor polymer

Scheme 3.2 Schematic representation of addition polymerization of the bi-functional monomer.

3.2 Results and discussions

O 1) DCC/DMAP, DCM, 0-rt, 12hrs, 64% o
“son* A »- RO
HO 2) TEA/TIPS, DCM, rt, 1hr, 25% 0

1,2 3 4,5
1,4 R=-CHy-CHp-
2,5 R =-CHy-CHy-CHy-CHy-CHp-CHyp-

Scheme 3.3 Synthetic scheme of bi-functional monomer 4 and 5.

Trityl-s”

In order to test the idea of polymerization using a bifunctional monomer, we synthesized

two monomers with two-carbon (4) as well as six-carbon (5) linkers in between thiol and alkyne
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end groups (Scheme 3.3). These bi-functional monomers were synthesized through an
esterification reaction between 1 or 2 and 3 (propiolic acid) to install electron deficient alkyne end
group. Subsequent deprotection of the trityl group using TFA/TIPS yielded the monomers 4 or 5

with the free thiol terminus.
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Figure 3.1 'H NMR spectrum of monomer 4, 2-mercaptoethyl propiolate and precursor polymer PC2
prepared by monomer 4. *Ethyl acetate solvent peak.

Monomer 4 was subjected to polymerization using TEA as a catalyst. To our surprise, a
polymer with an Mw as high as 15 000 g/mol and an acceptable PDI of 1.73 was obtained without
any pre-treatment. More importantly, the *H NMR spectrum revealed that majority of the
stereoisomers in the polymer backbone were in trans state (Figure 3.1). It is to be noted that the
polymerization here was carried out at room temperature in the open air without any transition
metal catalyst. To further optimize the conditions, we studied the parameters that could affect the
Mw and PDI, including the nature and the amount of the base solvent, monomer concentration,

reaction time and temperature.
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Figure 3.2 Reaction rate with different organic bases. TEA: triethylamine; DBU: 1, 8-Diazabicyclo (5.4.0)
undec-7-ene; DABCO: 1,4-diazabicyclo [2.2.2] octane; DIPEA: N, N-Diisopropylethylamine; DPA:
Diphenylamine.

Five organic bases were chosen with different basicity and nucleophilicity. Polymerization
process was monitored by NMR spectroscopy. Monomer conversion was calculated by comparing
the integration of alkyne peak before and after adding base over time. Among the bases used, TEA
(pKa=10.5) and DBU (pKa=14.2) performed better as catalysts (Figure 3.2). In their presence,
polymerization was completed (~95%) within an hour. The catalytic efficiency decreased
significantly while using DABCO (pKs=8.8) and DIPEA (pKa=11.4) due to the steric hindrance
of the base. Although surprised by the fact that DPA was considered as a reasonable base for this
type of reaction in the literature, we also tried DPA in our case, nonetheless. Not surprisingly,
DPA, with a low pKa of 0.79, didn’t result in polymerization in our hands. Therefore, for the

following studies, we chose TEA as the catalyst.
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Figure 3.3 Precursor polymer stereo-selectivity upon different solvents. Number ratio represents the isomer
ratio between trans and cis.
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Next, we focused our attention on the stereoselectivity effect provided by different
solvents®®. The polymerization reaction was conducted in an NMR tube with identical monomer
concentration and TEA dosage. The reaction was carried out for 30 min (Figure 3.3A) as well as
24 hours (Figure 3.3B) to ensure complete monomer conversion and temperature was maintained
at 25 °C throughout. The ratio between trans (Jun = 15~20 Hz) and cis (Jun = 10~12 Hz) isomers
was calculated by comparing the integration of alkene peaks in *H NMR spectrum. In the reaction
at 30 min, total disappearance of alkyne peak from the NMR spectrum indicated the completion
of the reaction. It is interesting to see that the ratio between trans/cis has changed from 30 min to
24 hrs. This data suggests that the isomer ratio changes with time, which may due to the
reversibility naturean of the reaction. And it is the reversibility that causes the shift from an initial
kinetic control ratio toward a thermodynamically controlled ratio. Interestingly, the
thermodynamic ratio is different in different solvents. For example, in DMSO the thermodynamic
ratio favors cis; while as in benzene, the thermodynamic ratio favors more trans than what we
started with. By varying the deuterium solvents from DMSO to benzene, the trans/cis ratio changed
from 37:63 to 100:0. One reason behind this phenomenon is that the polarity of the solvents has
been changed from 7.2 to 2.7 (with respect to water as 9.0 and pentane as 0.0), and this polarity

change may cause the addition mechanism in favor of cis over trans'?. This tunability in
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stereoselectivity may provide us access to control the stereo structures in polymers by merely

changing the reaction solvents.
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Figure 3.4 Effect of monomer concentration, base amount, reaction temperature and time on polymer
weight (bar) and PDI (dot).

Next, we investigated the effect of monomer concentrations, catalyst loading, reaction
temperature and time on polymerization using 5 as a model monomer. Firstly, we carried out the
polymerization using 12 mg/mL, 32 mg/mL, 50 mg/mL and 100 mg/mL of monomer in CDCla.
The polymer Mw ranged from 3 500 g/mol up to 20 000 g/mol. The sample with high monomer
concentration (100 mg/mL) provided the higher Mw (~20 000 g/mol) polymer. Secondly, varying
amounts of TEA was used to check its effect on polymerization. Specifically, we used 0.01 equiv.,
0.1 equiv., 0.5 equiv. and 1.0 equiv. of TEA relative to the monomer (100 mg/mL) (CDCls, 45°C,
24 hrs.). As shown in figure 3.4, 1.0 equiv. of TEA gave the highest Mw polymer, while, the PDI
of the polymers remained similar in all cases. Thirdly, the temperature effect on polymerization
was studied by performing reactions under different temperatures. The reaction was carried out
with 100 mg/mL monomer concentration and 0.1 equiv. of TEA dosage. As shown in figure 3.4,

Mw decreases with an increase in the reaction temperature. This interesting phenomenon could be
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attributed to two possible reasons: 1) the nuclei formation theory suggests that at higher
temperatures, more nuclei formation is favored resulting in short chain length; 2) the thiol vinyl
bond is labile and is dynamically exchanging with another thiol group. Under high temperatures,
thiol groups in the polymer chain tend to have more thiol exchange compared to the case at lower
temperatures. This more frequent exchange could result in shorter chain length. Finally, the effect
of reaction time on polymerization was studied by quenching reactions at a different time (3 hrs.,
12 hrs., and 48 hrs.). As illustrated in figure 3.4, reaction time showed little effect on polymer
molecular weight after 3hrs, achieving a Mw of 22 500g/mol. A slightly higher molecular weight
(~24 000 g/mol) was obtained when reaction went on to 48 hrs. It is important to note that the PDI

increases when the molecular weight increases.
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Figure 3.5 End group functionalization on precursor polymer PC6.

Since the polymerization was conducted by using a bi-functional monomer, the resulting
polymer should have both thiol and alkyne functional groups at the end. To test the availability of
alkyne end group, a precursor polymer PC6 was prepared using monomer 5. The end group

functionalization of PC6 was realized by reacting the polymer terminal alkyne with tert-butyl 2-
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azidoacetate through Huisgen cycloaddition click reaction. The resonance around 8.0 ppm (peak
a) in the 'H NMR spectrum corresponds to the (=CH-) from the triazole ring indicates the
successful incorporation of the triazole unit. Furthermore, resonances at 5.17 ppm and 1.49 ppm

also confirm the addition of tert-butyl 2-azidoacetate to the polymer.
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Figure 3.6 Scheme of backbone functionalization of polymer PC6 with 1-thiol octyl.

The precursor polymer PC6 with thiol vinyl group in its backbone could undergo post
modification with a second thiol agent under more basic conditions'?. The reaction was carried out
under room temperature with TBD (0.1 equiv.) as the catalyst. The complete disappearance of
akene proton signals at 5.88 and 7.71 ppm after modification in *H NMR spectrum (I) and the
appearance of acetal proton signals at 4.26 and TEG proton signals at 3.65 ppm after modification
in 1H NMR spectrum (1) indicated the success of addition (Figure 3.6). It is a Michael addition
reaction and could form hetero dithiol acetal on the polymer backbone. It has been reported that
polymers with dithiol ketal structure could be degraded when subjected to ROS™1%, We thereby

assume that the dithiol acetal adduct obtained here will also possess the ROS responsiveness since
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it shares similarity with dithiol ketal structure. This responsiveness could be used for potential

cancer therapeutics delivery.
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Figure 3.7 (A) Scheme of backbone functionalization of polymer PC2 with 1-thiol octyl and cysteamine.
(B) Schematic representative of self-assembly behavior of backbone functionalized amphiphilic polymer
PC2-2; (C) TEM image and (D) DLS measurements of micelle aggregates in aqueous solution; (E) Nile
Red release upon adding H2O; (F) Control of NR without H2O5.

To test whether the dithiol acetal adduct obtained also possess ROS responsiveness, we

prepared a random copolymer by adding 1-octane thiol (0.5 equiv.) and cysteamine (0.5 equiv.) in

one pot onto the polymer backbone with TBD (0.1 equiv. respect to thiol vinyl unit). The

hydrophilic amine group and hydrophobic octyl thiol group could endow amphiphilicity onto

polymer PC2, which could help the resultant polymer PC2-2 self-assemble into stable aggregates

in aqueous solution. TEM image and DLS measurements suggested that the aggregates are

spherical with a size around 100 nm (Figure 3.7C and 3.7D). The cargo encapsulation ability of
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the polymeric micelle solution was tested with a hydrophobic dye molecule. Nile Red (NR) was
chosen as a model guest in this study. It is reported that the fluorescence intensity of NR would
stay if the molecules are in the non-polar microenvironment. However, fluorescence intensity
would drop drastically when they are exposed into polar solvent!®. This property could help us to
test the ROS responsiveness of polymer micelle aggregates. The hypothesis is that, when the
polymer backbone is degraded by ROS trigger, the micelle aggregates are no longer stable and
therefore the capacity to hold the encapsulated molecule decreases. NR as the guest molecule will
be released from the non-polar micelle interior to the aqueous polar environment. The degradation
process could be monitored by looking at its fluorescence intensity change before and after
applying the ROS trigger to the micelle solution. Indeed, the fluorescence spectrum in Figure 3.7E
indeed showed a decrease of the fluoresces intensity after subjected to H2O, compared to a
negligible decrease in the control experiment (no H.O added, Figure 3.7F). Another control
experiment also has been done, in which the NR was encapsulated in a non-ROS responsive
polymeric micelle aggregates. Upon treatment with H20», a negligible amount of NR fluorescence
intensity decrease was observed (Figure 3.15). All these results suggest that the decreasing of
fluorescence intensity was attributed to the destabilized micelle stage and release of NR from
interior to outside of micelle aggregates upon H20- stimuli.

Interestingly, when we were trying to monitor the Mw of the polymer from GPC after the
post-modification reaction with a second thiol and TBD, instead of an increase, a decrease of
polymer Mw was observed (from 34 000 g/mol to 7 000 g/mol). To understand that, we studied
the second addition reaction with small molecule analogies (Figure 3.16-3.19) and analyze the
product. Finally, we found out that there is thiol exchange happening during the 2" thiol adding

process, which is also mentioned in another researcher’s work!’. However, it is not considered as
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an issue in our case since the exchange is thermodynamic control (Figure 3.20-3.21) and the

percentage is significantly low.

3.3 Summary

In conclusion, we have developed a novel polymerization method with thiol and electron-
deficient alkyne reactions. The polymerization method has been optimized, and all parameters
have been investigated. The resulting polymer backbone is subject to further post modification to
yield a hetero thiol acetal structure in the polymer, which is responsive and cleaved under ROS.
This polymerization method is mild, fast and efficient. The unique property of post-modification
and then cleavage can be used in potential applications, such as protein modification via thiol

group and delivery into cell and release from polymer by ROS differences.

3.4 Materials and experiments

3.4.1 Materials

All the reagents were purchased from commercial sources and used as such without further
purification. *H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using the
residual proton resonance of the solvent as the internal standard. Chemical shifts (8) are reported
in parts per million (ppm) and Hertz, respectively. The following abbreviations are used for the
peak multiplicities: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; dd, doublet of doublet;
bs, broad singlet; bd, broad doublet; bm, broad multiplet. 2*C-NMR spectra were recorded on a
400MHz Bruker NMR spectrometer using carbon signal of the deuterated solvent as the internal
standard. Dynamic Light Scattering (DLS) measurements were carried out on a Malvern
Nanozetasizer. TEM images were recorded on a JEOL-2000FX machine operating at an
accelerating voltage of 100 kV. Molecular weights of the polymers were estimated by gel

permeation chromatography (GPC) using PMMA standard with a refractive index detector.

57



Fluorescence measurements were performed on a fluorescence plate reader (Molecular Devices,

SpectraMax M5).

3.4.2 Synthesis of molecules

Trityl-Cl Propiolic acid o é
OH —> _ oH —————> .
HSNm THF, 1t Trlty|—SNm DCC, DMAP Trityl—S m \n/
90% a DCM, rt, 60% b (0]

o)

TFA, TIPS o. #Z# TEA =

5 HSNm \[]/ HSMOMSWE\H//
DCM, rt c O CHClg, 1t m n
15-35% 85% d o]
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General procedure for the synthesis of molecule 1 & 4:

Molecule 1 & 4 were prepared trough same procedurel. Typically, trityl chloride (2.78 g,
10 mmol) in DCM (50 mL) was added dropwise to a stirred solution of 6-mercapto-hexan-1-ol (2
mL, 15 mmol) in DCM (20 mL) over 30 min at room temperature. The mixture was stirred for 30
min and washed with an aqueous solution of NaOH (0.1 M). The organic layer was dried over
anhydrous Na2S0O4, gravity filtered, and concentrated in vacuo. Flash chromatography was used
to purify the compound with a step gradient from 9:1 (v:v) to 3:1 (v:v) hexane:EtOAC.
Synthesis of molecule 2 & 5:

Molecule 2 & 5 were prepared through the same procedure. Typically, compound 1 (7g,
21.8 mmol), DCC (4.5g, 21.8 mmol), and DMAP (0.26g, 2.18 mmol) were added into a 500 mL
RB. The mixture was dissolved with DCM and stirred over Argon for 10min. Propiolic acid (3.25g,
mmol) was added the above mixture drop wised at ice bath. The temperature was brought to room
temperature after finishing adding propiolic acid. The whole system was allowed to react 6 hrs.

under argon and followed by workup with brine. The organic layer was collected and recrystallized
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in ether to get rid of DCC and its derivative byproduct. Flash chromatography with a step gradient
EA in Hexane (0~10%) was used for purifying compound.
Synthesis of molecule 3 & 6:

Molecule 3 & 6 were prepared through the same procedure. Typically, compound 2 (1.0
equiv.) was dissolved in 100mL RB with DCM followed by addition of TFA (10 equiv.) and TIPS
(1.5 equiv.). The solution turned to yellow when adding TFA and turned back to colorless when
finish adding TIPS. The reaction was carried out under room temperature for 1hr under argon. The
crude product was purified by running combiflash (0~10% EA in Hexane).

Synthesis of polymer PC2 & PC6:

Molecule PC2 & PC6 were prepared trough similar procedure. Typically, compound 6
(1.0 equiv.) was dissolved in 7 mL vial CHCIz followed by addition of TEA (0.1 equiv.). The
reaction was carried out under room temperature for 3 h. For parameter screen studies, the
monomer concentration, base, solvent, temperature, and time were changed accordingly. The
crude polymer was purified by precipitation in hexane and dried in high vacuum.

Post modification of polymer PC6-1 & PC2-2:

Polymer PC6-1 and PC2-2 were prepared trough similar procedures. Typically, compound
PC6 (1.0 equiv.) was dissolved in 7 mL vial CHCIs followed by addition of TBD (0.1 equiv.) and
thiol agents (1.0 equiv.). The reaction was carried out under room temperature for 4 h. The crude
polymer was purified by either precipitation in hexane and dried in high vacuum or dialysis against
water to remove small molecules.

Compound 4:

9 DCC, DMAP Q
Q S~on + HOJ\\\ Q S\/\OJJ\\\

DCM, rt
60%

1 4
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Figure 3.8 *H NMR spectrum of compound 4. Solvent chloroform-d.
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Figure 3.9 'H NMR spectrum of compound 6. Solvent chloroform-d.

Compound 2:
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Compound 2 was obtained as a white solid with a yield of 3.2 g (85%). 'H NMR: § 7.45
—7.15 (m, 15H), 3.58 (t, J = 6.6, 2H), 2.15 (t, J = 7.3, 2H), 1.48 (m, 2H), 1.40 (m, 2H), 1.26 (m,
5H); ESI-LRMS calculated. for (C2sH2s0S-H)* 377.2, found 377.2.
Compound 5:
C .
Q S~~~ OH TODMAP’ swo\r/
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64%
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Compound 5 was obtained as a white solid with a yield of 64%. *H NMR (400 MHz,
Chloroform-d) & 7.54 — 7.46 (m, 6H), 7.34 (dd, J = 8.5, 7.1 Hz, 7H), 7.30 — 7.22 (m, 3H), 4.23 —

4.15 (m, 2H), 2.89 (d, J = 1.0 Hz, 1H), 2.23 (t, J = 7.2 Hz, 2H), 1.71 — 1.61 (m, 2H), 1.46 (m, 2H),

1.33 (M, 4H).
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Figure 3.10 *H NMR spectrum of compound 5. Solvent chloroform-d.

Compound 7:
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Figure 3.11 'H NMR spectrum of compound 7. Solvent chloroform-d
Polymer PC2:
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5.79 (m, 1H), 4.35 (m, 2H), 3.17 - 2.91 (m, 2H)
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Figure 3.12 'H NMR spectrum of polymer PC2. Solvent chloroform-d.
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Figure 3.13 MALDI-TOF spectrum of polymer PC2.

Polymer PC6:
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HS e~ CHOlp it TSNS N g NSO Z
) OJ\\\ 850/30 e n\g/

'H NMR (500 MHz, Chloroform-d) § 7.67 (dd, J = 15.1, 1.9 Hz, 0.8H), 7.07 (d, J = 10.2
Hz, 0.1H), 5.84 (d, J = 10.1 Hz, 0.1H), 5.73 (d, J = 15.1 Hz, 0.8H), 4.11 (t, J = 6.7 Hz, 2H), 2.79

(t, J=7.4 Hz, 2H), 2.67 (t, J = 7.4 Hz, OH), 1.67 (m, J = 19.2, 11.7, 7.0 Hz, 4H), 1.42 (m, J = 23.6,
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8.4 Hz, 5H). 3C NMR (400 MHz, CDCl3) § 165.42, 146.90, 113.64, 64.11, 63.99, 31.88, 30.20,

29.71, 29.07, 28.60, 28.50, 28.46, 28.43, 28.15, 28.11, 25.54.
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Figure 3.14 *H NMR spectrum of polymer PC6. Solvent chloroform-d.
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Figure 3.15.3°C NMR spectrum of polymer PC6. Solvent chloroform-d.

Synthesis of Polymer PC6-1:
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R is TEG thiol in this case. *H NMR (400 MHz, CDCls) § 4.28, 4.26, 4.11, 3.67, 3.65, 3.64, 3.57,
3.56, 3.39, 3.33, 3.29, 2.88, 2.82, 2.67, 2.61, 2.00, 1.65, 1.41, 1.26, 0.89. *C NMR (400 MHz,
CDCI3) 6 170.06, 151.51, 71.94, 70.62, 64.90, 59.04, 47.50, 46.87, 37.69, 30.26, 28.47, 25.53,

20.80.
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Figure 3.16 'H NMR spectrum of polymer PC6-1. Solvent chloroform-d.
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Figure 3.17 3C NMR spectrum of polymer PC6-1. Solvent chloroform-d.
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3.4.3. Other experimental protocols

3.4.3.1 Micelle preparation:

Amphiphilic polymer was dissolved in minimum amount of acetone. Distilled water was
added to the above solution(10X). The acetone was then dialysis out against DI water for two days.
The exact concentration of micelle solution was determined by lipolyzing certain amount of

solution and measure the weight of solid residue.

3.4.3.2 Dynamic Light Scattering (DLS) Study:

DLS was performed on a Malvern Nano-zeta sizer instrument with a 637 nm laser source
with non-invasive backscattering technology detected at 173°. All sizes are reported as the
hydrodynamic diameter (Dn) and were repeated in triplicate. For the DLS measurements, the
concentration of the polymer solution was 0.5 mg/mL. The solution was filtered using a

hydrophilic membrane (pore size 0.450 um) before experiment was performed.

3.4.3.3 Transmission Electron Microscope (TEM) Study:
For the TEM measurements the nanogel solution was prepared in 0.5 mg/mL
concentration. One drop of the sample (10 uL) was drop casted on carbon coated Cu grid, 400

mesh size and left to dry overnight.

3.4.3.4 NR releasing with control polymer:

~
y
(-]
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Figure 3.18. The fluorescence intensity of Nile Red in control non-ROS responsive polymeric micelle over
time. (A) without H20.. (B) with H20..

3.4.3.5 Thiol Exchange thermodynamic:
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Figure 3.19. An example of CombiFlash profile of crude product a from reaction 1.
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Figure 3.20. An example of CombiFlash profile of crude product b from reaction 2.
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Figure 3.21. An example of CombiFlash profile of crude product ¢ from reaction 3.
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Figure 3.22. An example of CombiFlash profile of crude product d from reaction 4.
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Thiol exchange study with small molecules was done. Three Michael Acceptors (MA) were
prepared through addition reaction of the propiolic acid with thiol reagents (1-octanethiol for MA-
1, benzyl mercaptan for MA-2, thiophenol for MA-3) with TEA as a base. Figure 3.15 showed an
example of how the crude product looks like from reaction 2 after separation via CombiFlash. The

reaction condition for all four reactions is the same (5% TBD, r.t., 12h in CDCls).

3.4.3.6 Thiol Exchange kinetic:
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Figure 3.23. Summary of NMR spectra monitoring reaction 1. (blue: 4min; red: 50 min; green: 3h; purple:
5h; yellow: 8h.)
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Figure 3.24. Summary of NMR spectra monitoring reaction 2. (blue: 4min; red: 50 min; green: 3h; purple:
5h; yellow: 8h; orange: 14h; light green: 24)
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CHAPTER

4. DEVELOPING A CLICKABLE PLATFORM FOR ANALYTES SEPARATION AND
ENRICHMENT WITH POLYMERIC REVERSE MICELLE ASSEMBLIES

4.1 Introduction

As we have introduced in Chapter 1, detection of biomarkers in a biological system is
imperative due to their significant bio-relevancy with malfunction tissue or cells'®. The trace
amount of biomarker presenting, and the complexity of the surrounding mixture makes it difficult
to detect the biomarkers successfully. The current detection method for biomarker detection is
enzyme-linked immunosorbent assay (ELISA), which has high sensitivity and specificity*®.
However, development of ELISA is costly, and false positive data may generate since it can only
detect one biomarker at one time.

Our group has developed a technique in which an amphiphilic homopolymer reverse
micelle combine with MALDI-MS was utilized for selective and sensitive detection of biomarkers
in complex mixture®2°, More importantly, by doing these liquid-liquid extractions followed by
MALDI-MS, we have observed a sighal enhancement compared to the one without reverse micelle
extraction. The molecular basis mechanism will be discussed in detail in the next chapter?.
Because of its signal enhancement feature of this technique, much lower peptide concentration can
be detected. In an ideal case, we could push the biomarker detection limit to pM range.

However, within this method, the polymeric reverse micelle was made of a polymer styrene
base amphiphilic homopolymer, which possesses both hydrophilic groups and hydrophobic groups
on both 3, 5-position of the styrene ring. To prepare a polymer with a different functional group,
one has to change the synthetic procedure from the beginning. We thought whether we could
design an easy way to prepare functional polymers in one step instead of going from the very first

starting material to the tedious synthesis for amphiphilic homopolymers.
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Click chemistry is widely used in material synthesis. It has the advantage of fast reaction
rate, efficient yield, environmentally friendly*?. We sought to borrow this concept and develop a
clickable platform handle so that a variety of functionalities could be installed onto the polymer at
the very last step. By doing so, one could dramatically simplify the synthesis of amphiphilic
homopolymers. Moreover, the parent (precursor) clickable polymers share similar polymer
molecular weight and poly distribution. Thus reasonable comparison could be made between the
polymer modified final polymers.

In this chapter, we will introduce a method in which a clickable handle was installed on
one side of polystyrene ring and use it for post modifications with different functionalities of
interest. We will also test the assembly behaviors using those amphiphilic homopolymers. Finally,
these polymers are used to test their selective extraction ability toward analytes mixtures, including

small molecules and protein.

o —
w—@  Apolarsolvent
N~

Scheme 4.1 Schematic illustrating analytes detection using amphiphilic polymeric reverse micelles.

4.2 Molecular design

4 ™
0 0/\g’ |:> o SN
Poly(dialkoxystyrene)-based PDAS with clickable handle for

L amphiphilic polymer (PDAS) post polymerization modification

Scheme 4.2 Chemical structure of homopolymer with a clickable triple bond as a handle.
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The molecular design for the clickable polymer platform is shown in the Scheme 4.2.
Hydrophilic moiety in the polymer contributes to the analytes selectivity and sensitivity. Installing
a clickable triple bond on the polymer allows us to vary the hydrophilic groups easily through click
reactions. To do that, we have introduced a triple bond instead of any charged functional groups
kept the hydrophobic decyl group constant. Protection of the triple bond is highly needed before
the polymerization since it may react with a triple bond also. The propargyl group will be liberated
after polymerization by cleaving the TMS functionality using a fluoride source to achieve polymer

8. This polymer will then be treated with appropriate reagents to install the targeted hydrophilic

features.
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Na\)gl\ok o \/g,N\)]\ok A pe N M N~
—_—
P3 P4
— N=N \,\(|D=N
2 \
\(\,)«n? O/ N3\6/10\0?/3 Ps\/’%/NV\O); _>Me| Ps\)%/N{/\O%
—_— P5 P6
n 8
[} o}

G N, y
) o7 T 1 s \)\/N"(/\O/\)E/OT(Q
- (0]

Scheme 4.3 Post-polymerization modifications with Cu-catalyst click reactions to prepare amphiphilic
homopolymers. P3: negative charge; P4: zwitterionic; P5: PEG neutral; P6: positive charge; P7: carbonic
anhydrase ligand

P7

Post modifications were performed on polymer 8. A negative charged polymer P3, charge
neutral polymer P5 and carbonic anhydrase ligand polymer P7 were synthesized by a Cu-catalyst
Huisgen 1,3-dipolar cycloaddition reaction of polymer 8 with corresponding azido reagents. E.g.,
polymer P5 was synthesized with molecule 9, followed by deprotection of tert-butyl group using
trifluoroacetic acid. For positive charged polymer P4 and zwitterionic polymer P6, they were

prepared by methylation of P5 and P3, respectively.
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4.3 Results and discussions

Polymer Size of reverse micelle Size of micelle ¢(mV)
P3-COOH(-) 140nm 105nm -48.2+1.96
P4-COOH(+) 120nm 330nm -16+£1.93
P5-PEG 190nm 900nm -0.04+1.02
P6-PEG(+) 500nm 120nm 45.9+0.51
P7-ligand 700nm 140nm -20+1.65

Table 4.1. Summary of DLS measurements and zeta potential of the micelle and reverse micelle solutions
made from five amphiphilic homopolymers.

After all, five polymers were successfully prepared, we next started to study them self-
assemble behavior. Because of their amphiphilicity, all five polymers were expected to form
micelle-like aggregates in water and reverse-micelle-like aggregates in toluene. Also, different
charge moiety should be available for selective extraction. To test the charge availability, the zeta
potential of micelle-like aggregates was measured. Indeed, we have observed that, with COOH as
hydrophilic moiety, Polymer P3 could form micellar aggregates with a size of about 105 nm with
negatively charged zeta potential (-48.28 mV), while the size of the reverse micelle state in toluene
was found to be ~190 nm. Reverse micelles of such polymers can be used to selectively enrich
peptides according to charge from an aqueous phase into an organic phase. This property could
provide us access to extract positive analytes (e.g., a peptide with pl higher than solution pH).
Similarly, with methylated polymer P6, we do observe a more positive number (+45.9 mV), which
indicated that the overall micelle is surrounded by positive charges and they could be used for
extracting analytes with negative charges (e.g., peptides with pl lower than solution pH). The PEG

polymer P5 carries no charge which gives a number close to 0 mV zeta potential.
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Figure 4.1. UV-Vis spectra of (A) Rhodamine 6G (R6G) and (B) Calcein in aqueous solution after
extraction. (C) photo images of two dye molecules individual R6G (left), Calcein (mid) in aqueous solution
and mixture (right) after liquid-liquid extraction.

Wavelength(nm)

To test whether these reverse micelles could be able to sequester molecules, we first
investigated the extraction ability of all five polymers toward water soluble charged dye molecules
as model analytes. A positive charge dye molecule, rhodamine 6G (R6G) and a negative charge
dye molecule, Calcein, were chosen as the candidates for their distinct absorption spectrum. A 200
uL of reverse micelle toluene solution with a 2.3M concentration of P3-P6 was added into 1 mL
of dye aqueous solution. A liquid-liquid extraction process was performed followed by separation
of two phases. The amount of dye molecules left in the aqueous after extraction was measured by
UV-vis. The selectivity of the polymeric reverse micelle was evidenced by extraction of same dye
molecule with different polymers. As shown in figure 4.1A, R6G was completed depleted with the
negative charged polymer P3. In contrast, negligible amount of R6G is extracted by the other four
polymers (P4-P6). Similarly, as for the case of Calcein, only a positive charged polymer P6 can
selectively remove a large amount of negatively charged analyte from its original aqueous solution,
while other four polymers (P3-P5) didn’t show any extraction capability. A photo image of the
extraction experiment evidence that, using reverse micelle prepared from P3, R6G with red color
was extracted into the apolar phase while leaving behind the green colored Calcein in polar

solution.
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Figure 4.2. Mass spectra of (A) Bovine carbonic anhydrase in PBS buffer; (B) Bovine carbonic anhydrase
in organic phase after extraction using P7. (C) polymer P7 after extraction in the aqueous phase.

After testing the selectivity with dye molecules, we evaluated the potential protein
enrichment selectivity of polymer P7. The protein bovine carbonic anhydrase was chosen as a
candidate protein for their high binding affinity toward benzyl sulfonamide ligand. The protein
was dissolved in PBS buffer at pH 7.4. A toluene solution containing the reverse micelles of P7
was used as the organic phase. As shown in Figure 4.2 (gray line), after the liquid-liquid extraction
process, bovine carbonic anhydrase was extracted into the organic phase and detected by MALDI-
MS. The MALDI-MS of bovine carbonic anhydrase in aqueous and polymer control spectra were
shown in Figure 4.2 red and purple line. This experiment suggests that polymer P7 could be

potentially useful in protein separation and detection through ligand binding interaction.

4.4 Summary

In this chapter, a clickable platform was developed for easily preparing amphiphilic
polymeric reverse micelle with variant functionalities through click chemistry. The capacity of

amphiphilic polymeric reverse micelle made from click reactions has been tested using small
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molecule model as well as protein analyte. It is promising that by combining with MALDI-MS
method, polymeric reverse micelle could be utilized for biomarker detection with high sensitivity

and selectivity.

4.5 Experimental details

4.5.1 Materials and methods

Unless mentioned, all chemicals were used as received from Sigma-Aldrich. *H-NMR
spectra were recorded on a 400 MHz Bruker NMR spectrometer. The molecular weight of the
polymers was measured by gel permeation chromatography (GPC, Waters) using a PMMA
standard with a refractive index detector. THF was used as eluent with a flow rate of 1 mL/min.
Dynamic light scattering (DLS) measurements were performed using a Malvern Nano zetasizer.

UV-visible absorption spectra were recorded on a Varian (model EL 01125047)

spectrophotometer.
HO. OH HO OH 1) 1-Bromodecane; O///
B(OMe);, BH3 2) Propargyl bromide _ MO 1)PCC dryDCM
Y e
Dry THF K,CO3, 18-Cr-6, acetone 2) CH3PPh3Br, KOtBu, dry THF
50% for t 1
COOH Quat. HO 1 30% for two steps HO 3 o TOr two steps

Pz
N7 e
TMSCI, AgCl 9 Toluene TBAF
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BDU, CH,Cl, NMp THF
X o
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Synthesis of molecule 5

Commercially available CHsPPhsBr (3.78g, 10.57 mmol) was taken in dry THF (50 mL),
and K-O'Bu (1.18 g, 10.57 mmol) was added to this under argon atmosphere in an ice bath. This

reaction mixture was stirred for 30 min with yellow color generated. A solution of compound 4
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(2.38 g, 7.55 mmol) in 50 mL of dry THF was added slowly using dropping funnel. The reaction
mixture was further stirred at room for 4 hours. The process of the reaction was monitored by TLC.
The reaction mixture was filtered, and the filtrate evaporated and purified by silica gel column
chromatography (2-3% ethyl acetate in hexane) to afford 1.9 g of compound 5. *H NMR (400
MHz, Chloroform-d) § 6.70 — 6.57 (m, 3H), 6.45 (t, J = 2.3 Hz, 1H), 5.72 (d, J = 17.5 Hz, 1H),
5.25 (d, J = 10.8 Hz, 1H), 4.68 (d, J = 2.4 Hz, 2H), 3.94 (t, J = 6.6 Hz, 2H), 2.53 (t, J = 2.4 Hz,
1H), 1.83 — 1.71 (m, 2H), 1.44 (p, J = 6.8 Hz, 2H), 1.29 (d, J = 16.6 Hz, 13H), 0.88 (t, J = 6.6 Hz,

3H).
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Figure 4.3 'H NMR spectrum of molecule 5. Solvent: chloroform-d.
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Synthesis of molecule 6
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To a solution of compound 5 (1.2 g, 3.8 mmol), AgCI (60 mg, 0.42) and DBU (684 uL, 4.5
mmol) in 5 mL of DCM was added commercially available TMSICI (630 pL, 4.96 mmol). The
reaction mixture was further stirred reflux for 12 hours. The process of the reaction was monitored
by TLC. The reaction mixture was filtered, and the filtrate evaporated and purified by silica gel
column chromatography (1% ethyl acetate in hexane) to afford 1.4 g of compound 6. yield:95%;
IH NMR (400 MHz, Chloroform-d) § 6.71 — 6.40 (m, 4H), 5.71 (dd, J = 17.5, 0.9 Hz, 1H), 5.24
(dd, J = 10.8, 0.9 Hz, 1H), 4.74 (d, J = 10.0 Hz, OH), 4.66 (s, 2H), 3.94 (t, J = 6.6 Hz, 2H), 1.77

(dg, J = 7.9, 6.6 Hz, 2H), 1.51 — 1.19 (m, 15H), 0.97 — 0.85 (m, 3H), 0.17 (d, J = 3.7 Hz, 9H).
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Figure 4.4 'H NMR spectrum of molecule 6. Solvent: chloroform-d.

Synthesis of polymer 7

9o O/TMS
[( :n 7
To the solution of compound 6 (700 mg, 1.8mmol) in Toluene (1 mL) was added N-tert-

Butyl-N-(2-methyl-1-phenylpropyl)-O-(1-phenylethyl)hydroxylamine (NMP) (6.4mg, 0.2 mmol)
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and the resulting mixture was degassed by three freeze/pump/thaw cycles, sealed under argon and
heated at 100 °C for 24 h. The reaction mixture is cooled and precipitated three time in methanol
to get 420 mg of pure polymer P7. GPC (Polystyrene/THF): Ms=14.4K, Mw=17.2K, PDI=1.19;
IH NMR (400 MHz, Chloroform-d) & 6.12-5.68 (m, 3H), 4.36 (m, 2H), 3.63 (m, 2H), 1.66 (m,

2H), 1.29 (m, 15H), 0.88 (d, 3H), 0.21-0.13 (M, 9H).
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Figure 4.5 'H NMR spectrum of molecule 7. Solvent: chloroform-d.

Synthesis of polymer 8

To a solution of polymer P7 (265 mg 0.67 mmol) in THF (1 mL) was added TBAF (4 mL,
4 mmol) and the resulting mixture was allowed to be stirred under room temperature for 2 hours.
Final polymer was purified by three times precipitation in MeOH. The yield is 88% with 190 mg
of polymer P8. GPC: Mn=13.9K, PDI=1.7; *H NMR (400 MHz, Chloroform-d): § 6.14 - 5.65 (m,

3H), 4.40 (m, 2H), 3.64 (M, 2H), 2.40 (s, 1H), 1.66 (m, 2H), 1.29 (m, 15H), 0.88 (m, 3H).
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Figure 4.6 'H NMR spectrum of polymer 8. Solvent: chloroform-d.

Synthesis of molecule 9
o}
NS\)I\OJ<
9

tert-Butyl bromoacetate (1.0 equiv.) and sodium azide (2.0 equiv.) was added into DMSO
and reacting for overnight. The crude product was extracted EtOAc and H>O three times.
Unreacted sodium azide will be washed away. The combined organic phase was dried under
sodium sulfate and further condensed under vacuum. No further purified is needed. Yield: 92%.

'H NMR (400 MHz, Chloroform-d) & 3.74 (s, 2H), 1.50 (s, 9H).
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Figure 4.7 *H NMR spectrum of molecule 9. Solvent: chloroform-d.

Synthesis of molecule 10

N3”(*/\O)'3
10

Molecule 10 is prepared by Bin Liu from triethylene glycol monomethyl ether. The alcohol
was converted to tysol group using tysol chloride. Followed by reacting with sodium azide in DMF
solution. The crude product was extracted with DCM three times. The combined organic phase
was dried under sodium sulfate and further condensed under vacuum. No further purified is needed.
Yield: 99%.'H NMR (400 MHz, Chloroform-d) § 3.71 — 3.61 (m, 6H), 3.54 (m, 2H), 3.42 — 3.34

(m, 3H),
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Figure 4.8 'H NMR spectrum of molecule 10. Solvent: chloroform-d.

Synthesis of molecule 11
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Molecule 11 (hh-3-89) was prepared through esterification reaction of HO-TEG-Ns and 4-
sulfamoylbenzoic acid. Typically, HO-TEG-N3 (1.26g, 5.74 mmol), 4-sulfamoylbenzoic acid
(2.31g, 11.48 mmol), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (2.42g, 12.63
mmol) were dissolved in anhydrase DMF (20 mL). The mixture solution was kept in 0°C using an
ice bath for 20 mins. During that time, DMAP was added. The reaction was carried at room
temperature overnight followed by evaporating DMF in vacuo. The crude product was extracted
by DCM three times. The combined organic phase was washed by brine, dried under sodium
sulfate and further condensed under vacuum. The crude was further purified by Combiflash with
eluting of 0~10% methanol/dichloromethane to give the liquid product. *H NMR (400 MHz,
Chloroform-d) & 8.09 — 8.02 (m, 1H), 7.96 — 7.87 (m, 1H), 5.77 (s, 1H), 4.56 — 4.44 (m, 1H), 3.92

~3.79 (M, 1H), 3.74 — 3.54 (m, 5H), 3.36 (t, J = 5.0 Hz, 1H).
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Figure 4.9 'H NMR spectrum of molecule 11. Solvent: chloroform-d.

Synthesis of polymer P3-P7:

P3, P5, and P7 were prepared through the same procedure'®. Typically, polymer 8 (1.0
equiv.) and azido reagents (2.0 equiv.) were dissolved in THF (100 mg/mL) in a scintillation vial.
To this solution, an equal amount of water to THF was added while stirring vigorously at room
temp. Sodium ascorbate (10 mol%) and CuSO4e5H,0 (5 mol%) were added to the reaction mixture
from a freshly prepared aqueous solution (1.0 M). Upon the addition of copper, the reaction
mixture turned brown for a few seconds and then changed to a yellow-orange color, which turned
blue-green after the overnight reaction. THF was removed in vacuo. The aqueous layer was

decanted, and the residue was washed several times with sat. NH4CI until no color was observed.
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P3’: *H NMR (400 MHz, Chloroform-d) §, 7.74(s, 1H), 6.10-5.78(m, 3H), 5.02-4.81(m,
3H), 3.74-3.61(m, 2H), 1.59-1.24(m, 29H), 0.88(s, 3H).

P3 was prepared by the deprotection of tert-butyl group from polymer P3’ using LiOH in
MeOH/THF/H20 solvents. The polymer was allowed to be stirred in reflux for overnight. The

crude polymer residue was dried in vacuo. Polymer residue was rinsed with water several times to

get rid of LiOH.
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Figure 4.10 *H NMR spectrum of polymer P3. Solvent: chloroform-d.

P5:'H NMR (400 MHz, Chloroform-d) & 7.80, 6.13, 5.77, 4.83, 4.48, 3.84, 3.57, 3.49, 3.31,
1.25, 0.87.
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Figure 4.11 *H NMR spectrum of polymer P5. Solvent: chloroform-d.

P7:1H NMR (500 MHz, THF) 5 8.09-7.94(d, 4H), 6.73(s, 1H), 6.11(m, 3H), 4.40(m, 3H),

3.72(m, 4H), 3.50, 2.49-2.45(m, 2H), 1.28(m, 14H), 0.88(m, 3H).
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Figure 4.12 *H NMR spectrum of polymer P7. Solvent: chloroform-d.

P4 and P6 were prepared by methylation of triazole ring from P3 and P5, respectively,

using Methyl lodide in dry dichloromethane for overnight. Because of the solubility issue of these
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amphiphilic homopolymers in pure organic solvents or inorganic solvents, we couldn’t perform

NMR for them.

4.5.2 Other experimental protocols

4.5.2.1 Reverse micelle preparation:

Reverse micelle was prepared following the previous literature. 1 mg of the polymer was
dissolved in toluene to make 1 mg/mL concentration solution. Different amount of water (2 equiv.
of the hydrophilic group) was added into toluene solution to form water pool inside reserve micelle.
Sonication was applied at least three hours until a homogeneous solution was obtained.
4.5.2.2 Protein extraction experiment:

One micromolar of each peptide was dissolved in PBS buffer of pH 7.4. Two hundred
microliters of the reverse micelle solution made from polymer P7 was added to 1 mL of the protein
solution. Extraction was done under vigorous vortex for 2 h. Centrifugation at 14 000 rcf for 20
min was followed to separate the two phases. The aqueous phase was removed, and the organic
phase was dried by blowing N2 gas. Ten microliters of aqueous solution was taken and mixed with
10 pL of a CHCA matrix solution (25 mg/mL in 70% (v/v) THF/H20 containing 1% (v/v) TFA).
The dry organic residue was re-dissolved in 20 pL of THF and mixed with 30 pL of the matrix
solution. One microliter of this solution was spotted on the matrix-assisted laser
desorption/ionization (MALDI) target for analysis. MALDI-MS analyses were performed on a
Bruker Autoflex 111 time-of-flight mass spectrometer. All mass spectra were obtained in positive
mode and represent an average of 200 shots acquired at 40% laser power with an accelerating

voltage of 19kV.
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CHAPTER

5. TERNARY INTERACTION FACILITY OF SIGNAL ENHANCEMENT IN MALDI-
TOF PEPTIDE DETECTION

Adapted with permission from Serrano, M. A. C.; He, H.; Zhao, B.; Ramireddy, R. R.; Vachet, R.
W.; Thayumanavan, S. “Polymer-Mediated Ternary Supramolecular Interactions for Sensitive
Detection of Peptides” Analyst 2017, 142, 118-122. Copyright © 2017 Royal Society of Chemical.
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Scheme 5.1 Schematic representation of ternary interactions involving an amphiphilic homopolymer
assembly with the analyte peptide through ionic complementarity and with the detection matrix through
aromatic donor-acceptor interactions.

5.1 Introduction

Inspired by the complexity of non-covalent interactions in Nature and how they control the
structure and function of biomolecules, artificial supramolecular assemblies have been designed
with demonstrated applications in chemistry, materials science, and biology'. Among the various
scaffolds in supramolecular chemistry, amphiphilic polymer-based assemblies that form organized
structures such as micelles, vesicles, and nanogels have attracted a lot of interest in recent years
for their use in biomimetics®*, targeted drug delivery®”’, biomolecule activity modulation®®,
sensing®!, and separations!?%4. Recently, our group has developed amphiphilic homopolymers
that self-assemble into reverse micelles and selectively enrich molecules, particularly peptides,
based on their electrostatic interactions with the hydrophilic interior of the reverse micelle®™>?’.

The utility of this method has been illustrated by the highly sensitive detection of picomolar
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concentrations of peptides in serum samples when combined with matrix-assisted laser desorption

ionization mass spectrometry (MALDI-MS) detection®’.

These low detection limits are achieved from the selective enrichment that occurs upon
moving peptides from an aqueous phase to an organic phase, but also from an order of magnitude
enhancement in the MALDI ion signal that arises in the presence of certain polymers, such as the
dialkoxystyrene-based amphiphilic homopolymer (PDAS) (Chart 5.1). Interestingly, signal
enhancement is not observed when a polyacrylamide-based amphiphilic control polymer (PAmM)
is used (Chart 5.1), despite having the same enrichment capability as the PDAS polymer. This
difference suggests that the aromatic ring plays a vital role in the signal enhancement process. The
increased MALDI signal in the case of the PDAS polymer is explained by the formation of peptide
“hotspots” that contain higher local peptide concentrations and hence increased ion fluxes from
these sites. Comparable hotspots are not formed in the absence of the polymer or in the presence
of the PAm control polymer. The molecular basis for the formation of these hotspots in the
presence of PDAS, however, is not understood. The fluorescence images reveal that the PDAS
polymer causes the coalescence of the peptides and the matrix, thereby likely facilitating effective
co-crystallization between the two into enriched zones. This observation led us to hypothesize that
a donor-acceptor interaction between these two species forms the basis for the hotspot formation
and the corresponding signal enhancement as the aromatic ring of the PDAS polymer is electron-
rich (due to the alkoxy substituents), and the aromatic ring of the MALDI matrix is electron-poor.
In effect, the polymer serves as the interface in a ternary supramolecular interaction by
electrostatically engaging the peptide through its hydrophilic charged group and the matrix through
its aromatic ring. Donor-acceptor supramolecular interactions in polymers have been reported to

cause the formation of densely packed macrostructures in the solid state'® and have found
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applications in photovoltaics and organic electronics®®, but this is the first study, to our knowledge,

that tackles its role in enhancing the signal obtained in MALDI-MS.

5.2 Molecular design
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Chart 5.1 Chemical structures of poly(dialkoxystyrene)-based, polyacrylamide-based and poly(thiolactone
amide)-based amphiphilic polymers and MALDI matrices.

5.3 Results and discussions

To test our hypothesis, we introduced various electron donating or withdrawing groups
(EDG or EWG) to the aromatic ring of the matrix and of the polymer, making them either more
electron-rich or more electron-poor (Chart 5.1), and examined how this would affect the hotspot
formation and the MALDI-MS signal. For these experiments, we used bradykinin (RPPGFSPFR)

and its TAMRA-labeled form (TMR-bradykinin) as the model peptides because of their positive

charge at neutral pH.
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Figure 5.1 MALDI mass spectra of the different MALDI matrices in the order of increasing electron
deficiency on the ring, obtained for 100 nM bradykinin extracted using the PDAS polymer (Chart 5.1) and
analyzed using these three MALDI matrices. Peaks with asterisks are potassium adducts of the peptides,
[M +K]".

First of all, we started with a variant of the MALDI matrix and kept the polymer same. a-
cyano-4-hydroxycinnamic acid (CHCA) is the most commonly used MALDI matrix for peptides.
Because of its extended conjugation and electron withdrawing cyano and carboxylate groups,
CHCA’s aromatic ring is electron-deficient. By replacing the hydroxyl substituent on the aromatic
ring with —H (as in a-cyanocinnamic acid, CCA) and —ClI (as in a-cyano-4-chlorocinnamic acid,
CCICA), the ring becomes more electron-poor (Chart 5.1). If the donor-acceptor interaction
between the polymer and matrix indeed helps in better matrix-peptide clustering and enhanced
MALDI-MS signal, then using a more electron-poor MALDI matrix with the electron-rich PDAS
polymer should result in higher ion abundances in MALDI. Indeed, the expected result is observed
upon extraction and analysis of the peptide bradykinin with CHCA, CCA, and CCICA as MALDI
matrices (Figure 5.1). Compared to CHCA, the signal is enhanced by 20% when CCA was used,
and more than 100% when the most electron-poor matrix, CCICA, is used. Moreover,
corresponding fluorescence images reveal that clustering of the extracted peptide is the densest

with the CCICA matrix (data not shown here).
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Figure 5.2 MALDI signal intensity of 10 nM bradykinin extracted by polythiolactone amide (PTLAM)-
based carboxylate polymers with different R groups compared with 1 uM of unextracted bradykinin (100-
fold higher concentration to account for 100-fold enrichment during extraction). Fluorescence images show
the degree of clustering of the peptide (red) and matrix (green).

Next, we also investigated the effect of the electron density on the aromatic ring of the
polymer on MALDI signal enhancement and hotspot formation. For these experiments, we used
the PTLAmM polymer design shown in Chart 5.1, which also forms reverse micelles and selectively
extracts positively-charged peptides (see information in experimental details). A constant MALDI
matrix CHCA was used for all the three polymers. Consistent with our hypothesis, using the
PTLAmM polymer with the electron-donating methoxy substituent (PTLAmM-OMe) resulted in a
two-fold enhancement in MALDI signal relative to the unextracted peptide, whereas suppression
in signal was observed when the polymer with an electron-withdrawing nitro group (PTLAM-
NO2) was used (Figure 5.2). The unsubstituted PTLAmM polymer (PTLAmM-H) did not show a
significant difference in MALDI signal relative to the unextracted one. Furthermore, clustering of
peptide and matrix into hotspots is apparent in the presence of the PTLAmM-OMe, but not for either
PTLAmM-H or PTLAmM-NOg, suggesting that a polymer with an electron-rich aromatic ring is

needed for hotspot formation and MALDI signal enhancement.

95



To further test our hypothesis, we sought to investigate whether the polymer scaffold is
essential for the hotspot formation and signal enhancement. We then designed and synthesized
(see information in experimental details) a new set of amphiphilic homopolymers with a
polyacrylamide (PAm) scaffold that enabled us to conveniently introduce subtle changes, such as
a wide range of electron-donating or withdrawing substituents on the ring, while keeping the
overall structure consistent (Chart 5.1). These polymers self-assemble into nanometer-sized
reverse micelles and selectively extract oppositely charged peptides the same as the PDAS and
PTLAm polymers. A similar trend in signal enhancement is also be observed with a different set
of polyacrylamide carboxylate polymer with the aromatic ring positioned at the hydrophobic arm,

far away from the carboxylate group.
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Figure 5.3 Correlation of the degree of clustering, as measured by fluorescence microscopy, with the
MALDI-MS signal (average £ SEM of 90 spectra obtained from 3 replicate extractions with 3 spots each).

The degree of matrix-peptide clustering and MALDI signal enhancement after extraction
was monitored by fluorescence microscopy (data not shown here) and mass spectrometry,

respectively. Through mere visual inspection, it is evident that a higher degree of clustering is
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present in samples extracted by polymers with EDG (PAM-Me, PAm-OMe, PAM-di-OMe)
compared with those extracted by polymers with EWG (PAmM-NO2 and PAm-CN) (Figure 5.3).
At first glance, we would expect PAm-H to behave similarly to the control (unextracted) sample,
because of the —H substituent. Note, however, that the base aromatic ring is based on an
alkoxyarene, making PAm-H a relatively electron-rich aromatic ring. We quantitatively assessed
the degree of hotspot formation by measuring the fluorescence intensity per area using the software
ImageJ?° and correlated this with the MALDI-MS signal obtained for samples extracted by each
polymer, which verifies that the clustering phenomenon indeed translates to enhanced signals in
MALDI-MS and that this only occurs when polymers with EDG are used. An approximately 3-
fold MALDI signal enhancement is observed for peptides extracted using polymers with EDG in
their aromatic ring compared to unextracted samples. In contrast, peptides extracted by polymers
with EWG do not exhibit any appreciable enhancement in MALDI signal. These results taken
together support our hypothesis that signal enhancement occurs when a good electron donor-

acceptor interaction exists between the polymer and the matrix, respectively.

5.4 Summary

In summary, we have investigated the molecular basis for the observed MALDI signal
enhancement of peptides after they are extracted using reverse micelles of amphiphilic polymers.
An important point to recognize from all the data presented here is that the electrostatic interaction
between the polymer and the peptide is not enough to cause hotspot formation and signal
enhancement. Via systematic variations to the electron character of the amphiphilic polymer and
matrix, we find that favorable donor-acceptor interactions are necessary to assemble the polymer,
peptide, and matrix in such a way to produce peptide-rich zones that maximize ion signal during

MALDI-MS. Overall, these results reveal that amphiphilic polymers can self-pack (or fold) in such
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a way that they mediate favorable interactions between peptides and matrix, so that ionization is
enhanced. Such interactions are reminiscent of proteins that upon folding position other
biomolecules in just the right way to perform chemistry that is impossible with the ternary
interaction. Learning from nature Mother using ternary supramolecular interaction forming high
hierarchical structures and performing biological functionalities, the third component in ternary
supramolecular interaction is usually indeed essential. Such as chaperones in protein folding,
ribosomal in RNA translation, the reaction happened and accelerated in the presence of those
important third compartment. This phenomenon and mechanism study from molecular level could
provide us with guidelines for further designing molecules resulting in more powerful tools for the

low-level concentration of MALDI detection.

5.5 Materials and experiments

5.5.1 Materials

All the reagents were purchased from a commercial source and used as such without further
purification. *H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using the
residual proton resonance of the solvent as the internal standard. Chemical shifts (0) are reported
in parts per million (ppm) and Hertz, respectively. The following abbreviations are used for the
peak multiplicities: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; dd, a doublet of doublet;
bs, broad singlet; bd, broad doublet; bm, broad multiplet. 23 C-NMR spectra were recorded on a
400MHz Bruker NMR spectrometer using a carbon signal of the deuterated solvent as the internal
standard. Dynamic Light Scattering (DLS) measurements were carried out on a Malvern
Nanozetasizer. TEM images were recorded on a JEOL-2000FX machine operating at an
accelerating voltage of 100 kV. Molecular weights of the polymers were estimated by gel

permeation chromatography (GPC) using PMMA standard with a refractive index detector.
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Fluorescence measurements were performed on a fluorescence plate reader (Molecular Devices,
SpectraMax M5). High-performance liquid chromatography was conducted using a Shimadzu

Prominence Modular reverse phase

5.5.2 Synthesis of molecules

5.5.2.1 Synthesis of polythiolactone amide (PTLAmM)-based amphiphilic polymers

H,N.__COOH
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PTlaAm PTLAM-OMe R=OMe, m=2

The PTLAm polymer synthesis was initiated by RAFT polymerization of thiolactone acrylamide??,
followed by thiolactone ring opening with different amines (blue) and reaction with decyl acrylate
(red) in a one-pot reaction in DCM/MeOH solvent. GPC of precursor polymer PTlaAm:
Mi=14.4K, M=18.5K, P=1.28. 'H-NMR (500 MHz, Chloroform-d) & 4.92 (m, 1H), 3.27 (m, 2H),
2.84-1.11 (m, 5H). Due to aggregation issues, NMR for the final product is not available. IR
spectrum peak around 1699cm™! belongs to the C=0 of thiolactone disappeared after conjugation
showed the completion of modification reaction.

5.5.2.2 Synthesis of polyacrylamide (PAm)-based amphiphilic polymers:
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5.5.2.3 Synthesis of compound l1a
The pentafluorophenylacrylate monomer (PFPA) 1a was synthesized following the published
paper?? using acryloyl chloride and pentafluorophenol in the presence of 1,6-lutidine as the base.
Synthesis of polymer 1b
The precursor polymer PPFPA was synthesized by following the reported literature®’. The PFPA
monomer (1.0 g, 4.2 mmol) was added to a 10-mL Schlenk flask containing dry THF (1 mL), chain
transfer agent cyanomethyl dodecyl trithiocarbonate (14 mg, 0.044 mmol), and AIBN (1.7 mg,
0.11 mmol). The resulting reaction mixture was degassed using three freeze-pump-thaw cycles for
10 minutes. This reaction mixture is stirred at 70 °C for 20 hours and then precipitated in MeOH
to obtain the product as a white powder (60% yield). GPC (PMMA/THF): M;=13K, M,=18.8K,
D=1.28. 'TH-NMR (400 MHz; CDCl5): & 3.20-3.00 (br s, 1H), 2.20-1.90 (br s, 2H). "’F-NMR (500
MHz; CDCl3): 153.04 (s, 2F), 156.54 (s, 1F), -161.90 (s, 2F).
5.5.2.4 Synthesis of compound 2a
o 1,10-Dibromodecane> 02N\©\
\©\ K,CO;, MeCN, reflux ONNANNNNNBY
OH

50% 2a

To a solution of acetonitrile (MeCN) mixed with K2CO3z (5.45 g, 39.49 mmol) and 18-crown-6
(0.52 g, 1.973 mmol), a solution of 4-nitrophenol (2.74 g, 19.73 mmol) was added. 1,10-
dibromodecane (12.0 g, 39.47 mmol) in 150 mL was added via a funnel within 1hr. Then the
system was heated under reflux for 24 h with a CaCl, guard. The reaction mixture was allowed to
cool to room temperature and then was concentrated in vacuo . Water was added, and the aqueous
layer was extracted thrice with 50-mL portions of ethyl acetate (EtOAc). The combined organic
layers were washed with brine (20 mL), dried with MgSOs, filtered and the solvent was removed

in vacuo, yielding a white solid as the crude product. The solid was dissolved in minimal amounts
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of CH2Cl. and absorbed onto silica followed by purification via silica gel column chromatography
(gradient elution: 0 to 30% EtOAcC in hexane, increase in increments of 5% EtOAc per 100 ml of
eluent used). The solvent was removed in vacuo to yield a white solid (3.50 g, 50%). *H-NMR
(400 MHz, CDCl3) & 8.16 — 8.14 (d, J = 9.2 Hz, 2H), 6.93 — 6.90 (d, J = 9.2 Hz, 2H), 4.02 (t, J =
6.5 Hz, 2H), 3.38 (t, J = 6.9 Hz, 2H), 1.80 (m, 4H), 1.50 — 1.25 (m, 12H).

5.5.2.5 Synthesis of compound 2b

NG 1,10-Dibromodecane NC\@\
©\0H K,CO,, MeCN, reflux 0NN B

81% 2b

A suspension of K2CO3 (3.00 g, 21.71 mmol) in a solution of 4-cyanophenol (1.3 g, 10.91 mmol),
1,10-dibromodecane (12.75 g, 42.49 mmol) in MeCN (150 mL) was heated under reflux for 24 h
under argon. The reaction progress was monitored by TLC. The reaction mixture was allowed to
cool to room temperature, filtered through celite and concentrated in vacuo. Water (100 mL) was
added, and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried in MgSOs, filtered and the solvent was removed in vacuo.
The white solid was dissolved in minimal amounts of CH2Cl. and absorbed onto silica followed
by purification via silica gel column chromatography (gradient elution: 0 to 30% EtOAc in hexane,
increase in increments of 5% EtOAc per 100 mL of eluent used). The solvent was removed in
vacuo to yield a white solid (2.99 g, 81%). *H-NMR (500 MHz, CDCl3) & 7.56 — 7.54 (d, J = 8.7
Hz, 2H), 6.92 — 6.91 (d, J = 8.8 Hz, 2H), 3.97 (t, J = 6.5 Hz, 2H), 3.39 (t, J = 6.8 Hz, 2H), 1.88 —
1.73 (m, 4H), 1.48 — 1.24 (m, 12H).

5.5.2.6 Synthesis of compound 2c

1,10-Dibromodecane

©\
K;CO3, MeCN, reflux : NN N NN
OH 2~ Y3 (O

92% 2c
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A suspension of K.COz3 (5.45 g, 39.49 mmol) in a solution of phenol (1.00 g, 10.6 mmol), 1,10-
dibromodecane (12.75 g, 42.5 mmol) in MeCN (150 mL) was heated under reflux for 24 h under
argon. The reaction mixture was run through celite pad and concentrated in vacuo. The white solid
obtained was dissolved in minimal amounts of CH>Cl, and absorbed onto silica followed by
purification via silica gel column chromatography (gradient elution: 0 to 10% EtOAc in hexane,
increase in increments of 1% EtOAc per 100 mL of eluent used). The solvent was removed in
vacuo to yield a white solid (3.00 g, 92%). *H-NMR (400 MHz, CDCl5) & 7.28 (m, 2H), 6.92 (m,
3H), 3.96 (t, J = 6.4 Hz, 2H), 3.42 (t, J = 6.8Hz, 2H), 1.86 -1.78 (m, 4H), 1.53 — 1.28 (m, 12H).
5.5.2.7 Synthesis of compound 2d
1,10-Dibromodecane
\©\ K,COs5, MeCN, et \<)\o/\/\/\/\/\/Br
OH

78% 2d

A solution of p-cresol (1.00 g, 9.24 mmol), 1,10-dibromodecane (11.10 g, 36.98 mmol) and K>CO3
(2.56 g, 18.5 mmol) in 100 mL of MeCN was refluxed overnight at 70 °C under argon. After the
reaction was completed, the salt was filtered through celite pad; the MeCN was removed by
evaporation. The reaction product was purified by column chromatography on silica gel with
EtOAc/hexane (1:5) as the eluent. Yield: 78% (2.00 g). *H-NMR (CDCls): §7.08 (d, J= 8.2 Hz,
2H, ), 6.80 (d, J= 8.4 Hz, 2H,), 3.92 (t, J= 6.4 Hz, 2H,), 3.41 (t, J= 6.8 Hz 2H,), 2.28 (s, 3H), 1.82
(m, 4H), 1.30 (m, 12H).). FAB-MS (expected: 326.12m/z, obtained: 326.13, 328.12)

Synthesis of compound 2e

MeO. 1,10-Dibromodecane Me0\©\
—" -
\©\ KOH, MeOH 0/\/\/\/\/\/Br
OH

Acetone, reflux 2e
44%

Potassium hydroxide (1.35 g, 23.9 mmol) in 100 mL of methanol was mixed with 4-

methoxyphenol (2.48 g, 20.0 mmol) in 20 mL of methanol. The resulting solution was added using
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an addition funnel within 1.5 h to 1,10-dibromodecane (12.0 g, 40.0 mmol) in 200 mL of acetone.
The mixture was refluxed overnight, concentrated, and diluted with water/diethyl ether. The ether
extract was then filtered, washed with dilute water and brine, dried, condensed, and recrystallized
from hexane, giving 2e as a white crystal (3.0g, 44%). *H-NMR (500 MHz, CDCl3) & 6.76 (s, 4H),
3.82 (t, J = 6.6 Hz, 2H), 3.69 (s, 3H), 3.46 (t, J = 6.8 Hz, 2H), 1.69 (m, 4H), 1.41 —1.24 (m, 12H).

5.5.2.8 Synthesis of compound 2f

OMe OMe

1,10-Dibromodecane
| | K,CO3;, MeCN, reflux ,[: 1 AN Br
MeO! OH MeO o

0,
87% 2f

A mixture of 3,5-dimethoxyphenol (1.02 g, 6.67 mmol), and K>CO3(1.84 g, 13.3 mmol) in MeCN
(50mL) was added to 1,10-dibromodecane (8.0 g, 26.6 mmol) in MeCN (50 mL) solution dropwise
and the solution was heated at reflux overnight. After filtration, the solvent was evaporated, and
the residue was extracted with EtOAc/H.0 twice. The combined organic layers were washed with
brine and dried over Na>SOs, the filtrate was concentrated and purified by column chromatography
(silica gel, hexane/ EtOAc, 10:1) to give 2f as a white solid.(2.16 g, 87%). *H-NMR (400 MHz,
CDCl3) & 6.08 (s, 3H), 3.91 (t, J = 6.6 Hz, 2H), 3.77 (s, 6H), 3.41 (t, J = 6.9 Hz, 2H), 1.85 (g, J =
6.9 Hz, 2H), 1.76 (q, J = 6.7 Hz, 2H), 1.47 — 1.31 (m, 12H).

5.5.2.9 Synthesis of compound 3a-f

3a R4=NO,, R,R;=H

3b R=CN, R,Rs=H
R 0. R, 4=CN, Ry Rj

R HNY R, 3¢ Ry=H, R, Ry=H
0 0 - -

gy ——— HN/\n/ <~ 3d Ri=Me, R, R;=H

AN AN _ _

Ry o Et,N, Ethanol, reflux RS o o 3e Ry=OMe, R, R;=H

3f Ry=H,  R,R;=OMe
Glycine ethyl ester hydrochloride (2 equiv.), triethylamine (4 equiv.), and the appropriate aliphatic
methyl bromoacetate or aliphatic alkyl halide (1 equiv.) were mixed together in ethanol and the

reaction mixture was refluxed for 24 h under argon. After the solvent was removed, the residue
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was added to water and extracted using CH2Cl2. Solvent was removed and the crude reaction
mixture was purified through silica-gel column chromatography to get the monoalkylated glycine
ester. Yield: 23%~45%.

3a: 'H-NMR (500 MHz, CDCl3) & 8.15 —8.13 (d, J = 9.2 Hz, 2H), 6.90 — 6.88 (d, J = 9.3 Hz, 2H),
4.15 (g, J = 7.1 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.36 (s, 2H), 2.56 (t, J = 7.2 Hz, 2H), 1.78 (m,
2H), 1.52 (s, 1H), 1.43 (m, 4H), 1.36 — 1.21 (m, 13H); ESI-MS: expected 380.23, obtained 381.24.
3b: H-NMR (500 MHz, CDCl3) § 7.55 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 4.17 (q, J =
7.1 Hz, 2H), 3.97 (t, = 6.5 Hz, 2H), 3.37 (s, 2H), 2.57 (t, J = 7.2 Hz, 2H), 1.82 — 1.72 (m, 2H),
1.46 (m, 4H), 1.27 (m, 13H). 3c: 'H NMR (500 MHz, CDCl3) & 7.30 — 7.22 (m, 2H), 6.89 (dd, J =
16.2, 7.8 Hz, 3H), 4.17 (g, J = 7.1 Hz, 2H), 3.92 (t, J = 6.6 Hz, 2H), 3.37 (s, 2H), 2.57 (t, J = 7.2
Hz, 2H), 1.76 (p, J = 6.8 Hz, 2H), 1.55 — 1.39 (m, 4H), 1.38 — 1.21 (m, 13H); ESI-MS expected
335.25, obtained 335.25. 3d: *H-NMR (500 MHz, CDCls) § 7.07 (d, J = 8.2 Hz, 2H), 6.83 — 6.76
(d, J=8.5 Hz, 2H), 4.19 (g, J = 7.2 Hz, 2H), 3.92 (t, J = 6.6 Hz, 2H), 3.39 (s, 2H), 2.59 (t, J = 7.2
Hz, 2H), 2.28 (s, 3H), 1.80 — 1.71 (m, 2H), 1.58 — 1.39 (m, 4H), 1.38 — 1.25 (m, 13H). 3e: 'H-
NMR (500 MHz, CDC13) & 6.83 (s, 4H), 4.19 (q, J = 7.2 Hz, 2H), 3.90 (t, J = 6.6 Hz, 2H), 3.77 (s,
3H), 3.39 (s, 2H), 2.59 (t, J = 7.2 Hz, 2H), 1.80 — 1.70 (m, 2H), 1.46 (m, 4H), 1.37 — 1.24 (m, 13H);
FAB-MS expected 365.26, obtained 366.2. 3f: tH-NMR (500 MHz, CDCl3) § 6.10 (s, 3H), 4.21
(q, J = 7.1 Hz, 2H), 3.93 (t, J = 6.6 Hz, 2H), 3.79 (s, 6H), 3.42 (s, 2H), 2.61 (t, J = 7.2 Hz, 2H),
1.82 — 1.74 (m, 2H), 1.48 (m, 4H), 1.32 (m, 13H).

5.5.2.10 Synthesis of compound 3¢

(o)
HzN/\[r ~ o
NN SN NBr o HN/\[r ~
> (o]
Ethanol/Et;N 3g(CTRL)
23%
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Glycine ethyl ester hydrochloride (12.4 g, 96 mmol), trimethylamine (16.2 mL, 192 mmol), and
1-bromodecane (10.62 g, 48 mmol) were mixed together in ethanol (200 mL), and the reaction
mixture was refluxed for 36 h under argon. After solvent removal, the residue was added to water
and extracted using EtOAc. The solvent was removed, and the crude product was purified through
silica-gel column chromatography to get the monoalkylated glycine ester 3g. Yield: 23%. The low
yield is due to the possible bis-alkylated byproduct. *H-NMR (400 MHz, CDCl3) §4.19 (q, J = 7.1
Hz, 2H), 3.40 (s, 2H), 2.59 (t, J = 7.2 Hz, 2H), 1.87 (s, 1H), 1.49 (m, 2H), 1.35 — 1.23 (m, 17H),
0.87 (t, J = 6.7 Hz, 3H).

5.5.2.11 Synthesis of polymer 4a-g

IITITITxIT

H
4b PAm-CN H CN
n 4c PAm-H H H
) R
0NN IANANANS \(;[ 4d PAm-Me H Me

I\cooczHg, Ra 4 PAm-di-OMe OMe H OMe

Rs 49 PAM-CTRL  no aromatic ring

50 mg (0.21 mmol) of polypentafluorophenylacrylate (PPFPA), 146.3 uL (0.84 mmol) of DIPEA
and 4 equivalents of a secondary amine with respect to PFPA unit, was dissolved in freshly distilled
THF (500 mg polymer/mL). The mixture was stirred overnight at 65 °C. The resulting polymer
was isolated by precipitation in n-hexane and was then dried in vacuo. Yield: ~70%. H-NMR
shows corresponding peaks with the same chemical shift as the secondary amine. **F NMR shows
no peak left from the fluorinated precursor polymer, indicating 100% conversion of PPFPA

polymer to polyacrylamide polymers 4a-g.

5.5.2.12 Synthesis of compound 5a-g

R R R3

5a PAm-NO, H NO, H

5b PAm-CN H CN H

n o R, 5c PAm-H H H H

O NN INANANANS 5d PAm-Me H Me H
L \©:R 5e PAm-OMe H OMe H
COOH 2 5f PAm-di-OMe OMe H OMe

59 PAm-CTRL no aromatic ring
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The final polymer was obtained by deprotection of the carboxylate group. Lithium hydroxide was
added to each polymer dissolved in THF, methanol, and water (8 mL: 2 mL: 1 mL). The reaction
was then allowed to take place overnight at room temperature. The solvents were evaporated, and
10 mL of water was then added, followed by neutralization with 3 M HCI solution to precipitate
the polymer. The polymer was filtered and vacuum-dried. Molecular weight cannot be obtained
by GPC due to solubility issues. Conversion of the ester to the free carboxylic acid was confirmed

by IR (vibration at 3100 cm™ for O-H and 1730 cm™ for C=0 of carboxylic acid).

5.5.3 Other experimental protocols

5.5.3.1 Dynamic Light Scattering (DLS) Study

DLS was performed on a Malvern Nano-zeta sizer instrument with a 637 nm laser source with
non-invasive backscattering technology detected at 173° All sizes are reported as the
hydrodynamic diameter (Dn) and were repeated in triplicate. For the DLS measurements, the
concentration of the polymer and nanogel solution was 1 mg/mL. The solution was filtered using

a hydrophilic membrane (pore size 0.450 pum) before the experiment was performed.

283.6+7.96nm)

r T T T 1
1 10 100 1000 10000
Size (d.nm)

Figure 5.4 Representative DLS measurement of micelle aggregates made from PAm-H.
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5.5.3.2 Transmission Electron Microscope (TEM) Study
For the TEM measurements, the nanogel solution was prepared in 1 mg/mL concentration. One
drop of the sample (10 pL) was drop cast on carbon-coated Cu grid, 400 mesh size and left to dry

overnight.

Figure 5.5 Representative TEM image of micelle aggregates made from PAm-H.

5.5.3.3 Critical Aggregation Concentration (CAC) measurements

Different concentrations of the polymeric reverse micelles were prepared by dissolving polymer
in toluene and sonicating for 2hrs to obtain clear solutions. The surface tensions of these solutions
were recorded using a tensiometer and plotted against the reverse micelle concentration. As an

example, the CAC measurement of polymer PAm-H is shown below.
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Figure 5.6 Example surface tension (black dots) and particle size (blue square) measurements vs.
concentration of polymer PAm-H. A CAC of ~0.055mg/mL was identified as the concentration at which
the surface tension and size changes.

5.5.3.4 Matrix-Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-MS) Analysis.
A Bruker Autoflex Il time-of-flight mass spectrometer was used for the MALDI- MS analysis
of all samples. Acquisition of all mass spectra was measured in reflectron mode with an
accelerating voltage of 19 kV. Each spectrum is the average of 300 laser shots at 25% laser

power.

5.5.4 NMR spectra
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Figure 5.7 *H NMR spectrum of compound 2a. Solvent: chloroform-d.

9 8

108



0E' T~
1€°17
w1/
08'T~
817

we—

269\
v6'97

Fo6’El
F9€°T

LY

€91

95/
85z’

1 (ppm)

Figure 5.8 'H NMR spectrum of compound 2b. Solvent: chloroform-d.

€TT
mm.HM
9e' 17
69T~
(A o
LLT /

L

e
20T

690

\13:
e

Feg'L
€01

3

4
1 (ppm)

5
Figure 5.9 'H NMR spectrum of compound 2c. Solvent: chloroform-d.

6

7

8CT~
w1

[ Tarda

L8°E
4% 2N

94’9~
v0'L—

=lgel
A ad

=29t

M_T 1z
= 002 [

= L€

6 5 4 3 2
1 (ppm)
Figure 5.10 *H NMR spectrum of compound 2d. Solvent: chloroform-d.

7

8

109



8 ] R 8BRIA
© Mm mMmmMm o o
| [ — N
é‘é < s < A £ %
7 6 5 4 3 2 1
1 (ppm)
Figure 5.11 *H NMR spectrum of compound 2e. Solvent: chloroform-d.
8 ar g B8R I8
o Mm ™M ™ — —
| [ | A [
g gj(% : 5 54
6'.5 6'.0 5'.5 5'.0 4'.5 4'.0 3'.5 3'.0 2'.5 2'.0 1'.5 1I
f1 (ppm)
Figure 5.12 *H NMR spectrum of compound 2f. Solvent: chloroform-d.
s 8 23 8 8 £Tq
[+ © < < ) N o
I I \ | | 2NN
I 1 l ‘ L
T T L Py l oo
8 7 6 4 3 2 1

5
1 (ppm)

Figure 5.13 *H NMR spectrum of compound 3a. Solvent: chloroform-d.
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- O W WO o - Q) 0 N=EONWLMOOONLLONLL
NN < OMWD O TELMANNNN®D DD
<+ < < < ™ N NN — H A A A A A A OO0
— | ~l— e s
[am Bl [anl iy
o - o n @3 o
= © & - Ng ]
S it % 3RS -
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
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CHAPTER

6. ANTIMICROBIAL STUDIES WITH SLIVER LOADED AMPHIPHILIC
HOMOPOLYMERS

6.1 Introduction

Antibiotic resistanc! evolution and spread, generally caused by overuse or misuse of antibiotics, is
now the greatest threat to successful antibiotic coverage and hence the driving force behind the
development of new therapies?. To overcome the antibiotic resistance, one needs to either increase
the dosage or change to another kind of antibiotics or develop new antibiotics. However, raising
the antibiotic dosage without targeting or focusing on disease sites may harm other bacteria that
benefit the body. Changing to another antibiotic or a combination of different antibiotics may
eventually evolve multi-drug resistance. Unfortunately, development of new antibiotics requires
decades to obtain clinical approval. Silver, a broad-spectrum antibiotic, has been known for
centuries for its ability to Kill bacterial and relatively low toxicity to human tissues. The mode of
antibacterial action of silver is reported to be: i) interacting with the bacterial cell envelope?; ii)
interacting with molecules inside the cells®; iii) producing reactive oxygen species®. However,
using silver salt or silver particle alone may end up with a homogeneous distribution into the whole
body and dramatically reduce the outcome efficacy. Enough silver components need to be
accumulated into a target site at a short period to make it effective. Polymer delivery carriers,
which are easily functionalized and bind with therapeutics, can be used to address this problem. In
this chapter, we have designed the polymer with dithiol acetal structure, in which the approximate
close position of the two thiol atoms and strong coordination interaction between thiol and silver
ion could help to load silver onto the polymer. In the meantime, the polymer could also protect
silver ion from destabilizing of the active moiety within an organometallic complex® and achieve

sustained release’.
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6.2 Molecular design
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Scheme 6.1 Schematic chemical structure of polymer P6 and P6-Ag.
With the dithiol acetal polymer prepared, we notice that it may have the ability to load
silver ion onto the polymer due to the di-thiol structure and high binding affinity between thiol and
silver. The further direction for the chapter 2 is to use amphiphilic homopolymer P6 for silver

loading and their subsequent antimicrobial studies.

6.3 Results and discussions

The P6 polymer could self-assemble into spheric aggregates in aqueous solution (Figure
6.1B) with a size of 130 nm. The critical aggregation concentration (CMC) of P6 is done by serial
dilution of polymer solution and measurement of hydrodynamic size using DLS. The CMC for
polymer P6 is determined to be 10 M (Figure 6.1 A). Micelle at a concentration lower than 108

M shows unstable aggregates.
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Figure 6.1 Self-assemble behavior study of polymer P6. A) TEM image of micelle-like aggregates; B)
DLS size average with different micelle concentrations.
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Figure 6.2 Cytotoxicity study of polymer P6 with three different human cell lines: A) MDA-MB-231; B)
HelLa; C) MCF-7.

Firstly, we have tested the toxicity of the polymer itself using three different cell lines including
MDA-MB-231, HeLa and MCF-7. All three cell lines good viability (>90%) suggested that the

polymer is biocompatible and no harm to human cells up to 0.1mg/mL concentration after 24 h

incubation (Figure 6.2). (courtesy of Bin)
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Figure 6.3 Standard curve of ICP-MS for silver ion. The table is the triplicate ICP data.

Next, triple loading experiments were done at different dates and different times to make sure the

data’s reliability and repeatability. Typically, to 1 mL solution of 3.5 mg/mL of micelle prepared
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from polymer P6, 200 uL of AgNO3 solution (4 mg/mL) was added dropwise. The mixture was
kept in the dark and stirred for overnight at room temperature. To remove the free unloaded Ag",
the solution was washed thoroughly with nanopore water by using Amicon Ultra-4 centrifugal
filter devices (3 kDa MWCO) more than four cycles. The absence of free Ag* was confirmed by
checking the no formation of AgCI precipitates upon adding a saturated NaCl solution to the
filtrate. The silver loading capacity was determined by ICP-MS (courtesy of Laura). Silver
concentration standard curve was obtained first by measuring the ion signal of the prepared silver
solution against different concentrations. The average loading capacity is about 101.8 ppm, and
the loading efficiency is 2.5% based on the ICP results. The ratio of thiol: Ag" is calculated by
comparing the moles of each in ImL. It is around 10% of thiol monomers have been loaded with

Ag". This data could provide guidance for the later on antimicrobial study.

MIC = 0.75 pg/mL

Polymer
+ Ag*

Polymer <

1 2 3 4 5 6 7 8 9

Figure 6.4 Antimicrobial study of polymer P6 vs. P6-Ag. (Blue color represents dead bacteria; purple color
represents live bacteria.

Next, the silver-loaded micelle was evaluated using minimal inhibition concentration (MIC) assay
to determine its antimicrobial capability. The study based on the concentration of silver ion using
MH broth. E. coli BL21 was used as model bacteria. E. coli was diluted to a final concentration of

2x10° CFU/mL in each well. Micelles with or without Ag*-loading was tested with the final silver

118



concentrations ranging from 24 pg/mL to 0.47 pug/mL (serial half-fold dilution). The positive
control was bacteria growth without any treatment, and the negative control was medium only.
However, no visible MIC was detected for micelles without silver loaded after overnight
incubation at 37 °C. MIC for micelles with silver loaded was determined to be 0.75 ug/mL (Figure
6.6), which is comparable to free Ag+ MIC against E. coli®. The result was further confirmed by

the alamarBlue assay (Figure 6.7). (courtesy of Ziwen)
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Figure 6.5 AlamarBlue assay of antimicrobial study for polymer P6 (D) vs. P6-Ag (B).

6.4 Summary and further plans

In this chapter, the antimicrobial ability of polymer synthesized with dithiol structures loaded with
silver ions was investigated. The polymer material is biocompatible with human cells and no harm
to bacteria. While loaded with Ag*, polymer P6-Ag has shown a MIC of 0.75 ug/mL against Gram-
negative E. Coli bacteria. This preliminary data showed polymer could be used as a delivery carrier

for potential antimicrobial applications.
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Next, COOH is known to bind with Ag" through electrostatic interaction. Positive charged
functional groups have been utilized for antimicrobial studies for decades. It will be interesting to
investigate whether putting charged moieties on polymers will increase antimicrobial efficacy. For
this purpose, polymers with a different charge, a positive charged polymer P7 as well as negative
charged polymer P5 and their corresponding Ag* loading experiments need to be done to give a
comparison with P6.
Oio\}j\/ows\/\o/\/o\/\o/\?'k orj\/ow
O S o S

P5
P7

Other evidence of thiol-Ag coordination needs to be done: a) ICP-MS for the amount of Ag* loaded
for P5 and P7; b) XPS experiment for polymer loaded with silver ion and silver ion itself to
determine the binding interaction between thiol and Ag®. ¢) antimicrobial study with gram-
negative bacteria (E Coli) and gram-positive bacteria (B sub) using polymer P5, P6, P7, and their

efficacy comparison. d) a biocompatibility study of polymers and Ag* loaded polymers in

mammalian cells to study the selectivity toward bacteria.
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CHAPTER

7. SUMMARY AND FUTURE DIRECTIONS

7.1 Summary

In summary, we have successfully designed, synthesized and studied multifunctional amphiphilic
polymers. In chapter 2, we have utilized thiol-yne nucleophilic click reactions to prepare
amphiphilic homopolymers with the di-thiol acetal functional group on the polymer side chain.
The resultant polymers were tested for different applications ranging from analytes detection,
responsive therapeutic delivery to antimicrobial activity. In chapter 3, dithiol acetal functional
groups were incorporated onto polymer backbone by polymerizing a bi-functional monomer with
both thiol and alkyne group at termini and post modification of backbone with a different thiol
species. This polymer structure was found to possess enhanced ROS responsiveness. In chapter 4,
a clickable polystyrene-based polymer was synthesized, and its feasibility of being a clickable
platform was tested by post modification of various polar functional groups. The outcome
polymers were demonstrated to be used for bio analytes detection in a complex mixture. In chapter
5, a mechanism underlying the signal enhancement phenomenon was investigated by varying of
the electron density of matrix and polymer. We have found that a complementary electron pair on
aromatic rings between the MALDI matrix and amphiphilic homopolymer could help to form large
aggregate and therefore enhance the signal in the mass spectrum. In chapter 6, a preliminary
antimicrobial study was performed using silver loaded amphiphilic homopolymer. The
amphiphilic homopolymer showed good biocompatibility with mammalian cells by itself.

Antimicrobial activity against bacterial of polymers after binding with silver ion was confirmed.
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7.2 Further direction

Scheme 7.1 Molecular design of tri-functional molecule design through enol trapping.
Multifunctional materials have been attracting significant attention. Recently, we have found that
vinyl thiol structure could display dynamic thiol exchange, and we sought whether we could
transfer this phenomenon to a broad range of material synthesis. The kinetics of thiol exchange
has been reported before, but the thermodynamic nature of the exchange has not yet been explored.
Our preliminary data (Figure 3.20-21) show that aliphatic thiols are more stable, while aromatic
thiols are more dynamic and easier to be swapped with another thiol group. After the investigation
of potential thiol exchange mechanism, we are interested to see the intermedia that might be
present during the exchange process. If our hypothesis is correct, adding an enol trapper should be
able to yield a trifunctional molecule. This approach could open a new way for multifunctional
materials preparation. In the meantime, this enol trapper could help to stop potential thiol exchange

and generate a more stable product.
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APPENDIX

INVESTIGATION OF BETA ATOM EFFECT ON HYDROLYSIS RATE OF ESTERS

IN ACIDIC CONDITIONS

INTRODUCTION

Material stability under different pH has always been considered as a big issue in the
material industry. The pH-responsive property has been long utilized in material science and
chemistry therapeutic delivery'? field due to its simplicity and biological relevant®. pH-responsive
materials often fall into two categories: (i) non-cleavable charge conversion (protonation and
deprotonation); (ii) cleavable functional group (hydrazine linkages*, cis-aconityl linkages®, ortho
esters®, ketal/acetal linkages’). Among the pH-responsive functional groups, cleavable function
groups under low pH are more attractive because of their biologic relevancy. For an instant, tumor
tissue environment has pH~5.0. A low pH responsive material could be used for tumor therapeutics
delivery, imaging diagnosis, and cancer treatment.

Despite all of the cleavable functional groups, ester function group hasn’t been treated as
a pH-responsive moiety in acidic condition. Their cleavages or hydrolytic behaviors haven’t been
considered either as a pH-responsive manner. Since water is such a poor nucleophile® compare to
a hydroxyl group, the rate of nucleophilic addition with an ester is generally very slow, meaning
under acidic condition, ester materials are known to be relatively stable. However, recently,
researchers have found out that with the help of thiol atom at the beta position to ester especially,
the resulting beta thiol ester will possess pH responsiveness and can be cleaved easily at acidic
pH®. This kind of ester is known as a beta-thiol ester or beta thiol propionate. Beta-thiol ester has
been considered to be pH responsive (acid-labile functional group) and shown as a promising

candidate since then about one and a half decade ago®*°. Also, because of its ease to synthesize
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through Michael addition of a thiol reagent to an electron deficient vinyl group, a large number of
papers has been published utilizing beta-thiol ester as a linker to introduce pH sensitivity to their
molecules. Our group®! as well as other research groups'?* have involved in developing acid
labile beta thiol ester materials for therapeutics delivery for cancer treatment or other applications
based on this feature. Those delivery carriers were designed to be temporarily inactive and serve
as a drug reservoir for pH-responsive controlled release.

One of the possible mechanisms for the pH responsiveness is thought to be the inductive
effect from the sulfur atom, which makes the carbonyl carbon more charge positive and
electrophilic. This will further favor water molecule attacking and hydrolysis on the ester bond.
Another possible mechanism is that thiol atom at the beta position could facilitate a six-member
ring*>’ formation with proton (Figure 1B), and this six-member ring could be stabilized by thiol
atom and then allow water molecule to attack efficiently. However, in most of the cases, beta-thiol
ester pH responsiveness has been tested or proven true through indirect ways within complicated
systems, either by monitoring the release of the encapsulated cargo from a micelle aggregate or
the degradation of the material (e.g., weight loss, mass swelling, aggregates size change)*8. Though
its hydrolytically behavior has been studied under basic condition®® (pH 7.4 and pH 8.0), single
ester bond cleavage study in small molecules under acidic condition has not been done yet. In
another case, a comparison hydrolysis rate of an ester between sulfide, sulfoxide, and sulfone
locating at beta-position was performed, and results have shown that due to the inductive effect,
hydrolysis rate of sulfonate is faster than the one with sulfone than sulfur at physiological pH?. In
a linker length effect study, Hubbell group? has conjugated a drug molecule on to PEG-based
hydrogel through ester bond with sulfur near it. Hydrolytic study of drug molecule from ester bond

has shown that due to the inductive effect of the sulfide on the ester bond, under physiological pH,
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increasing number if methylene units on the ester would slow down the hydrolysis rate!®. The
similar hydrolytic study has done on thiol esters in a polymeric hydrogel at pH 7.4 and pH 9.8.
Results showed that esters are prone to be cleaved faster under more basic conditions 22, Until now,
to the best of our knowledge, there is no direct and comprehensive study has shown to compare
the hydrolysis behavior of esters under acidic condition with a variant atom at the beta position to
examine their effect. Driven by the desire to uncover the mystery of beta-thiol ester acid labile
property, herein, we would like to investigate all the beta-X ester hydrolysis progress using NMR
directly and investigate the mechanism of hydrolysis behavior. In the end, we will challenge the
well-accepted conception: beta-thiol ester is pH sensitive. Fast hydrolysis rate for beta thiol ester
under acidic pH is found to be unlikely true in our study. More mechanism study will be needed
to help explain the reason behind other people’s cases.

In this chapter, we attempt to show that nonetheless valuable mechanistic information can
be obtained from a study of ester hydrolysis kinetics in acid condition from three libraries of ester
molecules (totally seven small molecules, six amphiphiles, and four polymers). Moreover, with
the help of molecular modeling and calculation, we hope in this chapter we could gain some insight

into the difference of hydrolysis behaviors of the ester with beta hetero atoms in acidic pH.
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Scheme 1. Well-established mechanism of the hydrolysis of ester at acid pH. (A) generalized mechanism
of hydrolysis (slow). (B) mechanism of hydrolysis for beta-thiol ester (fast).

RESULTS AND DISCUSSIONS

Firstly, the small molecule library (1-7) were designed and utilized for the acid catalyst hydrolysis
study. Esters (1-5) with identical chemical structures were used to compare the different beta atoms
effect on acidic hydrolysis rate. The esters investigated here are methyl esters, chosen to vary one
structural parameter at one time. The atoms we chose are Carbon (1), Nitrogen (2), Oxygen (3),
Sulfur (4), Selenium (5). A conjugated sulfur ester (6) and bis-sulfur ester (7) were added to the
list to further test the hypothesis, which is if beta-thiol ester acid lability is due to the inductive
effect?® or facilitated six-member ring formation®’ from the sulfur atom, a bis-sulfur (7) structure
should have an even more significant effect and therefore hydrolyzed faster than one sulfur ester
(4). The hydrolyzed process was performed in an NMR tube with acetonitrile-ds/D20 as co-solvent
and TFA as the acid catalyst. The progress was examined by monitoring the generation of MeOH
that being hydrolyzed from methyl ester overtime at peak around 3.31 ppm (Figure 1B). However,
to our surprise, the 7 small molecules seem to fall into three groups. As shown in figure 3A, Carbon

(1) has the fastest hydrolysis rate (ti2~ 400 hrs.), followed by the second group (tw2~ 800 hrs.),
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containing Oxygen (3), Sulfur (4) and Selenium (5). The rest three (2, 6, 7) showed very slow
hydrolysis rate. These trends illustrated: 1) If we only compare the three esters with different atoms
at beta-position to test the above hypothesis, we would obtain the following order: the hydrolysis
rate is Carbon > Sulfur > Bis-Sulfur. 2) Ester with a conjugate structure (6) which has the highest
inductive effect on the carbonyl carbon among the others showed negligible hydrolysis in acidic
condition. 3) Another interesting observation is that ester with nitrogen has a significant slow
hydrolysis rate. We assume that, since we use one equivalent of TFA over ester molecule, the
proton is prone to protonate nitrogen rather than carbonyl oxygen which leading to not availability
for hydrolysis anymore. This hypothesis was tested by adding two equivalents of TFA into the
mixture and see whether Nitrogen ester will re-gain some hydrolysis. Not surprisingly, we
observed accelerated hydrolysis rate for esters 1-5 and 7. Also, we found that all other six
molecules still followed the same trend except the nitrogen ester, which exhibits significant
hydrolysis compare to one equivalent amount of TFA condition. Its hydrolysis rate changed from
slower than bis-sulfur 7 to faster than it, but still much slower than 1, 3, 4, 5. To summarize, all
seven esters exhibited relatively slow hydrolysis rates in acidic conditions (e.g., ti2 > 400 hrs. with
leq of TFA; ty2 > 250 hrs. with 2 eq of TFA) compare to basic hydrolysis process. In acidic
condition, there is no advantage in hydrolysis for beta-thiol ester (4) over carbon ester (1) in this

comparison.
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Chart 1. Chemical structures of small molecule series I.
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Figure 1. Hydrolysis of molecule 1 at the acidic condition. (A) Hydrolysis reaction studied, (B) NMR
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Figure 2. Summary of hydrolysis rate of molecules (1~7). (A) 1.0 equiv. and (B) 2.0 equiv. of H" with
respect to ester molecules.

Next, to further investigate the hydrolysis process in an aqueous solution, we have
synthesized a series Il of six small water-soluble amphiphiles with hydrophilic oligo ethylene
glycol moiety and hydrophobic moiety (aliphatic and aromatic) connected with an ester linkage
(Chart 2). Doing so, we could be able to study the hydrolysis process in the pure D20 system which

resembles the real case. Besides the acidic TFA/D20O condition, two buffer solution systems were
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added for better control. Totally, 24 samples were prepared, including four conditions: 1.0 eq of
TFA, 2.0 eq of TFA, pD =5.0 and pD = 7.4 for each small amphiphile molecule (80 mM). NMR
was used to monitor the hydrolytic process. The integration of methoxyl peak in each amphiphile
was used as an internal standard. As shown in Figure 4C and 4D, in an acidic DO system with
TFA as a proton source, similar phenomena with small molecule series | were observed when
comparing between amphiphile 8, 9 and 10 (or 11, 12 and 13): Carbon > Sulfur > Nitrogen. These
profiles are consistent with the small molecule hydrolysis behavior. This trend is true for both the
alkane chain (8~10) and aromatic chain (11~13). Interestingly, for Carbon amphiphiles, aromatic
one (11) hydrolyzed slowly in the first 200 h, it even slower than Thiol amphiphiles, but accolated
fast after that. At 500 hrs., both aromatic amphiphiles (11, 13) hydrolyzed faster than their aliphatic
form (8, 10). While as in PB buffer solution (shown in Figure 4A and 4B), we observed an opposite
trend, which is Nitrogen amphiphilic esters (9, 12) got hydrolyzed in the fastest rate, both in pD =
5.0 (Figure 4A) and pD = 7.4 (Figure 4B). Nitrogen amphiphilic ester with an aromatic
hydrophobic moiety (12) exhibited a faster hydrolysis rate than the aliphatic one (9) in both pH
conditions. This may due to the self-destroyed effect with nucleophilic primary amine located
nearby?24, Interestingly, Carbon and Sulfur esters didn’t show any significant difference within

buffer solvent.

i T
o O
ety Etr oy
8 X=C, n=3 11 X=C
9 X=N, n=4 12 X=N
10 X=S, n=3 13 X=S

Chart 2. Chemical structure of amphiphiles series Il.
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Figure 3. Summary of the hydrolytic process with molecules (8~13) at different pH. PB buffer with
pH=5.0 (A) and pH=7.4 (B) in D-O. TFA was used as an acid catalyst: 1.0 equiv. (C) and 2.0 equiv. (D)
of TFA with respect to the number of moles of amphiphiles.

Since small amphiphiles are known to form micelle-like aggregates and have the capability
of encapsulation of hydrophobic guest molecules (such as Nile Red, a dye with UV and
fluorescence readout). We then study the ester bond cleavage indirectly by used UV-vis spectrum.
Once the ester bond was cleaved, hydrophilic-lipophilic balance (HLB) of the amphiphiles was
interrupted to yield less stable micelle assembly. Therefore, their encapsulation capability will be
disrupted, and guest molecules will be released out and tested using UV-vis spectroscopy.
Releasing profiles showed that within both buffer solutions utilized (PBS and Tris-base: pH 5.0
and pH 7.4), we didn’t observe any evidence indicating that beta-thiol amphiphilic ester
hydrolyzed faster than other amphiphilic esters (Experimental detail), which ruled out the

hydrophobic environment effect on the hydrolysis process.
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Moreover, an NMR study of residues from the hydrolysis product of esters was
performed?. Instead of reacting in an NMR tube, ten folds of TFA was added into water phase
containing amphiphilic esters in a small vial with stirring bar. After 24 h reaction, the water phase
was lyophilized, and the residue was re-dissolved in CDCls and subjected to NMR. However, even
in this extreme condition, no ester cleavage evidence was observed either (supportive information).

Meanwhile, amphiphilic ester hydrolytic process in Tris-base buffer was also monitored
by ESI-MS. Hydrolytic samples from different time intervals were diluted with methanol and
subjected to ESI-MS. New molecular weight was expected after the cleavage. However, during
the period the experiment performed, no significant change or new mass/charge peaks have been
observed. (experimental detail) This may because: 1) the hydrolytic product is not prone to be
ionized; 2) the hydrolytic process is slow to all amphiphilic esters including thiol esters. ESI-MS
data have suggested that thiol ester is not showing any specialty over other esters in this reaction
condition.

Finally, a series of four PEG polymers were synthesized with a pro fluorophore attached
to the end through an ester bond. As scheme 3 showed, the pro fluorophore had little or no
fluorescence when it is an ester form and attached to the polymer. When being cleaved from the
ester bond to become its pristine hydroxyl form, the fluorophore (4-methylumbelliferone) will re-
gain its fluorescence signal?. By doing this, we would be able to detect the hydrolysis behavior in
the aqueous phase and with significant low concentration, which is hard to realize using the NMR
technique. Four PEG polymers were synthesized with a variant of the atom at their beta position
to the ester bond which connected to the pro fluorophore. The study was performed under
conditions of PB as well as TFA catalyst. Since the starting point of the fluorescence spectrum is

different, we normalized all the intensity from the same starting point. From Figure 5A, we could
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see that, after normalization, with 1 equiv. of TFA as catalyst, Oxygen > Carbon > Nitrogen >
Sulfur. The same phenomenon was observed with 10 equiv. and 100 equiv. of TFA as proton
source (data not shown). Hydrolysis of 4-methylumbelliferone from PEG polymer under PB buffer
was summarized in Figure 5B, which showed us that Carbon is faster than Sulfur in both pH 7.4

and 5.0 condition.
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Scheme 2. Illustration of fluorescence turns on by hydrolysis of 4-methylumbelliferone (4MU) from PEG
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Figure 4. Fluorescence of 4-methylumbelliferone hydrolyzed from PEG over time at A) pH = 5.0 vs. pH
= 7.4; B) with 1.0eq of TFA.

SUMMARY
In summary, we have test three molecule libraries from small hydrophobic molecules to
small amphiphiles to large hydrophilic PEG molecules. In each series, we have kept the same of
molecular structure expect the atom at the beta position. NMR study of those molecules has been

done, but on no occasion have we observe any accelerated or fast hydrolysis in Sulfur based
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molecules compared to Carbon-based molecules. Beta thiol ester itself is not special in its acid
labile behavior, in contrast, it stays stable under all conditions we tested. However, it's working in
other people’s system may suggest that acid responsiveness may happen when complexed with
other molecules. The mechanism underlines the complexed system is still under-investigated.
Extensive computational studies are prone to help understand the mechanism of esters hydrolysis
process under acidic conditions, the results of which will be released soon in due course.

EXPERIMENTAL SECTION

Reagents. Methyl 5-Phenylvalerate (1) (CAS#: 20620-59-1) was purchased from TCI. Methyl 3-
(N-Benzylamino) propionate (2) (CAS#:23574-01-8) was purchased from Santa Cruz
Biotechnology. Methyl 3-(benzyloxy)propanoate (3) (CAS#: 4126-60-7) was purchased from Ark
Pham, Inc. Dibenzyl diselenide (CAS#: 1482-82-2) and Methyl propiolate (CAS#: 922-67-8) were
purchased from Alfa Aesar. Benzyl mercaptan, methyl 3-brompropionate, methyl acrylate,
acryloyl chloride, 4-methylumbelliferone and trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich. Sodium borohydride was purchased from Acros Organics. mPEG-SH
(Mw=2,000) was purchased from Laysan Bio, Inc. mMPEG-COOH (Mw=2,000) and mPEG-NH>
(Mw=2,000) was purchased from Nanocs. Dichloromethane (DCM), acetonitrile (MeCN),
hydrochloric acid (HCI), purified water, Tris(hydroxymethyl)-aminomethane (Tris buffer), were
obtained from Fisher Scientific. THF was distilled over Na/Ph.CO before use.

3 Series of Molecules Synthesis and Characterization. Series I: Four small molecules (4-7)
were synthesized through either esterification or Michael addition?’ to study the effect of atom on
ester hydrolysis in CD3CN/D2O mixture using NMR. Series IlI: six oligo ethylene glycol
amphiphiles (8-13) were synthesized to study the effect of an atom on ester hydrolysis in D20 and

buffer solution using NMR and UV-vis. Series Il1: four polyethylene glycol-umbelliferon (14-17)
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were synthesized study the effect of an atom on ester hydrolysis in H2O using fluorimeter. Refer

to Supplementary Information for synthetic and characterization details.

Hydrolytic Study of Molecule Series 1 and 2. 10 mmol of the ester molecules was dissolved in

0.3 mL of CD3CN, and then 0.1 mL of TFA solution (in D20, 50mM) was added for hydrolysis.

The corresponding hydrolytic process was monitored by 400 MHz NMR at room temperature.
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