<]
TUDelft

Delft University of Technology

Catalysis to control targeted response in supramolecular systems

Piergentili, I.

DOI
10.4233/uuid:9b2da8bc-6b1b-4860-aeef-656809c86494

Publication date
2023

Document Version
Final published version

Citation (APA)

Piergentili, I. (2023). Catalysis to control targeted response in supramolecular systems. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:9b2da8bc-6b1b-4860-aeef-
656809c86494

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:9b2da8bc-6b1b-4860-aeef-656809c86494
https://doi.org/10.4233/uuid:9b2da8bc-6b1b-4860-aeef-656809c86494
https://doi.org/10.4233/uuid:9b2da8bc-6b1b-4860-aeef-656809c86494

®
® .
D Catalysis to control @

() targeted response in ¢
¢ supramolecular systems

l

Irene Piergentili






Catalysis to control targeted
response in supramolecular systems

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus, Prof.dr.ir. T.H.J.J. van der Hagen,
chair of the Board of Doctorates

to be defended publicly on

Thursday 28 September 2023 at 12.30 o’clock

by

Irene PIERGENTILI

Master of Science in Chemistry,

“Sapienza” University of Rome, Italy

Born in Rome, Italy


https://dr.ir/

This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus Chairperson

Dr. R. Eelkema Delft University of Technology, promotor
Prof. dr. J.H.van Esch Delft University of Technology, promotor
Independent members:

Prof. dr. ir. T. Vermonden Utrecht University

Dr. R. E. Kieltyka Leiden University

Prof. dr. M. A. van der Veen Delft University of Technology

Prof. dr. S.J. Picken Delft University of Technology

Prof. dr. F.C. Grozema Delft University of Technology, reserve member
Other members:

Prof. F. Hollmann Delft University of Technology

The research described in this dissertation was carried out in the Advanced Soft
Matter (ASM) group, Department of Chemical Engineering, Faculty of Applied
Science, Delft University of Technology. The research was funded by
Netherlands Organisation for Scientific Research and the National Natural
Science Foundation of China (NWO-NSFC joint project) and TU Delft.

ISBN: 978-94-6384-466-6
Printed by: Ipskamp printing, Enschede
Cover design: Irene Piergentili

Copyright © Irene Piergentili, 2023

All rights reserved. The author encourages the communication of scientific contents and
explicitly allows reproduction for scientific purposes with proper citation of the source.
Parts of this thesis have been published in scientific journals and copyright is subject to
different terms and conditions.

An electronic version of this thesis is available at TU Delft library.









Table of contents

1. Introduction 1
1.1 Stimuli responsive Materials ..........cccecevereeeeieeiieerieereereesee e 2
1.2 Organocatalysis and enzyme catalysis in soft materials ............cccccoeenee 4
1.3 ReSEAICh @IM ...oouiiiiiiiiiiiiiic e 5
1.4 TheSiS OULHNE ..c.vieiieiieiieie ettt 6
1.5 RETETEICES ...ttt 7

2. Thioanisole ester based logic gate cascade to control ROS-triggered

micellar degradation 11
2.1 TNETOAUCTION ..o 12
2.2 Results and diSCUSSION. ........eeeuieiiieiieiieiieriie et 15

2.2.1 Synthesis and characterization of p(DMAp-b-MTPAR) ..ceeovvivvvriinne 15
2.2.2 Preparation and characterization of p(DMA,-b-MTPA,) micelles........ 16
2.2.3 HyO, induced oxidation and hydrolysis of p(DMA,-b-MTPA,)
TNHCEIIES -ttt ettt 17
2.2.4 Stability of p(DMAp-b-MTPAR) micelles.......ccvvvvvreiiiciiiiiiiieiieieee 20
2.2.5 Morphological study of oxidation of p(DMA,-b-MTPA,) micelles......21
2.2.6 Assessment of Nile Red loading and release..........cccceevvevienieniieninenene 25
2.2.7 Cell viability assay of p(DMAy-b-MTPA,) micelles.........ccceeeereirnnnene 27
2.3 CONCIUSION. ..cutiiiiieiieeit ettt ettt sttt et e bt e seeeeneeenneens 27
2.4 RETCICICES ...eiiiiiiii e e et 28
2.5 Supporting INfOrmation ..........cccuveecvieecieeiciie et 33
2.5.1 MALETIALS ..evieeiieie ettt 33
2.5.2 SYNTRESIS .eeuvietieiieiieit ettt ettt ettt st sttt e bt 34
2.5.3 Polymer Characterization .............cceeeueerueerieenieeniienieeieereeieeee e seneeene e 37
2.5.4 Characterization of polymeric micelles ...........cccvevveviienrieniienieeiiereeenans 39
2.5.5 'TH NMR study of p(DMA,-b-MTPA,,) micelles before and after H,O,
EEALIMEII ...ttt sttt sa e nae e 46
2.5.6 Cargo load and release of p(DMA,-b-MTPA,) micelles.............c.o....... 47

2.5.7 Cell viability assay on p(DMA,-b-MTPA,) micelles ........cccoeeeeviennenne 49



2.5.8 Supplementary referenCes. .....c.oovveiiirieiieiieriecieseeeeesie e 51
2.5.9 SPECLIA OVEIVIEW ...eeviieeiieeiieiiieeieeieeite e e eeaeeeveeeaeeeveeesessaesnsessseesseenneens 52

3. Enhancing trigger sensitivity of nanocarriers through organocatalytic

oxidant activation 59
3.1 INtTOAUCTION .. esenenes 60
3.2 ReSults and diSCUSSION.......uueveeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeee e eeeeeeeeeeeaeeeas 63

3.2.1 Screening of ketone/amine catalysis for the oxidation of thioether ester
molecular MOEL .......coviiiriiiiiiiiic e 63

3.2.2 Synthesis and characterization of PM16 micelles ...........cccocovevivenirennnne 66

3.2.3 Ketone/amine catalyzed H>O; induced oxidation and hydrolysis of PM16
TICEILES ..o 66

3.2.4 Morphological study of ketone/amine catalyzed H,O, induced oxidation

and hydrolysis 0f PM16 MicCelles .........cccuevieriieiiieiieiieieeie e 71
3.2.5 Cargo 1elease STUAIES ......eevueerieriieriieiieieeieeie et 73
3.3 CONCIUSION. .. cneeteeiiete ettt ettt ettt ettt et e st et e eeeneenees 76
3.4 RETETEICES ...ttt st 77
3.5 Supporting iNformation ............coceeveereriiiieninieieeeee e 82
351 MAtETIAlS .ottt 82
3.5.2 Synthesis and molecular model procedures...........cccccvevvievreenreeciiecrrennenns 83
3.5.3 Synthesis and characterization of p(DMA30-b-MTPA 1) micelles........ 85
3.5.4 'HNMR study of HyOs-induced oxidation and hydrolysis of PM16
TNHCEILES -ttt ettt ettt b nean 86

3.5.5 DLS study of ketone/amine catalyzed H»O,-induced oxidation and

hydrolysis of PM16 mMiCelIes ........cccueeriieriieniieiieiieiieeeceeeeeeee e 89
3.5.6 Nile Red release from PM16 in presence of ketone/amine catalysis......91
3.5.7 Supplementary TeferenCeSs. ......cuvevvieriieriieeiieeieeereeeieeeiveeaeesereesereenes 93
3.5.8 SPECLTA OVETVIEW ...eeviiiiiiiiieiiieiie ettt ettt st ettt e st saeeseeesneesane e 94

4. Enhancing the ROS sensitivity of a responsive supramolecular hydrogel

using peroxizyme catalysis 103
4.1 INEEOAUCTION ..ottt e e e eaaaeeeeeeeeas 104
4.2 Results and dISCUSSION......cceevitieeeeeiiieieee e 106

4.2.1 Oxidation and hydrolysis study on a soluble model compound............ 106



4.2.2 Properties of MTPpcFF hydrogels........ccooverienienienienieeeeeeeeen, 109

4.2.3 H2Os-responsive gel-sol transition of MTpcFF hydrogels ................... 112
4.3 CONCIUSION. ...ttt st 116
4.4 RETETEICES ...eeuvieiiieiiteieeiee ittt ettt ettt ettt e et e et e et be e s e sneeenees 117
4.5 Supporting iNfOrmMation ..........cccueeevieeciieeeieeeiee et eeree e e ereeeeae e 121

4.5.1 MAteTials ...ooveiiiiieiiiesiieeteetct ettt 121

I 111 1 113 PRSI RRSP 122

4.5.3 '"H NMR study of oxidation and hydrolysis of 1 ............ccccoceevrererennne. 124

4.5.4 Characterization of MTpcFF hydrogels..........ccoooevviiiiniinieneiienenne, 127

4.5.5 MTpcFF hydrogels preparation ..........cceceeceereeneeneeneeneeneeneenieeneeenns 130

4.5.6 H2O; response of MTpcFF hydrogels........ccoccvveiiviieciiniieieeiecieeee 131

4.5.7 Supplementary referencCes.........ccuerierierierienieneeiereesee e 135

4.5.8 SPECIIA OVETVIEW ...vveeiiiieeiieeiieeiieeitesiteeiteeite et sateseteeieesaeesneeseeesaeesneenns 136

5. Indoline catalyzed gelation of sulfonate functionalized trishydrazone 149

5.1 TNErOAUCTION ..t 150
5.2 Results and diSCUSSION........c.evuirierieriieiiieeiieieetee e 153
5.3 CONCIUSION. c..ttieiieiiieiteie ettt et ettt sttt et e teeseeesnneenseens 156
5.4 RETEIEIICES ...ttt ettt st sttt 157
5.5 Supporting Information............ceccueeeeieeriieniiie e 159
5.5 1 MAtErialS ..ceeeuieiiiieiiiieiiiececet ettt 159
5.5.2 SYNNESIS ...ttt ettt ettt ettt et 159
5.5.3 Rheology of trishydrazone hydrogelator formation.............c..cccoevenneee 164
5.5.4 Inverted tube tests of catalytic hydrogelator formation........................ 164
5.5.5 Supplementary referencCes. ........ceevueerierieriiriiieieeie e 167
5.5.6 SPECLIA OVEIVIEW ...eovvieiiieiiieiiieiieiieieeteeteeteeaeeteeseeseenseenseenseenseenseas 168

6. Conclusions and OQutlook 175

0.1 RETEIEICES ... nenen 177



ST 1010111 1 181

Samenvatting .......cceceeeeverennne 185
Acknowledgements 189
About the author .............cecuueeenneeee. 194

List of publications .......cooeeeveieeicseiisneisuecsenssenssenssnncssicssecssessaesssessssssssssssecsns 195




Chapter 1

Introduction

Science originates from the need of humans to understand the natural phenomena
that surround their daily life. Over the centuries, with the increasing knowledge
of nature and its laws, the scientific community interest shifted towards learning
how to control and exploit natural mechanisms for new discoveries. In particular,
the fascination for biological systems brought enormous advances, not only in
the medical field, but also in chemistry, physics and material science. In fact,
many synthetic processes and artificial materials were developed taking
inspiration from nature.'*

Living cells are able to respond and adapt to environmental change through
complex networks of chemical reactions. These processes also control cell
organization, through assembly and disassembly of proteins, nucleic acids and
cell membranes. Enzymes play a central role in metabolic pathways, using
elemental compounds to synthesize biological precursors and products, then
assembling these in biomacromolecules and biological structures. In addition,
enzymes are responsible for breaking down these materials into the small
molecules that fuel metabolic processes. Chemical and physical signals can
trigger enzymatic activity to regulate chemical transformations necessary for
cellular functions. Bond formation and bond breaking at the molecular level
translate into conformational changes of the enzyme active sites to adjust the
metabolic flux in response to changes in the environment.’

These synergic mechanisms, achieved in millions of years of evolution, inspired
concepts such as organocatalysis, host-guest and supramolecular chemistry.
More recently, characteristic cellular functions such as signal transduction, self-

healing, self-replication and feedback control, were implemented in polymeric
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and supramolecular systems.* Realizing materials with cell-like behavior can
have a great impact for applications in drug delivery,®’ tissue engineering,®

sensing’ and even electronics and soft robotics.'”

1.1 Stimuli responsive materials

Living systems adapt to their surrounding via signalling cascades controlled by
specific receptors in the cellular membrane, which respond to temperature, light,
sugars, steroids, peptides, gaseous molecules and other biomarkers.'! In the last
decades, many research groups have been focused on reproducing living cells
adaptive behavior in man-made systems with the aim to obtain “smart” materials
that sense and react to their environment.'? These materials are usually based on
polymers containing functionalities that are reactive towards one or more stimuli,
producing a morphological change at the material level. Beside the well-studied
pH and temperature stimuli, other exploited signals are mechanical stress, light,
enzymes and redox changes.'® Vesicles, micelles and hydrogels that respond to
stimuli that are involved in cellular metabolism can have great potential as on-
demand drug delivery and release systems. In particular, diseased cells have a
different microenvironment than normal cells, expressing specific small
molecules or enzymes, and changing pH, temperature and redox conditions.'
Nanocarriers and platforms capable to respond to these internal stimuli can
release drugs exclusively to the pathological areas, minimizing the side effects

caused by the accumulation of often toxic drugs in healthy tissues.'’

Hydrogen peroxide, superoxide anion, hydroxyl radical and singlet oxygen are
collectively known as reactive oxygen species (ROS) and they are responsible
for the regulation of redox processes in cellular metabolic pathways (Figure 1).'°
Hydrogen peroxide is the most common ROS and its concentration is usually
below 0.7 uM in healthy cells, these levels increase up to 100-fold in diseased

and tumor cells.” Such drastic change makes these oxidative species an ideal
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trigger for drug delivery systems to achieve effective drug release specifically in
pathological tissues. ROS-responsive materials are usually based on boron,
sulfur and selenium chemistry, which are susceptible to oxidation, leading to
chemical transformations that cause a physical change in the structure.'® Part of
the research presented in this thesis has been devoted to contribute to the field of

ROS-sensitive materials for targeted drug delivery and release systems.

Hypoxia Inflammatory Stimuli
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Figure 1. Reactive oxygen species (ROS) production and regulation of metabolic
pathways in the cellular cytosol. Inflammatory stimuli associated with several
pathologies and cancers activate this metabolism, altering the redox balance, reprinted
from ref. 16.
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1.2 Organocatalysis and enzyme catalysis in soft materials

Over the last half century organocatalysis has been developed into a powerful
tool to accelerate and selectively control chemical reactions, culminating in the
recognition of the development of asymmetric organocatalysis in the 2021 Nobel
Prize in Chemistry.'”?” The use of small, purely organic molecules provides a
simpler strategy compared to biocatalysis and an often less toxic one than
transition metal catalysis. However, due to the solubility of reactants, reagents
and products, only a limited number of organocatalyzed transformations have
been successful in aqueous environment.?' Beside performing organic synthesis
in more environmental-friendly and safe solvent conditions, organocatalysis can
be used to control reactions present in functional soft materials with a water-
based matrix. In fact, polymeric micelles or supramolecular gels that self-
assemble in aqueous conditions or crosslinked hydrogel that encapsulate large
amounts of water are important platforms for several applications, especially in
healthcare and nanomedicine. To date, there are few examples of the use of
organocatalysis in water-based materials, using the catalyst as a tool to tune the
formation and the mechanical properties of the material.**** Most of these
systems are based on hydrazone bond formation because its compatibility with
water and the possibility of controlling bond formation and exchange by amine
catalysts (e.g. aniline).”*** Organocatalyzed hydrazone chemistry have also been
implemented in dynamic covalent networks for drug delivery purposes,®*?’ but
these developments concern more the preparation and the loading of the

nanocarriers than the applicability in biological settings.

Despite their lower diffusive mobility and environmental resistance compared to
organocatalysts, enzymes found larger application in material science.” This is
not surprising if we think about the prominence that biocatalysis has in chemical
and pharmaceutical industry nowadays.” The plethora of reactions that can be

accelerated by enzymes explains the great appeal in realizing responsive
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materials based on biochemical transformations. However, in most of these
“smart” materials the enzyme plays mainly the role of signal, aiming to
applications such as drug delivery, diagnostics and tissue regeneration that
respond to these specific biomacromolecules.’**! Another approach is to use the
enzyme as a nanoreactor encapsulated in the material to convert a first stimuli
into a second one, which is either a much more reactive signal or the actual
trigger designed for the responsive functionality.**** Taking into account the
excellent efficiency of enzymes and the easy use of organocatalysts, both types
of catalysis offer incredible perspectives in making and controlling soft

materials.
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Figure 2. General concept of organocatalysis or enzyme catalysis embedded in signal-

responsive materials.

1.3 Research aim

Materials with a pre-programmed response are the state of the art in material
science and engineering. However, their implementation in the field of targeted
biomedicine is still a challenge. Here, the development of responsive
nanocarriers and platforms with life-like behavior can play an important role to

reach clinical applications.
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The aim of the research described in this thesis is to explore strategies to enable
control over self-assembled materials that can interact with their environment.
We investigated both natural (i.e. enzymes) and nature inspired (i.e.
organocatalysts) catalysis to directly or indirectly activate chemical
transformations that produce changes in the material properties. Eventually,
these principles can be applied to realize drug delivery systems increasingly

sensitive to biological cues.

1.4 Thesis outline

This thesis includes six chapters, covering theoretical background, experimental
contributions and future perspectives of possible strategies to control soft
materials for biomedical applications. After this first introductory chapter,
chapter 2 describes how the introduction of a H,O,-responsive logic gate cascade
mechanism in the hydrophobic domain of micelles allows hydrolytic degradation
initiated by an oxidative stimulus. Chapter 3 builds on the second chapter by
using organocatalysis to increase the disruption rate of micelles in presence of
low concentrations of oxidant. Chapter 4 reports an oxidation-sensitive dipeptide
able to form a supramolecular hydrogel in mildly acidic and neutral conditions.
Here, the encapsulation of peroxyzymes in the gel matrix enables gel-sol
transition with concentration of H>O, almost 10 times lower than those required
for uncatalyzed hydrogels. Chapter 5 introduces an organocatalysis-based
method to form a supramolecular gel with potential virus inhibiting properties.
Finally, the sixth chapter presents future perspectives in healthcare and drug

delivery of the strategies developed in the previous chapters.
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Chapter 2

Thioanisole ester based logic gate cascade to
control ROS-triggered micellar degradation

In certain tumor and diseased tissues, reactive oxygen species (ROS), such as
H>0,, are produced in higher concentrations than in healthy cells. Drug delivery
and release systems that respond selectively to the presence of ROS while
maintaining their stability in “healthy” biological conditions, have great potential
as on-site therapeutics. This study presents polymer micelles with 4-
(methylthio)phenyl ester functionalities as a ROS-responsive reactivity switch.
Oxidation of the thioether moieties triggers ester hydrolysis, exposing a
hydrophilic carboxylate, leading to micellar disassembly. At 37 °C, the micelles
fall apart on a timescale of days in the presence of 2.0 mM H,0» and within hours
at higher concentrations of H,O, (60 — 600 mM). In the same time frame, the
nanocarriers show no hydrolysis in oxidant-free physiological or mildly acidic
conditions. This logic gate cascade behavior represents a step forward to realize

drug delivery materials capable of selective response to a biomarker input.
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2.1 Introduction

Smart materials that respond to external stimuli have emerged as an efficient
platform to obtain targeted nanotherapeutics. Historically, amphiphilic block
copolymers that spontancously self-assemble in an aqueous environment are
used as carriers to solubilize important, but poorly water soluble anti-
inflammation and anti-cancer drugs in the bloodstream." Still, these systems can
suffer from nonspecific biodistribution and uncontrolled drug release, causing
ineffective treatment or undesired side effects in the patient.? Therefore, the need
for personalized therapeutics inspired researchers to study materials responsive
to abnormal biological changes specifically caused by the diseased cells. Over
the last decades, intelligent polymers have been developed to be responsive to
several stimuli, like pH,3 ternperature,4 and small molecule or

biomacromolecular signals.’

Reactive oxygen species (ROS), such as hydrogen peroxide, regulate
fundamental physiological processes in cells, including oxygen metabolism and
signaling pathways.*” However, in cancers and inflammatory,®® cardiovascular’
or neurodegenerative diseases,'™ '' ROS are produced at a rate that natural
antioxidant mechanisms, like enzymes (e.g. superoxide dismutase, catalase),
cannot overcome.'”'* Elevated intracellular H,O, concentrations in diseased
tissues are typically between 10 and 100 pM,'>'® and can go up to 10 mM."” This
change in the oxidative state of the cellular environment can be used as a trigger
for selective local cargo release.'®** The pioneering work of Hubbell et al. in
2004 reported the first oxidation-sensitive polymeric vesicles for drug delivery
purposes, degradable in 10 h in presence of 10 vol% H,0,.” Since then, the same
group have applied that principle in several organic nanoparticles including
micelles and vesicles.?**® Their responsiveness is based on the oxidation of
hydrophobic thioethers to more hydrophilic sulfoxides and sulfones. Oxidation

leads to more water-soluble polymeric materials, and therefore, less stable

12
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micelles, allowing for the release of the incorporated cargo.”’ In most of these
examples, exceedingly high concentrations of H>O, (2.0-10 vol%) are required

to disassemble the carrier within hours.

In contrast, boronate-based polymers have been extensively studied in the last
10 years because their sensitivity to H,O is in the sub-millimolar range.”**
Implementing boronic esters in a phenol-based polymeric backbone, Almutairi
et al. reported in 2012 a cascade degradable nanoparticle sensitive to only 50 uM
of H,0,.* This unique example of a nanocarrier sensitive to biologically relevant
concentrations of H,O, was, however, accompanied by poor control over cargo
release (non-specific release and no significant effect over the release time scale
when different concentrations of H,O, are used). Various mechanisms of H,O»
triggered drug release based on the boronate cleavage methodology have been

1

developed, including the degradation of polymeric backbones,’' activation of

32,33

prodrugs and destruction of the amphiphilic block copolymer structure,
usually by unmasking a more hydrophilic aliphatic acid (e.g. polyacrylic acid)**
3%, In addition, boronic esters are also susceptible to hydrolysis and glycolysis at
mildly acidic pH, forming diols and boronic acids.’” The multi-responsiveness
of boronates makes it a versatile moiety for biomedical materials, but can also
pose a problem in terms of selectivity, causing off-target release. The need in the
field of ROS-responsive materials resides currently in the design of systems with

a cascade logic gate behavior, able to ensure specific and robust control over the

performance of drug carriers.*®

In this work, we present an oxidation-sensitive bond cleavage method that
merges the responsivity of thioethers toward oxidation® with the tunability of
ester hydrolysis through a reactivity switch. In the design of the system, we chose
thioanisole type groups as our ROS-responsive moieties. First, we considered
that the oxidation potential of aromatic thioethers is in the ideal range to undergo

oxidation by H»0,.2%* The oxidation of aliphatic thioethers to sulfoxides or
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sulfones has been extensively applied in polymeric materials to increase the
hydrophilicity of the chain.* *'*** An aromatic ring adjacent to the thioether
group could enhance the nucleophilicity of the sulfur atom towards H,0,.*
However, it is known that the oxidation of aromatic thioethers to the
corresponding sulfoxide and sulfone is insufficient to achieve a desired solubility
switch.* Instead, we decided to use sulfide oxidation to increase the hydrolytic
lability of a nearby ester, thereby introducing a more effective solubility switch.
Knowing that electron withdrawing groups on the aromatic ring of phenyl acetate
esters increase the electrophilicity of the ester, our idea was to achieve a
reactivity switch when the electron donating thioether is oxidized into a more
electron withdrawing group, such as the corresponding sulfoxide or sulfone.*’

Therefore, H,O»-triggered thioether oxidation would activate the adjacent ester

functionality towards hydrolysis.

We synthesized two amphiphilic block copolymers with different lengths of
N,N-dimethylacrylamide as a hydrophilic block and 4-(methylthio) phenyl
acrylates as a hydrophobic part of the chain. In aqueous environment, these
macromolecules self-assemble into micelles with diameters between 30 and 50
nm, which is an appropriate size range for drug nanocarriers.”’ When H,O is
added, the oxidation of sulfide to sulfoxide leads to the removal of 4-
(methylsulfinyl)phenol 1 and 4-(methylsulfonyl)phenol 2 wunits through
hydrolysis, turning the hydrophobic core into a more hydrophilic acrylate anion
block and finally obtaining micellar disintegration (Figure 1). These ester-based
polymeric micelles show great stability towards hydrolysis at neutral and acidic
pH, demonstrating specific responsiveness towards oxidation by cascade logic

behavior.
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Figure 1. General concept: drug release from ROS-responsive micelles, triggered by the
hydrolytic cleavage of ester bonds through switching from an electron donating (EDG)
thioether group to electron withdrawing (EWQG) sulfoxide and sulfone groups upon

oxidation by H,O,.

2.2 Results and discussion

2.2.1 Synthesis and characterization of p(DMA,-b-MTPA)

We synthesized the amphiphilic p(DMA,-b-MTPA,) block copolymers through
sequential light-initiated RAFT polymerization (Scheme 1).°> The choice of
extending poly(N,N-dimethylacrylamide) macroDDMAT with 4-(methylthio)
phenyl acrylate (MTPA) was due to the less successful chain extension when we
attempted the opposite order. First, p(DMA) macroDDMAT was prepared using
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) as the
RAFT agent to obtain 130 and 102 DMA unit long polymeric chains (Table S1).
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Then, the chain extension of hydrophilic macromolecular chain transfer agents
p(DMA 30) macroDDMAT and p(DMA 2) macroDDMAT with MTPA (Table
S2) produced PM16 and PM32. '"H NMR spectra of the block copolymers in
CDCl; (Figure S1) showed characteristic (broadened) signals of both DMA and
MTPA, with the ratio of their integrations in line with what was expected from
conversion data. In agreement with the '"H NMR results, GPC traces (Figure S2)
confirmed successful chain extension for both polymers through increase in
molecular weight of a single peak. Thus, we obtained two block copolymers
(Table 1), allowing investigation into the influence of varying hydrophobic
block/hydrophilic block ratios on micelle formation and drug loading

efficiency.>

o
N
| o S-S
PU RN s 1 1) @), @ !
T W ' OH DMF, hv (444 nm) S A DMIF, hv (444 nm)
S |

p(DMA;) macroDDMAT
p(DMA,-b-MTPA )

Scheme 1 Synthetic route for preparation of ROS-responsive p(DMA,-b-MTPA.,)
diblock copolymers via light initiated RAFT polymerization.

Table 1. Characterization of the block copolymers p(DMA,-b-MTPA,,).

Code Polymer Mo conv (kDa) M, cec(kDa) D (My/M,)
DMA130 p(DMA30) 13.2 13.0 113
DMA102 p(DMAq2) 10.5 11.1 1.28

PM16 p(DMA30-b-MTPA5) 16.3 16.0 1.16

PM32 p(DMA02-b-MTPA;,) 16.7 17.4 1.27

2.2.2 Preparation and characterization of p(DMA,-b-MTPAR)
micelles

PM16 and PM32 micelles with a p(MTPA) core and a p(DMA) corona were
prepared by a solvent evaporation method using THF. Addition of sodium

phosphate buffer (PB, 100 mM, pH = 7.4) to the solubilized polymers led to
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micellar dispersions of PM16 and PM32. The average hydrodynamic diameter
(Dn) of the micelles at 1.0 mg/mL measured by DLS was 31.6 £ 0.5 and 42.4 +
0.9 nm for PM16 and PM32, respectively (Table 2). With PM32 showing a larger
Dy, the hydrodynamic size appeared to be correlate with the length of the
hydrophobic block.** TEM images (Figure 3B and 3D) acquired from micellar
dispersions at 1.0 mg/mL demonstrated the formation of spherical particles,
ascribable to micelles. The particle analysis based on these TEM images gave an
average diameter of 17.7 = 3.1 nm for PM16 (Figure S5A) and 25.8 £ 3.1 nm for
PM32 (Figure S5B). Cryo-EM analysis further confirmed the spherical
morphology of both PM16 (Figure S6B) and PM32 (Figure S7C) micelles, with
an average diameter of 10.4 + 1.2 (Figure S6A) and 19.2 £ 2.3 nm (Figure S7A),
respectively. Combined, these analyses demonstrated that both polymers formed

5

micelles with the appropriate size range for nanotherapeutics,” and are thus

possibly loadable with hydrophobic cargo.>

Table 2. Size of PM16 and PM32 micelles measured by DLS, TEM and Cryo-EM.

Polymer Dy (nm) Drem (nm) Dcryoem (NM)
PM16 316+05 17.7 £ 3.1 104 +1.2
PM32 42.4+0.9 25.8 + 3.1 19.2+23

2.2.3 H20: induced oxidation and hydrolysis of p(DMA,-b-MTPAR)
micelles

After characterization of the micelles, we wanted to test their response to H,O».
The oxidation of organic thioethers with H,O; is notably slow and depends on
the concentration of both reactants.?®>’ Thus, we chose to use a large excess of
H>0, (90 equivalents for PM 16 and 46 for PM32) compared to the thioether units
of the polymers to obtain an overview of the response times and behavior of
these micelles. PM16 (6.7 mM thioether units at 6.8 mg/mL) and PM32 micelles
(13 mM thioether units at 6.8 mg/mL) in PB/D,O 9:1 were combined with 2.0
wt% H,0, (600 mM) at 37 °C and studied by 'H NMR spectroscopy (Figure 2C
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and Figure S8 for PM16 and PM32, respectively). The micelles in aqueous media
(bottom spectrum, Figure 2C) showed only the p(DMA,) peaks, caused by the
core-corona structure that is typical of polymeric micelles. However, almost
immediately after the addition of H,O», the 'H NMR spectra revealed the release
of 1 ("H NMR spectrum reference in Supporting Information), confirming the
oxidation and hydrolysis of the 4-(methylthio)phenyl ester functionalized core
of the micelles(Figure 2A).

A -

T T % "°‘©‘§9 Ho—@-—g— f
I L a ok 4 !
_H0p hydrolysis q .
pH=74 X= S0 yield 87% HZO
s 1 37°C X X=S0,yield 13%
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il 2f PM16
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i
0 1 2 3 4 5 6 7 8 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0
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Figure 2. A) Scheme of H,O,-triggered solubility switch of 4-(methylthio) phenyl
acrylate by oxidation induced hydrolysis leading to formation of hydrophilic acrylate
anion and removal of 1 and 2 from the polymers. B) Conversion measured through 'H
NMR spectroscopy of 1 and 2 upon the addition of 2.0 wt% of H,O, to PM16 and PM32
micellar solutions (6.8 mg/mL) in PB (100 mM, pH = 7.4) /D,0 9:1 at 37 °C. The curves
are drawn as a guide for the eye. C) 'H NMR in PRESAT configuration of PM16 micelles
after treatment with 2.0 wt% of H,O, in PB (100 mM, pH = 7.4)/D,0 9:1 at 37 °C.

Figure 2B shows the results of the combined "H NMR experiments for both
polymeric micelles to give a comparative overview of the kinetics for different
hydrophobic/hydrophilic block ratios. PM16 micelles exhibited 100% of
degradation of the 4-(methylthio)phenyl ester moieties 3 h after addition of H,O»,

converting to 87% of 1 and 13% of 2. PM32 micelles reached the same outcome
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after 6 h. It is worth noting that the release of these hydrolysis products followed
sigmoidal curves. This effect was more significant for the release of 2, which

showed lag times of 2 h for PM16 and 4 h for PM32.

The conversion to 9% of 1 from PM16 and 3% from PM32 in the first 'H NMR
acquisition after the addition of H,O, (~ 5 minutes) would suggest that as soon
as the oxidation of the sulfide groups occurred, hydrolysis took place as well.
This hypothesis is also supported by the absence of broad peaks related to the
poly sulfoxide/sulfone in all the spectra acquired. In addition, both polymeric
micelles resulted in the same distribution of sulfoxide and sulfone at the end of
the degradation, which could be an indication that PM16 and PM32 followed a
similar oxidation/hydrolysis mechanism. To asses this hypothesis, it is also
interesting to note that PM32 required almost exactly 2 times as long to
hydrolyze as PM16, matching the corresponding number of the 4-
(methylthio)phenyl ester units to oxidize. At the same time, no clear dependence
on hydrophilic block length is observed. Moreover, the formation of degradation
products follows sigmoidal curves, which is in line with the fact that both
oxidation of thioethers and ester hydrolysis inside polymer micelles in aqueous
environment are known to be autocatalytic processes.”>** At the macromolecular
level, when the hydrophobic core becomes more hydrophilic due to sulfur
oxidation and ester hydrolysis, the micellar core turns into a more soluble matrix
for H,O,. Thus, the increase of the local concentration of oxidant causes the
acceleration of the reaction rate.”>> A clear indication of this phenomenon was
the acceleration that we observed for the approximate complete release of 2 from
PM32 in 2 h, after a 4 h long lag time. In fact, the significantly longer lag time
for PM32 than PM16 can easily be explained considering the larger and less

accessible hydrophobic core.
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2.2.4 Stability of p(DMA,-b-MTPA,) micelles

To assess the stability of the micelles in non-oxidative physiological conditions
(pH 7.4, 37 °C), we followed the hydrolysis rate for both PM16 and PM32
micelles by '"H NMR for 144 h (6 days). We did observe the formation of a small
amount of 1, 1.0% for PM16 micelles and 0.7% for PM32 micelles after 6 days
(Table 3). Furthermore, we investigated the hydrolytic stability of the ester
functions in PM16 and in PM32 at pH 5.0 and 6.0 (37 °C), to analyze their
behavior in acidic environments, which may occur in tissues or cells.
Encouragingly, in all conditions both micelles were found to be hydrolytically
stable, with < 1.3% of 1 released in all cases after 6 days (Table 3). For all the
experiments, the absence of the characteristic peaks of 4-(methylthio)phenol
(reference spectrum in Supporting Information) showed that the 4-
(methylthio)phenyl ester units do not directly hydrolyze. On the other hand, the
release of 1 indicated background oxidation of the sulfide groups attached to the
polymeric chain, enabling hydrolysis of the esters. This would demonstrate that
the hydrolysis occurs exclusively after the oxidation of the thioether moiety.
Nevertheless, such phenomenon can be considered negligible compared to the
effect of the addition of H>O, reported above, in which the hydrolysis of the
pendent esters was complete within hours. Overall, we could confirm that PM16
and PM32 micelles are resistant to direct hydrolysis of 4-(methylthio)phenyl
esters in environments with pH ranging from 5.0 to 7.4, demonstrating a unique
response to oxidative stimulus.

Table 3. Oxidant-free release (%) of 1 from PM16 and PM32 micelles after 6 days at
different pH.

pH Release of 1 Release of 1
from PM16 (%) from PM32 (%)

7.4 1.0 0.7
6.0 1.3 0.9
5.0 1.1 0.8
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2.2.5 Morphological study of oxidation of p(DMA.,-b-MTPA,,)
micelles

Having established the concept, we studied the morphological response of the
micelles to various concentrations of H>O,. PM16 micelles (0.9 mM thioether
units at 0.9 mg/mL) were exposed to concentrations of 2.0, 0.2 and 0.007 wt%
of H,O, (DLS, Figure 3A), corresponding respectively to 600, 60 and 2 mM.
Upon addition of 2.0 wt% H>O,, we could not observe changes in Z-average
diameter in the first hour (Figure 3A top, m red line). However, the scatter count
dropped from 2.8 to 2.0 Mcps (Figure 3A bottom, m red line), indicating that the
micelles started to dissociate. This value dropped to 1.0 Mcps within the next
hour. After 4 h, the PM16 micelles reached a maximum Z-average diameter of
108 nm. The approximate 3-fold reduction in scatter count observed after H>O,
addition indicates degradation of the micelles due to oxidation induced
hydrolysis. While the concurrent increase in Z-average diameter may be
counterintuitive, it can be explained by a partial clustering of the hydrolyzed
polymer chains. TEM images showed the presence of micelles before H,O»
addition (Figure 3B), and no significant structure could be detected 24 h after the
addition of 2.0 wt% H>O, (Figure S5C). This analysis supported the rapid
disruption (within 4 hours) of the polymeric micelles after addition of 2.0 wt%
H>0,, as showed in both DLS and 'H NMR data. Z-average diameter and scatter
count after 24 h (Figure 3A, A blue line) of PM16 micelles triggered with 0.2
wt% H,O, were similar to those observed for 2.0 wt% in the first 4 hours.
Interestingly, this could be interpreted as ~6 fold reduction in rate of disassembly

of the micelles when the concentration of H,O;1s 10 times lower.
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Figure 3. Morphological study of oxidation of PM16 and PM32 micelles. The curves
are drawn as a guide for the eye. A) Z-average diameter (top) and scatter count (bottom)
of PM16 micelles (0.9 mg/mL) measured by DLS at 37 °C for four concentrations of
H,0,: 2.0 wt% (m red line), 0.2 wt% (A blue line), 0.007 wt% (¢ green line) and 0.0
wt% (control e black line). B) TEM image (Scale bar = 100 nm) of PM16 micelles at
t=0, stained with 2.0 wt% uranyl acetate. C) Z-average diameter (top) and scatter count
(bottom) of PM32 micelles (0.9 mg/mL) measured by DLS at 37 °C for four
concentrations of H,O»: 2.0 wt% (m red line), 0.2 wt% ( A blue line), 0.007 wt% (¢ green
line) and 0.0 wt% (control e black line). D) TEM image (Scale bar = 100 nm) of PM32

micelles at t=0, stained with 2.0 wt% uranyl acetate.
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Encouraged by these promising results, we decided to investigate whether the
system is able to respond to concentrations of the oxidant approaching
biologically relevant conditions (0.007 wt% (2 mM) of H»O,). Z-average
diameter of PM16 micelles reached a maximum after 336 h (Figure 3A top, ¢
green line) and the scatter count decreased steadily from 48 h, getting to 1.2 Mcps
at 168 h (Figure 3A bottom, ¢ green line). It is important to note that, in the
absence of H,O, the PM 16 micelles remained stable at 32 — 34 nm and 3.2 — 3.7
Mcps for 336 h. These results demonstrate a sensitivity down to 0.007 wt% H>O»

and a considerable stability in the absence of an oxidative trigger.

Next, we repeated the same DLS study with PM32 micelles (1.8 mM thioether
units at 0.9 mg/mL). These micelles had similar behavior to PM 16 micelles, with
a sigmoidal increase in Z-average diameter and a sigmoidal decrease in scatter
count after H,O, addition. Specifically, the Z-average diameter of PM32 micelles
increased from 42 to ~90 nm (Figure 3C top), while the scatter count dropped
from 8.0 to 1.0 Mcps (Figure 3C bottom). The lower plateau value of the scatter
count was reached 7 and 48 h after the addition of 2.0 wt% H>O» and 0.2 wt%
H>0,, respectively. Showing that, similarly to PM16, PM32 micelles disrupted
~6 times slower when 10 times lower oxidant concentration was used. For 0.007
wt% (2.0 mM) H,0», the scatter count dropped to 3.2 Mcps after 336 h (Figure
3C bottom, ¢ green line). Considering that here the ratio of thioether units/H,O;
was nearly 1, the low rate of micellar disruption is not surprising. Additionally,
like for PM16 micelles, the scatter count remained relatively stable (7.3 — 8.5

Mcps) over 336 h without H>Os.

Curiously, the aggregates formed after the disruption of PM32 were apparently
smaller than those obtained from PM16. With TEM images of PM32 micelles
before (Figure 3D) and 24 h after the addition of 2.0 wt% H»O, (Figure S5D),
we could see the initial spherical micelles, but could not distinguish any

particular structure after the H,O» treatment. We therefore acquired Cryo-EM
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images of PM32 micelles before (Figure S7C) and 24 h after (Figure S7D) the
addition of 0.2 wt% H>O,. The particle analysis showed a relatively small
increase in average diameter from 19.2 £ 2.3 (Figure S7A) to 28.9 = 15.4 nm
(Figure S7B), supporting the increase in size during PM32 micelles degradation.
On the other hand, Cryo-EM images (Figure S6) of PM16 micelles before and
24 h after the addition of 0.2 wt% H»O, exhibited the starting spherical and
homogeneous micelles in non-oxidative conditions, but, similar to the TEM
images, did not show any significant structure after the H,O, addition. The low
scatter count associated with the proposed larger aggregates indicates a very low
abundance, explaining the result of Cryo-EM imaging. Despite of the uncertain
characterization of the final structures, the Z-average diameter change and the
decrease in scatter count of the micelles at different concentrations of H,O»
measured by DLS demonstrated the oxidation-triggered morphological change

of both PM16 and PM32 micelles.

Interestingly, the DLS data not only agreed with the "H NMR results, but also
followed similar sigmoidal trends, confirming the autocatalytic degradation of
our micelles. We observed that micelles prepared from PM16 underwent a faster
(2 — 4 times depending on the conditions and methods of measurements)
disassembly than those from PM32. The greater H.O» sensitivity observed for
PM16 indicates that shorter 4-(methylthio)phenyl ester functionalized blocks
allow for faster micellar degradation. In perspective, this opens the possibility of
tuning the hydrophobic block length of p(DMA,-b-MTPA,,) to precisely control

drug release.
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2.2.6 Assessment of Nile Red loading and release

To assess the suitability of p(DMA,-b-MTPA,) micelles as carriers for drug
release, we chose Nile Red, a non-water soluble dye which is fluorescent
exclusively in a hydrophobic environment. The fluorescence of Nile Red can be
constant in presence of up to 5 vol% (~7.3 wt%) H,0, over 170 h,** making it a
good drug model for the time range and conditions of our experiments. First, we
determined the drug loading (DL) and encapsulation efficiency (EE) of Nile Red
using a known fluorescence method.®” We obtained DL (2.0 — 4.0 pug/mg
polymer) and EE (10 — 20%) (Table S3), comparable to other drug release

systems reported in literature.”’

We subsequently tested the Nile Red loaded p(DMA,-b-MTPA,) micelles for
release of Nile Red under oxidative conditions. PM 16 micelles led to a 90% Nile
Red release within 3 and 13 h when 2.0 wt% and 0.2 wt% of H»O, was
respectively added (Figure 4, top). PM32 micelles released Nile Red on longer
time scales (Figure 4, bottom part), getting to 90% within 5 h (2.0 wt% H»0»)
and 21 h (0.2 wt% H,0,). These results showed, similarly to the "H NMR data,
that PM16 micelles disassembled and released the cargo almost 2 times faster
than PM32 micelles in presence of the same H>O» concentration. We again
would like to highlight that the Nile Red release curves presented sigmoidal
shapes, in line with the data acquired with the previous techniques. Specifically
the release profile from PM16 micelles at 0.2 wt% of H,O, displayed a three
stage profile, typical of polymeric drug delivery systems with a heterogeneous
degradation mechanism.®' This would position the p(DMA,-b-MTPA,,) micelles
as an oxidation-triggered alternative to the hydrolysis-degradable polymers
commonly used for controlled drug release.®® Interestingly, this behavior does
not show any burst release,” increasing the relevance of the system for
applications where burst release of cytotoxic drugs may cause excessive side

effects.®?> We observed 10% release for PM32 micelles in a non-oxidative
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environment and 3% for PM16 by 30 h. This would suggest only minor passive
leakage of Nile Red from the micelles. However, such effect can be considered
negligible when compared to the release rate obtained in presence of H,Os.
Overall, the release profile shows a dependence on the type of polymer and on
the concentration of H,O», making this technology potentially tunable according

to the required dosage and release time of the drug.
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Figure 4. Nile Red release from PM16 (top) and PM32 (bottom) micellar dispersion (0.9
mg/mL) in PB (100 mM, pH =7.4) for three concentrations of H,O, at 37 °C: 2.0 wt%
(m red line), 0.2 wt% (A blue line) and 0.0 wt% (control e black line) measured by
fluorescence spectroscopy (Aex = 540 + 20 nm, Aem = 620 + 30 nm).
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2.2.7 Cell viability assay of p(DMAy-b-MTPAR) micelles
We tested the cytotoxicity of PM16 and PM32 micelles on HeLa cells, by

administering micellar dispersions in concentrations between 0.0 and 1.0
mg/mL, in line with the concentration used for the morphological study and Nile
Redrelease. After 24 h of incubation, the WST-8 assay showed high cell viability
for both polymers across all the applied concentrations, with no statistical

difference compared to the controls (Figure S10).

2.3 Conclusion

In this work, we demonstrate selective ROS triggered breakdown of block
copolymer micelles, and associated release of model cargo. The disruption
mechanism is programmed into the material using a solubility switch in the
hydrophobic block, based on a logic gate that increases the ester hydrolytic
lability upon oxidation of a thioether phenyl moiety. In the absence of oxidants,
such as H»O,, the micelles are stable for several days under neutral and mildly
acidic buffered conditions (pH 5.0 — 7.4, 37 °C). Millimolar concentrations of
H,0:> lead to micellar disintegration and cargo release on timescales of hours to
days depending on the ROS concentration. Building on these encouraging
results, our laboratory is currently investigating methods to further increase the
ROS sensitivity of these micelles to concentrations typically present in cancerous
tissue. Subsequently, studying the release of bioactive compounds and the
stability of the polymers in blood plasma (specifically against esterase activity)
will be necessary before in vivo evaluation. In perspective, the thioanisole ester-
based logic gate could also be implemented as a linker in ROS-responsive
prodrugs to achieve the release of the active compound directly controlled by the

oxidation-induced ester hydrolysis.
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2.5 Supporting Information

2.5.1 Materials

All reagents were obtained from commercial suppliers (Sigma Aldrich, TCI
Chemicals or Acros Organics) and used without further purification unless
otherwise specified. Reference compounds 4-(methylthio)phenol and 4-
(methylsulfonyl)phenol were purchased respectively from Sigma Aldrich and
TCI. SDS of these compounds reports that chemical, physical, and toxicological
properties have not been thoroughly investigated. 4-(methylthio)phenol: this
substance/mixture contains no components considered to be either persistent,
bioaccumulative and toxic (PBT), or very persistent and very bioaccumulative
(vPvB) at levels of 0.1% or higher. Air and moisture sensitive reagents were
transferred via syringe. All air and/or moisture sensitive reactions were carried
out in oven-dried glassware under a positive pressure of argon gas with
commercially available anhydrous solvents. Petroleum ether refers to the
fraction boiling in the range 40 — 60 °C. Reactions were monitored by analytical
thin-layer chromatography (TLC) on silica gel plates (Merck 60F2s4) and either
visualized by UV light (254 nm) or by staining with a solution of
KMnO4/K>CO3/AcOH in water followed by heating. Flash chromatography was
performed on 230-400 mesh silica gel (Sigma Aldrich). '"H NMR and *C NMR
spectra were recorded on an Agilent-400 MR DD2 (400 MHz and 101 MHz for
'H and C, respectively) spectrometer at 298 K. Chemical shifts are reported in
ppm relative to the residual solvent peak, the multiplicity is reported as follows:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and J-couplings (J)
are reported in Hertz (Hz). To suppress the water peak, PRESAT configuration
(suppress one highest peak) was used. NMR spectra were processed by MNova
NMR software (Mestrelab Research). Infrared spectra were recorded on a FT-IR
Thermo Fisher Nicolet 6700 spectrophotometer and are reported in

wavenumbers. GC-MS samples were analyzed using an Agilent 5977 GC/MSD

33




Chapter 2

equipped with a Stabilwax MS column (oven temperature: 250 °C, flow: 2.5
mL/min). ESI-MS was performed using LTQ XL spectrometer equipped with
Shimadzu HPLC setup operating at 0.2 mL/min flow rate with water/MeCN
mobile phase containing 0.1 vol% formic acid and Discovery C18 column. Gel
permeation chromatography (GPC) was performed on a Shimadzu system
equipped with a LC-20AD liquid chromatograph and a RID-10A refractive index
detector. Fluorescence release was measured in 96 well plates using a micro plate
reader (Biotek Synergy H1). Fluorescence spectra of Nile Red loading were
recorded with a fluorescence spectrometer Spex Fluorolog-3 equipped with a
standard 90° setup. Dynamic light scattering (DLS) measurements were
performed on a Malvern Zetasizer Nano-ZS equipped with a 4 mW laser
operating at 633 nm. TEM and Cryo-EM measurements were performed on a
Jeol JEM 1400 plus Transmission Electron Microscope with an operating

voltage of 120 kV and a TVIPS F416 camera.

2.5.2 Synthesis
Synthesis of 4-(methylsulfinyl)phenol!

To 4-(methylthio)phenol (1.0 mmol) was added solution of 30% H.O, (1.2
equiv., 0.04 g) and boric acid (10 mol%, 0.1 mmol, 0.006 g), and the mixture
was stirred at room temperature for 30 min. The mixture was extracted with
CH>Cl; (5 x 10 mL) and the organic layers washed with brine (15 mL). The brine
was extracted additional 5 times with CH,Cl,. The combined organics was dried
over Na,SO4 and the solvent was removed through rotatory evaporation. The
crude product was purified by flash chromatography over silica gel
(methanol/ethyl acetate 2:98) and crystalized in ethyl acetate to obtain 4-
(methylsulfinyl)phenol (62.0 mg, 0.40 mmol, 40% yield) as white crystals. 'H
NMR (400 MHz, CDCls): 6= 8.57 (s, 1H, OH), 7.51 (d, J= 8.5 Hz, 2H, Ar-H),
6.96 (d, J= 8.5 Hz, 2H, Ar-H), 2.76 (s, 3H, CH3). *C NMR (101 MHz, CDCl;):
5= 160.5 (Cy), 133.8 (Cy), 126.2 (CH, arom.), 116.9 (CH, arom.), 43.3 (CH3).
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MS (ESI+) m/z: [M + H]" caled. for C;Hs0,S, 157.03, found 156.93. The

spectroscopic data are in accordance with those reported in literature.’

Synthesis of 4-(methylthio)phenylacrylate

Triethylamine (Et;N) (6.27 mL, 1.50 equiv.) was added dropwise to a solution
of 4-(methylthio)phenol (4.20 g, 30.0 mmol, 1.00 equiv.) and acryloyl chloride
(3.64 mL, 1.50 equiv.) in dry CH,Cl; at 0 °C and stirred overnight for 16 hours,
slowly increasing the temperature to 20 °C. The reaction mixture was diluted
with CH»Cl, (250 mL) and washed with water (500 mL) and brine (500 mL).
The combined organic layers were dried over anhydrous Na>;SOj and the solvent
was removed under reduced pressure. The crude product was purified by flash
chromatography over silica gel (ethyl acetate/petroleum ether 1:9 to 1:4) to
afford 4-(methylthio)phenylacrylate (MTPA) (4.30 g, 22.1 mmol, 74% yield) as
a light yellow oil. "H NMR (400 MHz, CDCls, 8): 7.29 (d, J = 8.4 Hz, 2H, Ar-
H), 7.07 (d, J= 8.4 Hz, 2H, Ar-H), 6.60 (d, /= 17.3 Hz, 1H, CHCH>), 6.31 (dd,
J=17.3,10.4 Hz, 1H, CH,), 6.01 (d, /= 10.4 Hz, 1H, CH»), 2.49 (s, 3H, CH3).
BCNMR (101 MHz, CDCl;, §): 164.7 (C=0), 148.4 (Cy), 135.9 (Cy), 132.8 (CH,
arom.), 128.2 (CH, arom.), 128.0 (CHCH>), 122.1 (CH.CH), 16.6 (CH3). EIMS
m/z (%):196 (1.5), 195 (3.7), 194 (32) [M"], 142 (5.3), 141 (8.8), 140 (100) [M"
— C3H,0], 139 (6), 125 (20), 96 (3.8), 55 (34), 45 (3.4). The spectroscopic data

are in accordance with those reported in the literature.’

Synthesis of p(DMA,) macro-DDMAT

Specific conditions and data are shown in Table S1. N,N-dimethylacrylamide
(DMA), which was filtered over basic alumina prior to use, and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) were
dissolved in DMF and degassed for 15 minutes by bubbling argon gas. The
resulting solution was stirred in a light reactor (444 nm), samples were taken
regularly to follow the conversion with '"H NMR. The reaction was stopped after

10 hours when the desired conversion was obtained. The reaction mixture was
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diluted with DMF (10.0 mL) and precipitated three times in diethyl ether (500
mL). The precipitated product was dried in a vacuum oven at 50 °C for three
hours to afford p(DMAip) macroDDMAT (2.46 g) and p(DMAi30)
macroDDMAT (3.37 g) as yellow solids.

Table S1 pDMA,, synthesis and characterization data.

[DDMAT]o DMA DMA DDMAT DDMAT DMF Reaction H NMR
/ (mmol) (9) (mmol) (9) (mL) time (h) Conversion
[DMAJo (%)
pP(DMA102) 1/120 40 4.0 0.35 0.12 5.9 10 85
p(DMA130) 1/200 70 6.9 0.35 0.12 6.8 10 65

Synthesis of p(DMA,-b-MTPAR)

Specific conditions and data are shown in Table S2. Macro chain transfer agent
p(DMA.,) macro-DDMAT and 4-(methylthio)phenyl acrylate were dissolved in
DMF (1.0 mL) and degassed for 15 minutes by bubbling argon gas. The resulting
solution was stirred in a light reactor (444 nm) for the given time. The reaction
mixture was diluted with DMF (5.00 mL) and precipitated three times in diethyl
ether (300 mL). The precipitated product was dried in a vacuum oven at 50 °C
for three hours to afford p(DMAip-b-MTPA3,) (0.54 g) and p(DMA30-b-
MTPAs) (1.13 g) as white solids.

Table S2 p(DMA,-b-MTPA,,) synthesis and characterization data.
[P(DMA.) p(DMA.) p(DMA,) MTPA MTPA DMF React. 'HNMR

macro- macro- macro- (mmol) (9) (mL) time Convers
DDMAT]o DDMAT DDMAT (h) ion (%)
IIMTPAJo (mmol) (9)
pP(DMA102)
1/66 0.12 1.3 7.9 1.5 5.3 13 48
b-MTPA;2
pP(DMA130)
1/25 0.10 1.3 2.4 0.46 6.8 6 64
b-MTPA16
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2.5.3 Polymer Characterization

For all the polymers, 'H NMR spectra were recorded in CDCl;, and the molecular
weight was measured through gel permeation chromatography (GPC) in DMF.
p(DMA,-b-MTPA,,) structures were derived by 'H NMR as reported below.

Polymerization conversion (p) was calculated by monitoring reduction in the 'H
NMR integrals of the monomer unsaturated protons (JM: 5.60 — 6.80 ppm for
DMA, 6.12 — 6.55 ppm for MTPA) and aromatic protons in case of MTPA (7.32
ppm) relative to the proton (7.95 ppm) of the reaction solvent DMF. The 'H
NMR spectra to follow the polymerization conversion were taken in DMSO-d6.
In the case of a copolymerization with both DMA and MTPA the conversion of
both monomers was calculated according Equation S1.

_[Meo-[u©

T o) Equation S1

For a polymerization containing z monomers, My conv Was calculated according
to Equation S2. Here [Mx]p is the initial concentration of monomer x, [CTA]o is
the initial chain transfer agent (CTA) concentration and My, and Mcra are the

monomer x and CTA molecular weights, respectively.

M .
Mn,conv = izlp * [£T1]4§0 * Myy + Mcra Equation S2
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'TH NMR spectra of the block copolymers

e,
CDClj WSTS d f OH
5 s 16 130
[e) 0
. 0" N—g
]
b
a e+h
S\
a d+f | ——
bc P(DMA130-b-MTPA ) ——
N\
o]
S SER n
5 \g/ 32 102 OH
0" TO07 N,
c / 9
]
b
S
Sa
j\/c\ PDMA 10-b-MTPAS,)

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 o

Figure S1. 'H NMR stacked spectra of p(DMA 130-b-MTPA ) (top) and poly(DMA -
b-MTPA3,) (bottom) in CDCls.

GPC data of the block copolymers

The average molecular weight and dispersity B (My/M,) of the synthesized
polymers was measured using a Shimadzu GPC with DMF LiBr (25 mM) as
eluent. The system was equipped with a Shimadzu CTO-20AC Column oven, a
Shimadzu RID-10A refractive index detector, a Shimadzu SPD-20A UV-Vis
detector, PL gel guard column (MIXED, 5 um), 50 mm x 7.5 mm, and 1x
Agilent PLGel (MIXED, 5 um), 300 mm X 7.5 mm, providing an effective molar
mass range of 200 to 2 x 10° g/mol. DMF LiBr (25 mM) was used as an eluent
with a flow rate of 1.0 mL/min at 50 °C. The GPC columns were calibrated with
low dispersity PMMA standards (Sigma Aldrich) ranging from 800 to 2.2 x 10°
g/mol, and molar masses are reported as PMMA equivalents. A 3rd-order
polynomial was used to fit the log Mp vs. time calibration curve for both systems,

which was near linear across the molar mass ranges.
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Figure S2. A) GPC traces of p(DMA 30) and the chain extended p(DMA 130-b-MTPA 6).
B) GPC traces of p(DMA () and the chain extended p(DMA i02-b-MTPA3,).

2.5.4 Characterization of polymeric micelles
Preparation of the polymeric micelles

10 mg of p(DMA-b-MTPA,) was dissolved in THF (0.25 mL), and sodium
phosphate buffer (PB, 10 mL, 100 mM, pH = 7.4) was added slowly while
vigorously stirring. The suspended micelles were left to stir for 18 hours in an

open vial to evaporate the organic solvent.

DLS measurements of the polymeric micelles before and after H>O:
treatment

To 1.0 mL of a 1.0 mg/mL micellar dispersion of p(DMAw-b-MTPA,,) prepared
as previously described 66 pL of stock solutions of hydrogen peroxide in PB
with variable concentration was added to yield a final H,O» concentration of 0.0,
0.007, 0.2, 2.0 wt%. The size distribution and the scattering intensity at 37°C
were followed by DLS as a function of time. The curves are drawn for the

different data sets as a guide for the eye.
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Figure S3. PM16 micelles in presence of different H,O, concentrations at 37 °C. The
curves are drawn as a guide for the eye. A) Z-Average size (top) and scatter count
(bottom) distributions of PM16 micelles measured by DLS for three concentrations of
H>05: 2.0 wt% (m), 0.2 wt% (A) and 0.0 wt% (control e). B) Z-Average size (top) and
scatter count (bottom) distributions of PM 16 micelles (repeated with independent batch)
measured by DLS for three concentrations of H,O»: 2.0 wt% (m), 0.2wt% (A) and 0.0
wt% (control @). C) Intensity plot measured by DLS of PM 16 micelles before (m) and 24
h after (o) the addition of 2.0 wt% H,O,. D) Intensity plot measured by DLS of PM16
micelles before (m) and 24 h after (0) the addition of 0.2 wt% H>0,. E) Z-Average size
(top) and scatter count (bottom) distributions of PM16 micelles measured by DLS after
addition of 0.007 wt% (2 mM) H,O, (¢) compared with control (e) over 336 h. F) Z-
Average size (top) and scatter count (bottom) distributions of PM16 micelles (repeated
with independent batch) measured by DLS after addition of 0.007 wt% (2 mM) H,O, (¢)

compared with control (@) over 170 h.
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Figure S4. PM32 micelles in presence of different H,O, concentrations at 37 °C. The
curves are drawn as a guide for the eye. A) Z-Average size (top) and scatter count
(bottom) distributions of PM32 micelles measured by DLS for three concentrations of
H,0,: 2.0 wt% (m), 0.2 wt% (A ) and 0.0 wt% (control ®). B) Z-Average size (top) and
scatter count (bottom) distributions of PM32 micelles (repeated with independent batch)
measured by DLS for three concentrations of H>O,: 2.0 wt% (m), 0.2 wt% (A ) and 0.0
wt% (control e). C) Z-Average size (top) and scatter count (bottom) distributions of
PM32 micelles measured by DLS after addition of 0.007 wt% (2 mM) H.O, (¢)
compared with control (e) over 336 h. D) Intensity plot measured by DLS of PM32
micelles before (m) and 24 h after (0) the addition at of 2.0 wt% H,O».
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TEM images of the polymeric micelles before and after H,O:
treatment
To 1.0 mL of a 1.0 mg/mL micellar dispersion of p(DMAw-b-MTPA,,) prepared

as previously described was added 66 pL of stock solutions of H>O, in phosphate
buffer (100 mM, pH = 7.4) with variable concentration to yield a final H,O,
concentration of 0.0 and 2.0 wt%. After 24 hours the samples were prepared for
TEM by adding 3.0 pL p(DMAn-b-MTPA,) micelles solution onto a
Formvar/Carbon 400 mesh Cu grid. 3.0 uL. uranyl acetate stain (2 wt% in H>O)
was pipetted on the grid, which was then washed with Milli-Q water and dried
on filter paper 3 times. The grid was finally loaded on the TEM single tilt holder
to acquire the pictures of the samples. For the statistical analysis of the micelles
diameters, about 20 images were made of each of the samples. TEM images were

analysed manually using ImageJ.*
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Figure S5 TEM images and particle analysis of PM16 and PM32 micelles stained with
2.0 wt% uranyl acetate. A) Normalized frequency distribution based on TEM images
analysis of PM 16 micelles. B) Normalized frequency distribution based on TEM images
analysis of PM32 micelles. C) TEM images (Scale bar = 100 nm) of PM16 micelles
before (left) and 24 h after (right) the addition of 2.0 wt% H,O,. D) TEM images (Scale
bar = 100 nm) of PM32 micelles before (left) and 24 h after (right) the addition of 2.0
wt% H20.

Cryo-EM images of the polymeric micelles before and after H.0O:
treatment

To two vials was added 2.0 mL each of a 1.0 mg/mL micellar dispersion of
p(DMAn-b-MTPA,) prepared as previously described. To one of these vials, 132
pL of a stock solution of H,O» in PB (100 mM, pH = 7.4) was added to reach
final H>O; concentration of 0.2 wt% to take Cryo-EM pictures after 24 hours. To
the second vial, 132 pL of phosphate buffer (100 mM, pH = 7.4) was added to
obtain the sample without H>O,. The samples were centrifuged (4000 rpm for 15
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minutes) using 10 kDa filters and concentrated to 20 mg/mL afterwards. The
concentrated in 100 pL volume was washed with additional 100 uL. H,O,
obtaining a final concentration of 10 mg/mL. Cryo-TEM images were obtained
by adding 4 pL of the 10 mg/mL micellar solution onto a Quantifoil 1.2/1.3 200
mesh Cu grid. The drop was blotted for four seconds with filter paper to obtain
a thin layer on the grid, and vitrified by rapid immersion in liquid ethane (Leica
EM GP version 16222032). The grid was finally inserted into a cryo-holder
(Gatan model 626) and then transferred to the Jeol JEM 1400 plus TEM. For the
statistical analysis of the micelles diameters, about 20 images were made of each

of the samples. Cryo-EM images were analyzed manually using Imagel.
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Figure S6 Cryo-EM images and particle analysis of PM16 micelles A) Normalized
frequency distribution based on Cryo-EM images analysis of PM16 micelles. B) Cryo-
EM image (Scale bar = 100 nm) of PM16 micelles.
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Figure S7 Cryo-EM images and particle analysis of PM32 micelles before and 24 h after
the addition of 0.2 wt% H,0,. A) Normalized frequency distribution based on Cryo-EM
images analysis of PM32 micelles. B) Normalized frequency distribution based on Cryo-
EM images analysis of PM32 micelles 24 h after the addition of 0.2 wt% H»0,. C) Cryo-
EM image (Scale bar = 100 nm) of PM32 micelles. D) Cryo-EM image (Scale bar = 100
nm) of PM32 micelles 24 h after the addition of 0.2 wt% H»O..
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2.5.5 '"H NMR study of p(DMA,-b-MTPA ;) micelles before and after
H;O:; treatment

To 0.5 ml of p(DMAnL-b-MTPA,) micelles (8.0 mg/mL) in a NMR tube was
added 55 pL D,O and 33 pL H>O; (30 wt%). NMR tubes were kept at 37 °C
during all the experiments. The first 'H NMR spectrum was taken right after the
addition of H,O; (t=0) and, subsequently, a measurement is taken every hour
until no change in conversion was detected. The conversion (%) of 1 and 2 was
measured calculating the percentage of the integral of the respective aromatic
peaks at 7.64 and 7.77 ppm for each time point against the total integral value
obtained at the end of the acquisitions. The peak between 2.87 and 3.24 ppm

corresponding to the protons of p(DMA,) was used as reference.
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Figure S8. '"H NMR of PM32 micelles after treatment with 2.0 wt% of H,O in PB (100
mM, pH =7.4) at 37 °C.
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"H NMR study of p(DMA,-b-MTPA) micelles at different pH

p(DMA-b-MTPA,) micelles (8.0 mg/mL) were prepared separately in PB (100
mM) with different pH: 5.0, 6.0, 7.4. From each micellar dispersion, 0.5 mL were
added in a NMR tube together with 55 uL. D,O and 33 uL of the appropriate
phosphate buffer at 37 °C. "H NMR measurements were taken every 24 h for 6
days. The conversion (%) of 1 was measured calculating the percentage of the
difference between the integral of the peak in the aromatic region at 7.64 ppm
for each time point and the integral of the same region at t=0, divided by the
expected integral for the complete removal of 1. The peak between 2.87 and 3.24

ppm corresponding to the protons of p(DMA,) was used as reference.

2.5.6 Cargo load and release of p(DMA,-b-MTPAR) micelles
Determination of micelle loading with Nile Red

A Nile Red solution in THF (20 pL, 1.0 mg/mL) was added to the previously
prepared micellar dispersions of p(DMA,-b-MTPA,) (1.0 mL, 1.0 mg/mL) and
incubated in the dark in an open vial to evaporate the organic solvent. The
nonencapsulated payload was removed through centrifugation (5000 rpm, 10
minutes) and 900 uL. DMF was added to 100 pL of the Nile Red-loaded micellar
dispersions. The fluorescence of the solution was measured at an excitation
wavelength of 540 + 20 nm and emission wavelength 620 + 30 nm and compared
to the calibration curve of known concentrations Nile Red in PB (100 mM, pH
= 7.4)/ DMF 1:9 (Figure S9), to determine the Nile Red loading per mg of
polymer. Drug loading (DL) and encapsulation efficiency (EE) were calculated

as follows (Equations S3 and S4, respectively).

amount of loaded drug

DL(w/w) =

........................... Equation S3

amount of polymer

actual amount of loaded drug

EE(w/w%) =

............... Equation S4

theoretical amount of loaded drug
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Figure S9. Nile Red calibration curve in phosphate buffer (100 mM, pH = 7.4)/ DMF
1:9.

Table S3. Properties of PM 16 and PM32 micellar dispersions (1.0 mg/mL). The average
hydrodynamic diameter (DH) is determined with DLS. The drug loading (DL) and
encapsulation efficiency (EE) of Nile Red in the micelles were determined with
fluorescence spectroscopy.

Polymer Dy [unloaded] DL (ug/mg EE
(nm) polymer) (%)

PM16 316+0.5 24 12
PM32 42.4+0.9 3.6 18

H>0:-triggered release of Nile Red from p(DMA-b-MTPA,) micelles
A Nile Red solution in THF (20 pL, 1.0 mg/mL) was added to the previously

prepared micellar dispersions (1.0 mL, 1.0 mg/mL) and incubated in the dark in
an open vial to evaporate the organic solvent. The micellar dispersions were
divided over three vials for each polymer and hydrogen peroxide solution was
added to a final concentration of 0, 0.2 and 2.0 wt% for cach series. The
fluorescence of the solution was measured on a Synergy H1 (Biotek) microplate
reader at 37 °C, using an excitation wavelength of 540 + 20 nm and emission
wavelength 620 & 30 nm. The release percentage for each sample at specific time

point was determined by subtracting the fluorescent value (F;) from that of the
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sample before the addition of H>O; (Fy), and the percent fluorescence remaining

was determined by normalization to the same value (Fy).

2.5.7 Cell viability assay on p(DMA-b-MTPA ) micelles

HeLa cells in DMEM culture medium supplemented with 10% fetal bovine
serum (Gibco, life technologies™) and 1% Penicillin/Streptomycin (100x,
Biowest) under humidified normoxic (95% air, 5% CO,) were plated at 2000
cells/well (suspended in 200 pL cell culture medium) in a 96-well plate and
incubated at 37 °C. After 3 days, 20 uL of both PM16 and PM32 micelles (0.0-
11 mg/mL) in PBS (phosphate buffer saline, pH = 7.4) was added to each well,
to reach final micelles concentrations in the range (0.0-1000 pg /mL). After 24
hours, the micellar solutions were removed, the cells were washed with PBS for
three times, and 200 pL of fresh culture medium was added. The cells have been
allowed to grow for an additional 3 days, then their cytotoxicity was evaluated
using the WST-8 assay (Cell Counting Kit-8, Dojindo Laboratories, Tebu-Bio).
For this test, 10 pL of CCK-8 reagent was added to each well and incubated for
3 hours, then the absorbance at 450 nm was measured using a microplate
scanning spectrophotometer (PowerWave XSTM, Bio-Tek). The surviving
fraction (SF) of the Hela Cells was calculated according equation S5.

_ Abs(450)sample—Abs(450)piank
ADbs(450)control—Abs(450)piank

........................... Equation S5

Abs(450)sampie 1s the absorbance at 450 nm for cell incubated with p(DMA-b-
MTPA) micelles;

AbS(450)conror 1s the absorbance at 450 nm for cell incubated with 10 uL of PBS;

Abs(450) viani 1s the absorbance at 450 nm for vials without addition of CCK-8

reagent.
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Figure S10. PM 16 and PM32 cytocompatibility in HeLa cells cultured in DMEM culture
medium. Cells were treated with micellar dispersions between 0.0 and 1.0 mg/mL in
phosphate buffered saline (PBS) (20 uL/220 uL well). After 24 h cell viability was
measured by WST-8 assay.
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2.5.9 Spectra overview
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Chapter 3

Enhancing trigger sensitivity of nanocarriers
through organocatalytic oxidant activation

The redox balance in tumor and diseased cells is often compromised, leading to
overproduction of reactive oxygen species (ROS). Many ROS-responsive
nanocarriers based on sulfur oxidation have been reported with the goal of
achieving controlled delivery at the tumor. However, these materials often lack
responsiveness to the tumor environment. In nature, enzymatic turnover is often
used to amplify response to low concentration signals. Analogously, we use
organocatalysis to achieve an enhanced response of oxidation-triggered thioether
based nanocarriers. Using block copolymer micelles that can disassemble
through thioether oxidation followed by ester hydrolysis, this work shows how
an in situ formed imine oxidation catalyst can enhance disassembly kinetics at
millimolar hydrogen peroxide concentration. In presence of organocatalysis,
Nile Red loaded micelles release their cargo twice as fast as under uncatalyzed
conditions. This work demonstrates that organocatalysis can be a valuable
strategy to increase the responsiveness of biomarker triggered delivery systems.
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Oxidation sensitive Nanocarrier
nanocarrier disassembly

This chapter is based on:

I. Piergentili, M. Cai, B. Klemm, B. Xu, S. Luo, R. Eelkema, Cell Reports
Physical Science, 2023.
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3.1 Introduction

Oxidative stress is an imbalance of the reactive oxygen species (ROS) generated
in metabolic pathways.'” Such imbalance can be found in inflamed tissue and
the tumor microenvironment. There is a great interest in materials able to respond
to oxidative species such as H>O,, to target therapeutics to these tissues. Based
on this concept, several examples of ROS-responsive materials have been
reported, using redox-sensitive elements ranging from sulfur or selenium to
boron.®'? Building on the work of Hubbel and coworkers on the use of
polythioether based nanocarriers for targeted drug delivery in 2004,' the
conversion of hydrophobic thioethers to hydrophilic sulfoxide upon reaction
with H,O, has been employed extensively to trigger the disassembly of
polymeric structures.'*""> Most of the thioether-bearing systems that have been
tested with submillimolar concentrations of H,O, show response times of many
days and even weeks to achieve thioether oxidation and nanocarrier destruction,
which limits their applicability in biologically relevant conditions (50 — 100
uM).'*!® Due to the slow oxidation kinetics of thioethers with H,O», even slightly
reducing these timescales, while maintaining material stability and encapsulation
efficiency, can be very challenging. In nature, biochemical signals are often
present in micromolar concentrations or lower. Cells commonly use enzymes
and enzymatic cascades to amplify these signals by catalytic turnover. Such
strategies can be useful to couple targeted drug delivery to the presence of
biomarker signals.'”?' Low molecular weight organocatalysts could prove highly
useful for this purpose as they are generally easy to make and use, and often far
less toxic than their transition metal based counterparts.? Still, outside the realm
of (enantioselective) synthesis of small molecule targets, organocatalysis is only
sparingly applied, for instance to promote bond formation in polymer synthesis®-
% or in dynamic covalent networks.’”*® Here, we propose the use of

organocatalysis to increase the sensitivity of nanocarriers to ROS, enabling
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sulfur functionalized surfactants to respond to low concentrations of H,O, at
reduced timescale.?”** Despite many successful examples of organocatalysis to

31-35

accelerate the oxidation of small molecule thioethers with H,O,, application

of organocatalysis to augment nanocarrier response has been greatly overlooked.

We recently reported block copolymer micelles that are able to degrade in
presence of H,O» through the oxidation-triggered hydrolysis of their thioanisole
ester based micellar core.*® The conversion of a thioether into a more electron
withdrawing group such as a sulfoxide triggers the hydrolysis of the adjacent
ester, unmasking the acrylate anion on the polymer backbone (Figure 1). This
solubility change in aqueous environment leads to the disassembly of the
micelles. This logic gate behavior enables the use of these micelles as
nanocarriers for targeted delivery and release systems. In this oxidation-
hydrolysis cascade, the slow oxidation®” is the rate limiting step. For this reason,
high concentrations of H,O, are often needed to achieve a material response on
an hour timescale.®® We found that these micelles fully disintegrate within 2
hours when elevated concentrations of H,O, (600 mM) were used. This timescale
extended to 168 h for 2 mM of H,O» (2.2 eq. relative to the estimated thioether
units on the polymer). Similar to other thioether based nanocarrier systems, such
high concentrations of H,O; have limited clinical relevance, posing an incentive
to develop methods that will allow the acceleration of thioether oxidation at

lower concentration.

In the context of enhancing the response of ROS-triggered nanocarriers, we
found the prospect of using a simple organocatalyst highly appealing. For this
purpose, we had to develop an organocatalyst for the oxidation of thioethers with
hydrogen peroxide. In the 1950°s, Emmons studied the synthesis and stability of
oxaziridines as alternative to organic peroxides,’” and subsequently many other
4043 1

researchers started to employ this oxidant as a catalyst in sulfoxidations.

1994 the Page group reported the oxidation of alkyl aryl sulfides, using a
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stoichiometric amount of imine to activate H,O,.** The need of extra activating
agents or bases for in situ generation of oxaziridine in these methods discouraged
its application for oxidation under mild conditions.* Still, based on previous
work from our group,*® we chose to investigate a two-component imine catalyst
that spontaneously forms from a mixture of PhCOCF3 and primary amines.
PhCOCF; can form an imine by reaction with amines, activating H,O, likely
through an oxaziridine-like intermediate. This species is more electrophilic than
H»0; alone due to the electron withdrawing ketone, and it is effective even in
neutral conditions, which will be important for use in biological environments.
We considered the use of water-soluble amines to increase the solubility of the
hydrophobic PhCOCFs. The latter was found as the most promising ketone for
the imine formation due to the strongly electron withdrawing CF3 group. We
included -/Bu functionalized amines in our study considering that the presence
of tert-butyl groups adjacent to the nitrogen was shown to be important to ensure

heterocycle stability.*

Based on these considerations, we here present a cooperative ketone/amine
catalyst to oxidize the thioether based hydrophobic block of block copolymer
surfactants in presence of H,O, (Figure 1), leading to improved micelle
disassembly rates. This approach constitutes a step forward to obtain oxidation
triggered drug delivery and release systems able to respond to H>O; levels

approaching the concentrations produced by in tumors and diseased tissue.
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Figure 1. General concept of in situ imine formation used to catalyze the oxidation of
PM16 micelles with H,O,. The conversion of thioether moieties to sulfoxides triggers
the hydrolysis of the hydrophobic domain of the amphiphilic polymer, leading to

disassembly of the micelles.

3.2 Results and discussion

3.2.1 Screening of ketone/amine catalysis for the oxidation of
thioether ester molecular model

Based on its efficient o-hydroxylation of B-ketocarbonyls,*

we investigated
combined ketone/amine catalysis to activate H,O» for thioether oxidation. We
first chose 4-(methylthio)phenyl acetate 1 (Figure 2A) as molecular model of the
ROS-responsive moiety of the thioanisole-ester based block copolymer micelles.
We then screened conditions for the oxidation of 1 with 1.5 eq. of H,O» using
different catalysts and solvents (Figure 2C). PhCOCF; (3) was selected as ketone
catalyst because of the strongly electrophilic carbonyl group and its proven

catalytic activity towards thioether oxidation.” Our experiments showed that

ketone 3 was indeed fundamental to achieve the oxidation of 1 into the

63




Chapter 3

corresponding sulfoxide 2 (Figure 2C, entry 2 and 3). When 3 was used with
amine Al as catalytic system in the oxidation of 1 with H,O, in tert-butanol
(‘BuOH), we obtained 85% yield of 2 in 3h (Figure 2C, entry 1). Under the same
conditions, substituting A1 with A2 and A3 led to yields of 65% (Figure 2C,
entry 6) and 71% (Figure 2C, entry 7), respectively. Entries 8-11 report a
decrease in the yields of 2 when the oxidation of 1 with H>O» in presence of 3/A1
was carried in other solvents. The effect of the solvent can indeed be decisive in
sulfoxidation reactions,* and ‘BuOH provided the best outcome in our case. The
use of 2.0 eq. of H,O» in the standard conditions afforded only 47% yield of 2,
caused by substantial overoxidation to the corresponding sulfone. The oxidation
to sulfone of the thioether units on the block copolymer would possibly
accelerate the hydrolysis of the ester and consequently the ROS-triggered
micellar disassembly. However, our ultimate objective is to achieve a response
of'the thioanisole ester based micelles to very low H,O, concentrations, therefore
increasing the ratio of H,O> to thioether was considered counterproductive to the

aim of this work.

Once confirmed that the standard conditions provide the best performance for
the oxidation of 1, we pursued to follow the consumption of 1 by GC (Figure 2B,
orange) over time. We found that the reaction reached completion after 5 hours.
This result was similar when 0.5 mL buffer (0.1 M phosphate buffered saline
(PBS), pH = 6.95) was added (Figure 2B, blue), demonstrating that the presence
of aqueous buffer does affect the oxidation kinetics. In contrast, the absence of
3 drastically decreased the rate of sulfoxidation (Figure 2B, red), meaning that

the presence of the ketone was fundamental to our system.
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Figure 2. A) Left: Scheme of the standard reaction conditions used to test ketone/amine
catalysis on the oxidation of 4-(methylthio)phenyl acetate 1. Right: Additional amino
catalysts used in the study. B) Kinetic order plots for: standard condition (orange A),
standard condition with the addition of 0.5 mL buffer (0.1 M PBS, pH = 6.95) (bluc e),
standard condition without the addition of 3 (red m). C) Obtained yield of 2 varying the
standard condition. * Reactions were performed with 1 (0.2 mmol), A1 (20 mol%), 3 (20
mol%), and H,O; (30% wt.%, 0.3 mmol) in 0.5 mL tBuOH at room temperature in air
for 3 h. ® The yield was determined by GC analysis using n-dodecane as an internal
standard (n.r. = no reaction). ¢ The reactions were performed in toluene/dichloroethane

(v/v 1:1). 9 The reaction was conducted for 8 hours.

Despite the superior results obtained for the sulfoxidation of 1 using A1 as amino
catalyst, the acute toxicity of p-anisidine A1 discouraged us to employ it for drug
delivery purposes. Therefore, in the investigation of H,O»-induced degradation
of block copolymer micelles in presence of the ketone/amine catalysts, we

mainly focused on the use of A2 and A3.
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3.2.2 Synthesis and characterization of PM16 micelles

The block copolymer p(DMA30-b-MTPA¢), abbreviated as PM16, was
synthesized via light-initiated RAFT polymerization as we previously
described.®® With 4-(methylthio) phenyl acrylate (MTPA) as hydrophobic
monomer and N,N-dimethylacrylamide (DMA) as hydrophilic monomer, this
amphiphilic polymer formed micelles in sodium phosphate buffer (1.0 mg/mL
in 100 mM PB, pH = 7.4) with an average hydrodynamic diameter (Dy) of 31.6
+ 0.5 nm, measured by dynamic light scattering (DLS). A polymer concentration
of 8.0 mg/mL afforded a Dy of 27.3 = 0.3 nm. This slight decrease in PM16
micelles size for higher polymer concentration was probably due to the multi-

scattering registered by DLS in presence of the higher number of micelles.*

3.2.3 Ketone/amine catalyzed H>O; induced oxidation and hydrolysis
of PM16 micelles

With the micelles and the optimized catalytic conditions in hand, the next step
was to study the impact of catalysis on the H,O, induced oxidation and
hydrolysis of the thioether ester moieties on PM16. In neutral aqueous media,
the formation of the imine catalyst is disfavored over the separate ketone and
amine components.”? Premixing PhCOCF; and the amine was fundamental to
ensure catalytic activity in PM16 oxidation. The solution of 3/amine using either
A2 or A3 (0.2, 0.3 and 1.0 eq. compared to the estimated number of thioether
functionalities) was added to PM16 (6.8 mg/mL) in PB/D>,O 9:1 (Scheme 1).
After the addition of 10 mM H,O,, the reaction was followed at 37 °C by 'H
NMR spectroscopy over time. We analyzed process progression through the
integration of the sharp aromatic peaks of 4 (Reference in Spectra section, SI),
which is the degradation product obtained from the polymer hydrolysis after

oxidation.*
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Scheme 1. Ketone/amine catalysis of PM16 block copolymer micelle (6.7 mM thioether
units) oxidation by H,O», followed by ester hydrolysis.

The addition of 10 mM H,O to the micelles, in the absence of a catalyst, led to
the formation of 94 % of 4 in 123 h (Figure 3A). A similar conversion was
obtained when 0.2 eq. of 3/A3 was added with H,O> to the micelles, but now the
conversion to 4 reached 50% (T1,2) within 25 h against the 39 h necessary without
a catalyst present (Figure 3B). Increasing the amount of 3/A3 catalyst to 0.3 eq.
further reduced the half-life time to 19 h. Using A2 together with 3 as catalysts
in the H>O»-triggered oxidation of the micelles led to Ty, about 17 and 11 h when
0.2 and 0.3 eq. were used, respectively. Interestingly, for these catalytic
conditions, we observed sigmoidal profiles of 4 formation, meaning that the
degradation mechanism mainly follows the autocatalytic behavior of
sulfoxidation and hydrolysis of the PM16 micelles.’® °* °' The dramatic
improvement in the rate of PM16 oxidation and hydrolysis with higher amount
of 3/A2 brought us to push the system using 1.0 eq. of the catalyst mixture. In
this case, 96% of 4 formed in 24 h, reaching T\, in less than 7 hours (Figure 3B).
Thus, with equal H,O, concentrations, PM16 micelles degraded 5.5 times faster
with catalysis than in catalyst-free conditions. For all experiments with 0.2-0.3
eq. catalysts, the 'H NMR spectra at t=0 showed substantially diminished
aromatic peaks of 3 (Figure S1 and S2), reaching an estimated integration
corresponding to less than 0.1 eq. even when the conversion to 4 was close to

100% at t =120 h. This observation suggests that 3 is first partially encapsulated

67




Chapter 3

in PM16 micelles and then in the residual clusters of the hydrolyzed polymer
chains.* In contrast, the signals of the A2 were clearly visible in all the 'H NMR
spectra, confirming that L-tert-leucine is well solubilized in the aqueous phase.
These observations suggest that the ketone and amine continuously form enough
imine catalyst at the interface of the core and the corona of PM16 micelles to

activate the H>O, that surrounds the micelles.

To further investigate the role of the different catalysts into the PM16 micelles
oxidation and hydrolysis, we also studied the catalytic effect of having only 3
present (Figure 3C). After the addition of 10 mM H,O, to the micellar
dispersions, the T;» was about 7 and 17 h for respectively 1.0 and 0.2 eq. of 3.
Surprisingly, these results were similar to those obtained when mixtures of 3 and
A2 were used as catalyst. However, roughly about t = T;», the average
conversion decreased compared to the combined use of 3/A2, and large variance
was observed for all data close to 90% conversion of 4. Our interpretation here
is that the kinetic profile would be heavily influenced by the scarce solubility of
3 when the micelles gradually disassembled. H,O»-activation by 3 is well
known,*” 3> 53 but in neutral conditions the formation of the corresponding
dioxirane is considered unfavorable.’*** Possibly, PhACOCFj activates H,O, by
forming the corresponding perhydrate. However, this perhydrate is a metastable
compound that continuously reverts to PACOCF; and H»0,.°® When at t = Ty
more than 0.5 eq. of H,O, was consumed, the formation of the perhydrate
became progressively less favored. In addition, the first part of the kinetic profile
in presence of 0.2 eq. of 3 compares well with that in presence of 0.3 eq. of 3/A3
(Figure S3). However, after 24 h the conversion to 4 slowed down, aligning with
the profile obtained with 0.2 eq. of 3/A3. For 3/A3, we noticed that the 'H NMR
signal at 0.97 ppm (the tert-butyl group of A3) completely disappeared after 18
h (Figure S1). This observation suggests that A3 was not present in the system

after that time point, resulting in 3 remaining as the only catalytic species. Likely,
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the nucleophilic secondary amine group of A3 substituted compound 4 on the
ester moiety of the polymer, leading to a decrease of A3 available for catalysis.
This undesired effect is prevented by using A2 because the primary amine is not
nucleophilic enough to attack the carbonyl moiety of the ester in neutral
conditions.”” In fact, [A2] appeared to be constant over time (Figure S2) under
the applied conditions. These observations explain the catalytic superiority of A2
over A3 and also the improved control and reproducibility compared to the

exclusive use of 3.

To confirm that A2 does not act as a phase transfer catalyst, we synthesized N,N-
dimethyl tert-leucine A4, a tertiary amine that is not able to form the imine with
3, but may have influence on the solubility of the ketone. In the micellar
degradation studies, we chose to have the amine 10 times in excess compared to
the ketone to push the imine formation. We conducted these experiments with
0.2 eq. of 3 to have the conversion profile of 4 with only 0.2 eq. of the ketone as
reference and, at the same time, to avoid an extreme excess of charged species
(both A2 and A4) that could destabilize the micellar system. In Figure 3D, we
show how the use of 1:10 3/A4 produced a profile in line with that one obtained
in presence of only 0.2 eq. of 3. Here, use of A4 led to lower variance in the data.
This effect confirms the assumption that once most of the micelles are
disassembled, the catalytic activity of the ketone is influenced by its solubility in
solution. The oxidation catalyzed by 1:10 3/A2 compared to those in presence of
0.2 eq. of 3 and of 1:10 3/A4 showed almost 2-fold faster formation of 4 as well
as higher conversion (98% against 90-94%). Moreover, with only 0.2 eq. of 3
but a large excess of A2, we obtained a conversion profile similar to the one with
0.3 eq. of 1:1 3/A2. This dependency on the ratio 3/A2 confirms the formation
of the imine. Here, despite the fact that the imine formation is disfavored in
aqueous environment, an excess of the amine can promote this equilibrium and

then activate H,O», likely through an oxaziridine intermediate.
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Figure 3. A) Conversion measured through 'H NMR spectroscopy of 4 after addition of
10 mM H,0; to PM16 micellar solutions (6.8 mg/mL) in PB (100 mM, pH = 7.4)/D,0
9:1 at 37 °C. B) Evaluation of the use of different ketone/amino catalysts conditions
based on Ty, of 'TH NMR conversion of 4. C) Comparison of the 'H NMR conversion of
4 in presence of 1.0 and 0.2 eq. of 3/A2 with 1.0 and 0.2 eq. of 3 in PM16 micelles
degradation with 10 mM H,0,. D) Comparison of the 'H NMR conversion of 4 between
the use of 0.2 eq. of 3 with an excess of A2 versus an excess of A4 (10 eq. in respect to

3) in PM16 micelles degradation with 10 mM H,O,. All curves are drawn as a guide for

the eye.
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3.2.4 Morphological study of ketone/amine catalyzed H,O; induced
oxidation and hydrolysis of PM16 micelles

After demonstrating that the cooperative catalysis between ketone and amine of
H>0; can enhance PM 16 micelles oxidation and subsequent hydrolysis, we then
pursued to study how this catalytic system would influence morphological
change at the material level. To PM16 (6.7 mM thioether units at 6.8 mg/mL of
polymer concentration) in PB, 0.2 eq. of premixed catalyst 3/A2 or 3/A3 was
added. Then, similarly to '"H NMR experiments, 10 mM H,O, was added and the
micelles were analyzed by DLS, following Z-average diameter (Figure S5A, top)
and scatter count (Figure S5A, bottom) at different time points. In presence of
3/A2 as catalyst, the scatter count of PM16 micelles dropped from 12.0 to 1.6
Mcps in 48 h, reaching an equilibrium. The Z-average diameter of micelles
remained constant during this time, but from 48 h onwards increased from 31 to
53 nmat 120 h (Figure S5A, A blue line). When 3/A3 was employed as catalyst,
the minimum scatter count was 2.9 Mcps and the Z-average diameter increased
to 49 nm in 72 h, reaching 78 nm at 120 h (Figure S5A, m red line). These results
show that the employed catalysis accelerated the H,O-induced PM16 micelle
disassembly compared to the control in which no catalyst was used (Figure S5A,
e black line). Interestingly, at the same concentrations of polymer and reactants
in presence of 3/A2, the minimum value in scatter count and the 90% conversion
of 4 found in the '"H NMR study were reached at the same time point (44 h)
(Figure 4A, A blue line). A similar outcome can be noted for the control
experiments at 120 h. This effect confirms that the morphological change in the
micellar structure is directly dependent on the ester cleavage into 4 and the
acrylate anion. In the DLS data of the micelle degradation in presence of 3/A3,
the fast increase of the Z-average diameter together with the slow decrease in
scatter count (Figure S5A, m red line) suggests the formation of new amphiphilic
structures. This result is in line with '"H NMR evidence and supports our previous

hypothesis about the reaction of A3 with the polymer acrylate esters. In view of
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this outcome, we chose to use A2 instead of A3 as the amine in our catalytic

system.

Subsequently, we wanted to test organocatalysis at polymer and H,O»
concentrations that are more relevant for drug delivery. We followed the Z-
average diameter and scatter count of PM 16 micelles at a polymer concentration
of 0.9 mg/mL in presence of 1.3 mM H»O, (1.5 eq. relative to the 0.9 mM
thioether units). We observed a 40% decrease of the normalized scatter count
under these conditions in 120 h, against the 40 h necessary to achieve the same
result for the 8-times more concentrated sample. The Z-average diameter
increased from 30 to 43 nm for PM 16 micelles at a polymer concentration of 6.8
mg/mL and from 33 to 39 nm for PM16 micelles at a polymer concentration of
0.9 mg/mL at 120 h, showing a minor change in micellar size for both dilution
conditions. (Figure S5B). These results demonstrate that 8-fold dilution causes a
3 times decrease in the disintegration kinetics of 1:1.5 PM16/H,O,, but a
negligible morphological change of the micelles. Knowing this, we pursued to
apply the optimized catalytic system 1.0 eq. of 3/A2 for the diluted conditions.
Immediately after adding H>O,, the Z-average diameter of PM16 micelles in
presence of the catalyst was 41.0 + 1.3 against 33.4 &= 2.9 nm in the absence of
catalyst (Figure 4B, top). This size increase of the micelles may be caused by the
partial encapsulation of 3, as anticipated from 'H NMR data. Despite the
different starting Z-average diameter, the micellar size change in time showed a
similar trend for both catalyzed and non-catalyzed conditions over 140 h (Figure
4B, top). PM16 micelles showed stable values for both Z-average diameter and
scatter count in absence of catalyst and oxidant (Figure 4B, m orange line). In
presence of 1.0 eq. of 3/A2 and 1.3 mM H,O, the normalized scatter count
showed more than 40% decrease after about 72 h, while it decreased barely 20%
in absence of catalyst (Figure 4B, bottom). Therefore, the dissociation of PM16

micelles after H,O» addition proceed two times faster when 1.0 eq. of 3/A2 is
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employed in diluted conditions. Here, the effect of organocatalysis on the
oxidation of thioether moieties of low concentration PM16 micelles with H>O,
is smaller than the 5.5 times increase in rate obtained for the "H NMR experiment
concentrations. Still, despite this dilution-induced effect, the data shows that
organocatalysis can be applied to increase the rate of nanocarrier disassembly

even at very low oxidant concentrations.

3.2.5 Cargo release studies

To study the role of the organocatalytic 3/A2 system for oxidation-triggered
release of cargo from PM16 micelles, we loaded PM16 micelles (1.0 mg/mL)
with the hydrophobic dye Nile Red as previously reported.’® Then, similarly to
the samples measured by DLS, we added 1.0 eq. of 3/A2 and 1.3 mM H,0; to
the Nile Red loaded micelles and we followed the Nile Red fluorescence over
time. Figure 4C shows 80% dye release within 72 h in presence of
organocatalysis against the 168 h necessary in non-catalyzed conditions. In line
with the DLS data (Figure 4B), cargo release is approximately twice as fast under

catalytic conditions compared to the uncatalyzed scenario.

Finally, we tested the organocatalyzed system under tumor-mimicking
conditions, where sub-millimolar concentrations of oxidant are continuously
produced.>® We used syringe pumps for the addition of 0.5 mM H,0O, (24 uL)
per day to Nile Red loaded PM16 micelles (1.0 mg/mL) with 1.0 eq. of 3/A2.
After only 15% release after 72 h, the release reached 90% over the subsequent
90 h (Figure 4C, V¥ blue line), similar to the sample in which 1.3 mM H,0O, was
added directly from the start. The initial delay in release may be due to the initial
absence of the catalytically active species, which requires reaction between the
ketone/amine precatalyst and an equivalent of hydrogen peroxide to form. On
the other hand, in the absence of catalyst, the continuous addition of 0.5 mM
H>0; (24 pL) per day led to only 55% release at 168 h. When the same volume

of PB (m orange line) was continuously added instead of the H,O» solution, the
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release profile remained relatively stable over time, reaching less than 20%
release after 180 h. This minor passive leakage of Nile Red from PM16 micelles
was already noticed in our previous work,*® and it may be slightly increased by
the progressive dilution of the micellar dispersions. In the end, in presence of
3/A2, PM16 micelles showed about two times faster response to low H,O»
concentrations such as 0.5 mM per day compared to the uncatalyzed case and
good stability in non-oxidative conditions for more than 7 days. Overall, when
sub-millimolar concentrations of H,O, are used, the 2-fold decrease of
degradation time for PM 16 micelles coupled with the organocatalyst translate in

saving several days to achieve the complete cargo release.
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Figure 4. A) Conversion to 4 (%) measured by 'H NMR (top) and normalized scatter
count (bottom) measured by DLS of PM16 micelles (6.8 mg/mL) with 0.2 eq. of 3/A2
against the control (without any catalyst) after addition of 10 mM H»O, at 37 °C. The
catalyzed samples reached 90% conversion of 4 and a scatter count plateau value at 44 h
(vertical dashed line). B) Z-Average diameter (top) and scatter count (bottom) of PM16
micelles (0.9 mg/mL) after addition of 1.3 mM H,0; with 1.0 eq. of 3/A2 (¢ purple line)

and without catalyst (e grey line). Z-Average diameter (top) and scatter count (bottom)

75



Chapter 3

of PM16 micelles (0.9 mg/mL) measured by DLS at 37 °C (m orange line). C) Nile Red
release from PM16 micelles (0.9 mg/mL) after addition of 1.3 mM H,O, with 1.0 eq. of
3/A2 (¢ purple line) and without catalyst (e grey line). Nile Red release from PM16
micelles (0.9 mg/mL) with 1.0 eq. of 3/A2 (V¥ blue line) and without catalyst (< red
line) after continuous addition of 0.5 mM H,O, (24 uL) per day. Nile Red release from
PM16 micelles (0.9 mg/mL) after continuous addition of 24 uL. PB per day (m orange

line). The curves are drawn as a guide for the eye.

3.3 Conclusion

In this study, we present organocatalytic enhancement of oxidation-triggered
disassembly and release from block-copolymer micelles, even at very low
oxidant concentrations. We applied an in situ formed imine to catalyze the
oxidation of thioether phenyl ester based polymer surfactants in presence of
H>0,. Micelles assembled from these surfactants are able to disrupt following a
logic gate response in which, after the oxidation of the thioether, the adjacent
ester bond cleaves through hydrolysis. The micellar system was then doped with
the ketone PhCOCF; 3 and the unnatural amino acid L-tert-leucine A2. The in
situ formed imine is able to catalytically activate H,O in aqueous buffer at pH
7.4. The use of organocatalysis on PM 16 micelles showed a 5.5-fold acceleration
compared to non-catalyzed conditions, at low millimolar concentrations of H,O».
In 8 times diluted conditions, Nile Red loaded micelles in presence of 3/A2 show
80% release more than two times faster than in absence of catalyst. In addition,
the same system is able to reach almost complete release over 7 days when only
0.5 mM H»0; is supplied per day. At the same time, these PM 16 micelles show
only dilution-induced release over the same time frame in a non-oxidative
environment. The concept of using organocatalysis for oxidant activation opens
the possibility of using the low oxidant concentrations present in living tissues

as triggers for bond breaking reactions and controlled release materials.
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3.5 Supporting information

3.5.1 Materials

All reagents were obtained from commercial suppliers (Sigma Aldrich, TCI
Chemicals or Acros Organics) and used without further purification unless
otherwise specified. Reference compounds 4-(methylthio)phenol and 4-
(methylsulfonyl)phenol were purchased respectively from Sigma Aldrich and
TCI. SDS of these compounds reports that chemical, physical, and toxicological
properties have not been thoroughly investigated. 4-(methylthio)phenol: this
substance/mixture contains no components considered to be either persistent,
bioaccumulative and toxic (PBT), or very persistent and very bioaccumulative
(vPvB) at levels of 0.1% or higher. 2,2,2-trifluoroacetophenone, L-tert-leucine
and p-anisidine were purchased from Sigma Aldrich. Air and moisture sensitive
reagents were transferred via syringe. All air and/or moisture sensitive reactions
were carried out in oven-dried glassware under a positive pressure of argon gas
with commercially available anhydrous solvents. Petroleum ether refers to the
fraction boiling in the range 40 — 60 °C. Reactions were monitored by analytical
thin-layer chromatography (TLC) on silica gel plates (Merck 60F»s4) and either
visualized by UV light (254 nm) or by staining with a solution of
KMnO4/K,CO3/AcOH in water followed by heating. Flash chromatography was
performed on 230-400 mesh silica gel (Sigma Aldrich). '"H NMR and *C NMR
spectra were recorded on an Agilent-400 MR DD2 (400 MHz and 101 MHz for
"H and C, respectively) spectrometer at 298 K. Chemical shifts are reported in
ppm relative to the residual solvent peak, the multiplicity is reported as follows:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and J-couplings (J)
are reported in Hertz (Hz). To suppress the water peak, PRESAT configuration
(suppress one highest peak) was used. NMR spectra were processed by MNova
NMR software (Mestrelab Research). GC-MS samples were analyzed using an
Agilent 5977 GC/MSD equipped with a Stabilwax MS column (oven
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temperature: 250 °C, flow: 2.5 mL/min). ESI-MS was performed using LTQ XL
spectrometer equipped with Shimadzu HPLC setup operating at 0.2 mL/min flow
rate with water/MeCN mobile phase containing 0.1 vol% formic acid and
Discovery C18 column. Dynamic light scattering (DLS) measurements were
performed on a Malvern Zetasizer Nano-ZS equipped with a 4 mW laser
operating at 633 nm. Fluorescence release was measured by Jasco J-815 CD

spectrometer with an FMO-4275 emission monochromator (163 — 900 nm).

3.5.2 Synthesis and molecular model procedures
Synthesis of Catalyst A3

The catalyst A3 was synthesized similarly to the procedure previously reported
by Luo’s group.' To a solution of N-Boc-L-tert-leucine (23.1 g, 100 mmol) in
anhydrous CH,Cl, (200 mL) at 0 °C , was added N,N-Diisopropylethylamine
(DIPEA, 28.4 g, 220 mmol) followed by HBTU (41.7 g, 110 mmol). After
stirring for 30 min at room temperature, ethylamine (4.51 g, 100 mmol) in
anhydrous CH>Cl, (20 mL) was added under ice bath, and the solution was
stirred at room temperature for an additional 12 h. The reaction mixture was
washed with HC1 (0.1 M), water, saturated NaHCO; and brine, then dried with
anhydrous Na;SO4. After removal of the solvent, the residue was purified by
chromatography with petroleum ether and ethyl acetate. To the obtained product
was added CHCl,, then 35 mL TFA at 0 °C and stirred overnight. The solvent
was concentrated to 100 mL, and H,O (50 mL) was added. The aqueous phase
was extracted with additional 50 mL CH,Cl,. The pH value of the solvent was
adjusted to 12 by the addition of K,COj in an ice bath. The aqueous phase was
extracted with CH,Cl, (40 mL), and the organic layers were combined and dried
with anhydrous Na,SO4. After removal of the solvent, the intermediate
compound (9.15 g, 58% yield) was directly used for the next step without
purification. To the above-obtained intermediate (9.15 g) in anhydrous THF (150
mL) at 0 °C was added LiAIH4 (5.51 g, 145 mmol) in portions, then the solution
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was stirred at room temperature for 10 minutes and heated to reflux for 6 h. After
cooling to room temperature, 10 mL water was added at 0 °C, followed by 15%
aqueous NaOH (10 mL), and anhydrous Na;SO, after 10 minutes. The solid
formed was filtered and washed with ethyl acetate several times. The solvent was
removed, and pure catalyst A3 (5.45 g, 66 % yield) was obtained as a colorless
oil by distillation under reduced pressure. "H NMR (400 MHz, CDCl3) § 2.78
(dd, J =114, 2.5 Hz, 1H), 2.74 — 2.54 (m, 2H), 2.47 (dd, J = 10.5, 2.4 Hz, 1H),
2.21(t,J=10.9 Hz, 1H), 1.44 — 1.18 (br, 3H), 1.11 (t, J = 7.1 Hz, 3H), 0.88 (s,
9H). 3C NMR (101 MHz, CDCls) § 56.65, 48.75, 43.69, 33.73, 25.69, 11.59.
ESI-HR calcd for CsHaiN,'™: 145.1699, found 145.1699.

Synthesis of NV,N-dimethyl tert-leucine (A4)

A solution of A2 (131 mg, 1.00 mmol) in formic acid (98%, 0.45 mL, 12.0 mmol)
and aqueous formaldehyde (37%, 0.53 mL, 7.20 mmol) was heated to reflux
overnight. Upon cooling, the mixture was concentrated in vacuo to remove
formic acid and residual formaldehyde. The aqueous solution was then
neutralized with NaOH 1M to pH = 7.4 and freeze dried overnight. Precipitation
in 1.0 mL of MeOH allowed the removal of salts through filtration (syringe filter
0.45 um). After rotatory evaporation of MeOH, A4 was obtained as a white solid
(151 mg, 95% yield). '"H NMR (400 MHz, DMSO-ds) & = 3.91 (s, 1H), 2.87 (s,
6H), 1.15 (s, 9H). 3C NMR (101 MHz, DMSO-d¢) & = 168.3, 74.3, 33.5, 27.6.
MS (ESI+) m/z: [M + H]" caled. for CsH;7NO,, 160.13, found 160.13.

Spectroscopic data are in line with those reported in literature.>*

Screening of ketone/amine catalysis for the oxidation of thioether
ester molecular model
An oven-dried tube equipped with stir bar was charged with thioether (1, 0.20

mmol, 36.4 mg) and amine A1 (20 mol%, 4.90 mg). After dissolution in tert-
butanol, trifluoroacetophenone (20 mol%) was added to the vial. Then H>O, (30

wt.% in water, 0.30 mmol) was added via syringe. Upon completion of the

84



Enhancing trigger sensitivity of nanocarriers through organocatalytic oxidant activation

addition, the reaction was conducted at room temperature for 3 hours (TLC
analysis). The solvent was removed under reduced pressure and the residue was
purified by silica gel chromatography (ethyl acetate/hexane 1:4) to give product
2.

Kinetic study of standard conditions of the oxidation of thioether

An oven-dried tube equipped with stir bar was charged with thioether (1, 0.20
mmol, 36.4 mg) and amine A1 (20 mol%, 4.90 mg). After dissolution in tertiary
butanol, trifluoroacetophenone (20 mol%) was added to the vial. For the control
experiment pure tertiary butanol was added instead. The reactions were
monitored by GC in situ after the addition of H,O» (30 wt.% in water, 0.30 mmol)
via syringe. The conversions were plotted vs. T measured for each reaction

(Figure 2B).

3.5.3 Synthesis and characterization of p(DMA30-b-MTPA )
micelles

The amphiphilic block copolymer p(DMA3-b-MTPAs) (PM16) was
synthesized and characterized as previously described.* 40.0 mg of p(DMA ;30-
b-MTPA ) was dissolved in 0.3 mL of THF. 5.0 or 40 mL of sodium phosphate
buffer (PB, 10 mL, 100 mM, pH = 7.4) was added slowly while stirring to obtain

respectively 8.0 mg/mL or 1.0 mg/mL of micellar dispersion.
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Table S1. Average hydrodynamic diameter (DH) and scatter count measured

by DLS for PM16 micelles in the two concentrations used in this work.

PM16 Dy [unloaded] Scatter count
concentration (nm) (Mcps)
(mg/mL)
8.0 mg/mL 274106 12.6+0.23
1.0 mg/mL 309+1.3 3.13£0.05

3.5.4 'THNMR study of H»O:-induced oxidation and hydrolysis of
PM16 micelles

THNMR study of ketone/amine catalyzed H,0»-induced oxidation and
hydrolysis of PM16 micelles

Stock solutions of trifluoroacetophenone (3) were prepared in ‘BuOH in varying
concentrations (0.50, 0.75, 2.50 M). Stock solutions of amine A3 or A2 were
prepared in phosphate buffer (PB, 100 mM, pH= 7.4) at different concentrations:
50.0, 75.0 and 250 mM. 1.6 pL of the stock solution of 3 and 16.0 uL of the

amine stock solution was mixed and let stir in the vortex for 1 h.

In a NMR tube 0.5 mL of PM16 micelles dispersion (8.0 mg/mL), 58.0 uL. D,O
and 17.6 pL of the premixed catalysts mixture was added. For control
experiments 17.6 uL of PB/'BuOH 10:1 was added instead the catalysts mixture.
Then, 6.00 uL of 3.0 wt% H»O, was added to yield a final 10.0 mM
concentration. The micelles hydrolysis at 37 °C was tracked following the
conversion to 4 by 'H NMR in PRESAT mode. The experiments were performed

in duplicates to obtain mean and standard deviation values.
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Figure S1. "H NMR spectra over time at 37 °C of PM 16 micellar solutions (6.8 mg/mL)
in PB (100 mM, pH = 7.4)/D,0 9:1 upon the addition of 10.0 mM H»O in presence of
0.2 eq. of 3/A3.
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Figure S2. "H NMR spectra over time at 37 °C of PM 16 micellar solutions (6.8 mg/mL)

in PB (100 mM, pH = 7.4)/D,0 9:1 upon the addition of 10.0 mM H»O in presence of
0.2 eq. of 3/A2.
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Figure S3. Comparison of the 'H NMR conversion of 4 between the use of 0.2 eq. of
3/A3, 0.3 eq. of 3/A3 and 0.2 eq. of 3 in PM 16 micelles degradation with 10.0 mM H,0O,.
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Figure S4. '"H NMR spectra over time at 37 °C of PM16 micellar solutions (6.8 mg/mL)

in PB (100 mM, pH = 7.4)/D,0 9:1 upon the addition of 10.0 mM H»O in presence of
1.0 eq. of 3/A2.

88



Enhancing trigger sensitivity of nanocarriers through organocatalytic oxidant activation

THNMR study of 3/A2 against 3/A4 as catalysts for H,Oz-induced
oxidation and hydrolysis of PM16 micelles
500 mM stock solution of 3 was prepared in '‘BuOH. 500 mM stock solutions of

A2 and A4 were prepared in phosphate buffer (PB, 100 mM, pH=7.4). Ina 1.5
mL glass vial 1.6 pL of 500 mM stock solution of 3 and 16.0 pL of 500 mM
stock solution of A2 or A4 was mixed and let stir in the vortex for 1 h. Ina NMR
tube 0.5 mL of PM16 micelles dispersion (8.0 mg/mL), 58.0 uL D>O and 17.6
pL of premixed catalysts mixture was added. Then, 6.00 pL of 3.0 wt% H>O»
was added to yield a final 10.0 mM concentration. The micelles hydrolysis at 37
°C was tracked following the conversion to 4 by '"H NMR in PRESAT mode.
The experiments were performed in duplicates to obtain mean and standard

deviation values.

3.5.5 DLS study of ketone/amine catalyzed H>O:-induced oxidation
and hydrolysis of PM16 micelles

DLS study of ketone/amine catalyzed H>O:-induced oxidation and
hydrolysis of PM16 micelles (6.8 mg/mL)
500 mM stock solution of 3 was prepared in ‘BuOH. 50.0 mM stock solution of

amine A3 or A2 was prepared in phosphate buffer (PB, 100 mM, pH=7.4). 1.6
uL of the stock solution of 3 and 16.0 pL of the amine stock solution was mixed

and let stir in the vortex for 1 h.

In a DLS disposable cuvette 0.5 mL of PM16 micelles dispersion (8.0 mg/mL),
58.0 uL PB and 17.6 uL of the premixed catalysts mixture were added. For
control experiments 17.6 pL of PB/'BuOH 10:1 was added instead the catalysts
mixture. Then, 6.00 pL of 3.0 wt% H,O, was added to yield a final 10.0 mM
concentration. The micelles hydrolysis at 37 °C was tracked following over time
the Z-Average diameter and scatter count in DLS. The experiments were

performed in duplicates to obtain mean and standard deviation values.
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DLS study of ketone/amine catalyzed H,O:-induced oxidation and
hydrolysis of PM16 micelles (0.9 mg/mL)

1.6 uL of 620 mM stock solution of 3 in '‘BuOH and 16.0 pL of 62.0 mM stock

solution of amine A2 in PB was mixed and let stir in the vortex for 1 h.

In a DLS disposable cuvette 1.0 mL of PM16 micelles dispersion (1.0 mg/mL),
17.6 uL of the premixed catalysts mixture was added. For control experiments
17.6 uL of PB/'BuOH 10:1 was added instead the catalysts mixture. Then, 73.0
puL of H,O, 20.0 mM was added to yield a final 1.3 mM concentration. The
micelles hydrolysis at 37 °C was tracked following over time the Z-Average
diameter and scatter count in DLS. The experiments were performed in

duplicates to obtain mean and standard deviation values.
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Figure S5. A) Z-Average diameter (top) and scatter count (bottom) of PM16 micelles
(6.8 mg/mL) after addition of 10.0 mM H»O, with 0.2 eq. of 3/A2 and 0.2 eq. 3/A3
against the control (without any catalyst) measured by DLS at 37 °C. B) Z-Average
diameter (top) and normalized scatter count (bottom) of PM16 micelles (6.8 mg/mL)
after addition of 10.0 mM H,O, (e black data) and PM16 micelles (0.9 mg/mL) after
addition of 1.3 mM H»O, (m red data).
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3.5.6 Nile Red release from PM16 in presence of ketone/amine
catalysis

Nile Red release from PM16 micelles after addition of 1.3 mM H:0;
in presence of ketone/amine catalysis
1.60 uL of 620 mM stock solution of 3 in '‘BuOH and 16.0 pL of 62.0 mM stock

solution of amine A2 in PB was mixed and let stir in the vortex for 1 h. To 1.0
mL of Nile Red loaded PM16 micelles (1.0 mg/mL), 17.6 uL of the premixed
catalysts mixture was added. For control experiments 17.6 uL of PB/'BuOH 10:1
was added instead the catalysts mixture. Then, 73.0 uL of H>O; 20.0 mM was
added to yield a final 1.3 mM concentration. The samples were kept at 37 °C and
Nile Red fluorescence was followed over time, using an excitation wavelength
of 540 + 10 nm and emission wavelength of 620 &+ 20 nm. The experiments were

performed in duplicates to obtain mean and standard deviation values.

Nile Red release from PM16 micelles after continuous addition of
H>O; in presence of ketone/amine catalysis
1.60 uL of 620 mM stock solution of 3 in ‘BuOH and 16.0 pL of 62.0 mM stock

solution of amine A2 in PB was mixed and let stir in the vortex for 1 h. To 1.0
mL of Nile Red loaded PM16 micelles (1.0 mg/mL), 17.6 uL of the premixed
catalysts mixture was added. For control experiments 17.6 uL of PB/'BuOH 10:1
was added instead the catalysts mixture. Then, syringe pumps were set to influx
1.0 puL/h of varying stock solutions of H,O; to provide 0.50 mM H,O, per day.
The samples were kept at 37 °C and Nile Red fluorescence was followed over
time, using an excitation wavelength of 540 + 10 nm and emission wavelength
of 620 + 20 nm. The experiments were performed in duplicates to obtain mean

and standard deviation values.
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Figure S6. Fluorescence intensity of Nile Red loaded PM16 (1.0 mg/mL) before
(black) and after (red) the addition of 1.0 eq. 3 (in 1.60 puL '‘BuOH). The
fluorescence intensity remained stable demonstrating that 3 was not substituting

Nile Red in the micelles core.
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3.5.8 Spectra overview
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'"H NMR spectrum (400 MHz) of 4-(methylthio)phenol in PB (100 mM,
pH=7.4)/D,0 9:1.
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pH=7.4)/D,0 9:1.
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Chapter 4

Enhancing the ROS sensitivity of a
responsive supramolecular hydrogel using
peroxizyme catalysis

Hydrogels that can disintegrate upon exposure to reactive oxygen species (ROS)
have potential for targeted drug delivery to tumor cells. In this study, we
developed a diphenylalanine (FF) derivative with a thioether phenyl moiety
attached to the N-terminus that can form supramolecular hydrogels at neutral and
mildly acidic pH. The thioether can be oxidized by ROS to the corresponding
sulfoxide, which makes the gelator hydrolytically labile. The resulting oxidation
and hydrolysis products alter the polarity of the gelator, leading to disassembly
of the gel fibers. To enhance ROS-sensitivity, we incorporated peroxidases in
the gels, namely chloroperoxidase CiVCPO and the unspecific peroxygenase
rAaeUPO. Both enzymes accelerated the oxidation process, enabling the
hydrogels to collapse with 10 times lower H>O, concentrations than those
required for enzyme-free hydrogel collapse. These ROS-responsive hydrogels
have great potential as biomedical platforms for targeted drug delivery in the
tumor microenvironment.
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Chapter 4

4.1 Introduction

Hydrogels made by self-assembly of small molecules have been drawing
attention for over two decades, due to the perspective of using these soft
materials for applications ranging from drug delivery to tissue engineering.'
The initial fascination over serendipitously discovered gels was soon replaced
by the need to understand the forces that drive gel formation in way to design a
priori molecules that are able to gelate.** Considering the pool of self-assembled
structures in biological systems,” nature was once again where researchers found
inspiration. The first example of peptide based low-molecular-weight gelator
(LMWG), reported in 1995, was used to realize a thermoreversible gel as carrier
for antigen delivery and presentation.® Then, recognition of diphenylalanine (FF)
as a basic structure able to form ordered nanostructures’ led to the derivatization
of this sequence to obtain a large variety of novel hydrogelators.*!' The
biocompatibility, the possibility of bottom-up fabrication and easy chemical
modification made diphenylalanine the natural choice as short peptide sequence
for biomedical materials.'>'* Subsequently, this versatile building block was
functionalized with groups sensitive to various stimuli such as pH,'>'°
enzymes,' "'®* UV'"? and redox change’' to realize responsive hydrogels.
Reactive oxygen species (ROS) overproduction is typical in many tumor and
diseased cells, causing a redox imbalance in the microenvironment. Ikeda and
coworkers prepared FF type peptides with a boronoaryl group, which fragments
in presence of hydrogen peroxide (H,0,), one of the most used ROS.*

Beside the boronates, sulfides are commonly used oxidation-sensitive groups for
stimuli-triggered nanomedicine.”?* In aqueous medium, the oxidation of a
sulfide into sulfoxide or sulfone produces a switch in solubility that can be used
to destabilize self-assembled structures bearing these moieties.”> The solubility
switch from thioether to sulfoxide to trigger the gel-sol transition of hydrogels is

not unprecedent,”® ?’ but to the best of our knowledge, it has not been used for
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short peptide based gelators.?®*?’ Recently, we developed a thioether phenyl ester
based cascade mechanism in which the oxidation to sulfoxide induces the
hydrolysis of the ester.** We functionalized diphenylalanine with the thioether
phenyl moiety aiming to realize a hydrogelator able to respond to H,O; through
a logic gate mechanism that enables the gel to disrupt. Thus, we synthesized
MTpcFF (Figure 1), an aromatic amphiphile able to form a self-assembled
network in aqueous environment both at pH 6.2 and 7.0, which are favorable

conditions for biological applications.
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Figure 1. Schematic representation of MTpcFF self-assembly with peroxizymes
showing the formation of a nanofiber network (gel) and H,O,-triggered gel-sol transition.

Peroxizymes: gels with CiVCPO are prepared in citrate buffer at pH = 6.2 and gels with
rAaeUPO are prepared in phosphate buffer at pH = 7.0.

Moreover, once demonstrated the responsiveness towards H»>O,, we included
two different H,O»-dependent enzymes, namely the vanadium-dependent
chloroperoxidase from Curvularia inaequalis (CiVCPO) and the unspecific
peroxygenase from Agrocybe aegerita (tAaeUPO, PaDal-mutant) in the
hydrogel. Chloroperoxidases are enzymes that catalyze the formation of
hypohalites from H,O, and halides. Despite their lower oxidation potential

compared to H,O» (1.78 V), hypohalites such as HOCI (1.49 V) and HOBr (1.34
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V) are known to increase the rate of sulfide oxidation.’'* Amongst the
chloroperoxidases used for oxidation of thioanisole type moieties, we chose
CiVCPO for its robustness and high catalytic activity.**** The production of
HOCI is optimal at pH below 7,%° therefore this system is suitable for mildly
acidic conditions, which are often present in tumor tissues.”” We also
incorporated r4aeUPO, which is known to catalyze the oxidation of aromatic
sulfides with H,O» at neutral pH,***° in the MTpcFF gel.

Despite the different mechanism of the two peroxizymes, we found that their
influence over the gel-sol transition of MTpcFF hydrogels upon addition of
H»0, is comparable. This establishes a versatile strategy that allows us to obtain

ROS responsive hydrogels both in mildly acidic and neutral conditions.

4.2 Results and discussion

4.2.1 Oxidation and hydrolysis study on a soluble model compound

In previous work, we demonstrated the hydrolytic lability of the 4-(methylthio)
phenyl ester when the thioether moiety is oxidized to the corresponding
sulfoxide.’® Here, we synthesized the taurine derivative 1 to study the oxidation
process of the thioanisole moiety and whether sulfoxidation triggers carbamate
hydrolysis. This model compound was also used to determine the ideal
concentration of enzymes to accelerate the oxidation of the thioether unit. To
avoid the inactivation of CiVCPO in presence of inorganic phosphate, we
performed all experiments with this chloroperoxidase in citrate buffer (CB, 50
mM, pH = 6.2, 140 mM NaCl). First, we followed product formation from 20
mM 1 in CB upon addition of 1.5 eq. H>O» in absence of enzyme (Figure 2A) at
37 °C. After the first hour, the appearance of low field peaks in 'H-NMR revealed
the formation of sulfoxide 2 and the 4-(methylsulfinyl)phenol 3 (Figure S1). At
3 h, the conversion to 2 and 3 was 55% and 12%, respectively, and 33% of 1 was

still present. Compound 1 was completely consumed after 8 h, but the amount of
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2 dropped to 45% while 3 increased to 52%. Sulfoxide 2 is an intermediate that
hydrolyzes over time to form 3 and free taurine, demonstrating the hydrolysis of
the carbamate moiety in these conditions. It took 16 h to reach more than 80%
conversion to phenol 3, indicating that the hydrolysis rate from 2 to 3 is lower
than the rate of oxidation of 1 to 2. Considering the difficulties in enhancing the
rate of hydrolysis, we focused on catalysis of the oxidation step. Therefore, we
tested CiVCPO in concentrations of 0.1 and 1.0 uM to seek for the optimal
oxidation conditions of 1. In the presence of 0.1 uM CiVCPO, compound 1
converted into 80% of 2 in 2 h after the addition of H,O (Figure 2B, yellow
line). With 1.0 uM CiVCPO 85% of 2 was produced in 10 min (Figure 2B, purple
line). This result demonstrates that the chloroperoxidase accelerates the
oxidation of 1 more than two times for 0.1 uM and about 30 times for 1.0 uM
enzyme. In addition, at 3 h the conversion of 3 was 19% for 0.1 uM CiVCPO
and 26% for 1.0 uM CiVCPO against 12% for the enzyme-free sample (Figure
2C). However, for the samples with the chloroperoxidases, the formation of 3
was about 80% after 12 h. This indicates that the hydrolysis rate is influenced by
the concentration of 2, but this effect fades with the consumption of the sulfoxide
and the oxidant, translating into a minor difference in the kinetic profile towards
the end of the reaction.

Aiming to investigate the reaction in neutral conditions, we decided to follow the
oxidation and hydrolysis of 1 with 1.5 equivalents of H,O» in phosphate buffer
(PB, 50 mM) at pH = 7.0. In Figure 2D, we show the conversion of 1 and its
products in PB, in absence of enzyme. At 3 h, the production of 2 and 3 was
respectively 39% and 28%, with 33% of 1 remaining. At the same time point, 1
was consumed equally whether in phosphate or in citrate buffer, but the higher
concentration of 3 in PB indicates that the hydrolysis is indeed faster than in CB.
Due to the incompatibility of CiVCPO and phosphate buffer, we employed
rAaeUPQO as peroxizyme to catalyze the oxidation of 1 for these conditions.

Similar to CiVCPO, we used 0.1 and 1.0 uM rdaeUPO to accelerate the

107




Chapter 4

oxidation of 1 with H>O,. Compound 2 reached 90% in only 10 min with 1.0 uM
rAaeUPO and 48% in 2 h with 0.1 uM r4aeUPO (Figure 2E). The hydrolysis
profile of 2 to 3 (Figure 2F) was similar in all cases, reaching about 90% in 12
h. The use of 0.1 pM r4aeUPO barely accelerated the oxidation of 1 compared
to the uncatalyzed case. In presence of 1.0 UM r4aeUPO we have an almost
immediate full conversion to 2, similar to the use of the same concentration of
CiVCPO. Finally, at 12 h the hydrolysis rate reached 90% in PB against 80% in
CB. Additionally, after 12 h in absence of oxidant, 14% 4-(methylthio)phenol
had formed in PB (orange line, Figure 2F) against about 5% in CB (orange line,
Figure 2C), confirming the former condition as more advantageous for
hydrolytic degradation. Considering the comparable efficiency of both CiVCPO
and r4aeUPO at a concentration of 1.0 uM in the H,O,-driven oxidation of the
thioether moiety and the balance between responsiveness and stability of the
non-oxidized substrate, we chose to explore these conditions at the material level

in both PB and CB with the corresponding 1.0 uM enzyme.
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Figure 2. Scheme illustrating the species formed from compound 1 after the addition of

H,0, at 37 °C. A) Conversion profile without enzyme in citrate buffer. B) Conversion

profile of 2 after addition of H,O; in presence of 0.0, 0.1, 1.0 uM CiVCPO. C)

Conversion profile of 3 without H,O: in citrate buffer (orange line, the conversion refers

to 4-(methylthio)phenol) and after addition of H,O, in presence of 0.0, 0.1, 1.0 uM

CiVCPO. D) Conversion profile without enzyme in phosphate buffer. E) Conversion

profile of 2 after addition of H,O, in presence of 0.0, 0.1, 1.0 uM r4aeUPO. F)

Conversion profile of 3 in absence of H,O, in phosphate buffer (orange line, the

conversion refers to 4-(methylthio)phenol) and after addition of H>O» in presence of 0.0,

0.1, 1.0 uM r4aeUPO. The dashed lines are drawn as a guide for the eye.

4.2.2 Properties of MTpcFF hydrogels

Short peptide based amphiphiles have great potential to form gels encapsulating

large amounts of water.***! Considering its promising gelation properties,** we
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chose FF as peptide building block and functionalized its N-terminus with the 4-
(methylthio)phenyl moiety to obtain MTpcFF. Using the tube-inversion
method, we found that this dipeptide derivative has a critical gel concentration
(CGC) of 0.70 wt% in CB and 0.95 wt% in PB.

Knowing that tripeptide based hydrogelators have generally lower CGC, we also
synthesized MTpcFFF. However, in the tube-inversion tests the gelation of this
derived tripeptide was often difficult to achieve and to replicate. We indeed
noticed poor solubility in aqueous solution even at a concentration of 0.1 wt%,
and without the possibility of heating to avoid the premature hydrolysis of the
carbamate motif, we decided to continue our studies exclusively on MTpcFF.
First, we investigated the rheological properties of MTpcFF at 0.75 wt% in CB
and at 1.0 wt% in PB. Interestingly, despite the higher concentration of the
hydrogelator in PB, the storage modulus (G') is 2.5 kPa and the loss modulus
(G")is 0.2 kPa for MTpcFF in PB against 6.4 (G') and 0.8 (G") kPa for MTpcFF
in CB (Figure 3). This result is not surprising if we consider the influence that
pH and Hofmeister effect have over the gelation of other phenylalanine based
LMWG.** Lower pH leads to a higher degree of protonation of the terminal
carboxylic acid of the dipeptide amphiphile, making the functionalized FF more
hydrophobic and therefore favoring the gelation in aqueous solution.
Nevertheless, obtaining G' values always higher than the G" means that both
conditions produced gels with viscoelastic properties typical of fiber networks.*’
Observation of the hydrogels with optical microscopy (Figure S3) and Cryo-EM
images (Figure 3C, Figure S4) confirmed the presence of nanofibers that can
aggregate in bundles with microscopic diameters. Analysis of Cryo-EM images
showed average fiber diameters of 7.9 + 2.0 (citrate buffer, Figure S4C) and 4.0
+ 0.7 nm (phosphate buffer, Figure S4F) for the MTpcFF hydrogels.

Additives and impurities can affect the gelation of LMWG. Thus, to exclude that
the encapsulation of CiVCPO and r4aeUPO influences the mechanical
properties of MTpcFF gels, we performed additional rheological analysis on the
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enzyme loaded hydrogels. The resulting data confirmed that adding 1.0 uM
CiVCPO to 0.75 wt% MTpcFF in CB and 1.0 uM r4aeUPO to 1.0 wt%
MTpcFF in PB produced G' and G" values that are only slightly lower than the
corresponding gels without peroxizymes (Figure 3F). We also performed strain
amplitude measurements within the linear viscoelastic region for all four
different conditions. MTpcFF gels in CB both with and without CiVCPO
showed a slight drop in G' and G" values at 3% strain. In contrast, despite their
lower storage and loss moduli, MTpcFF gels in PB demonstrated a good
stability even at 5% strain. Knowing these minor differences in the mechanical
properties of MTpcFF hydrogel in different conditions, we pursued to

investigate their response to H,O».
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Figure 3. Properties of MTpcFF gels. A) Frequency sweep and B) strain sweep of
MTpcFF with (o) and without () CiVCPO in citrate buffer. C) Cryo-EM image of
MTpcFF (1.0 wt%) hydrogel in PB (Scale bar = 200 nm). D) Frequency sweep and E)
strain sweep of MTpcFF with (o) and without (@) r4aeUPO in phosphate buffer. F)
Rheological properties of MTpcFF gels at an angular frequency of 1.0 Hz.
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4.2.3 H,0:-responsive gel-sol transition of MTpcFF hydrogels

To test the sensitivity of MTpcFF gels towards oxidation, we followed the gel-
sol transition in time after the addition of H>O, via the tube-inversion method.
MTpcFF hydrogels (0.75 wt%, 16 mM) were prepared in CB with and without
CiVCPO (1.0 uM) and visually followed after the addition of varying equivalents
of H,O; (Figure 4A). The peroxizymes-free gels turned into solution 5 h after the
addition of 1.0 equivalent of H,O,, while CiVCPO loaded MTpcFF hydrogels
became solutions within 30 min in presence of an equimolar amount of hydrogen
peroxide (Figure 4A). The hydrogels with CiVCPO fully disrupted in 1 h and 3
h with 0.5 eq. and 0.25 eq. H,O,, respectively. Meanwhile, the CiVCPO loaded
control gels, where the oxidant was not added, remained intact for over 8 h.

To investigate the molecular mechanism behind the material change, we
analyzed MTpcFF hydrogels as soon as they had disintegrated after the addition
of 1.0 eq. of H,O> with the HPLC. In the chromatogram, we found that after this
time the peak of MTpcFF has decreased, while an unidentified peak appeared at
tr = 18.7 min. LC-MS analysis revealed that we obtained the corresponding
sulfoxide of the gelator (Figure S6). Despite the presence in the HPLC analysis
of about 15% FF 5 h after the addition of H,O,, we concluded that the main
cause of the disassembly of the hydrogel is the oxidation of MTpcFF into the
more hydrophilic sulfoxide. This result comes unexpected since the
sulfoxidation-related change in hydrophilicity was previously considered to be
too small to lead to disassembly of block copolymers based on this motif.** On
the other hand, the observed gel disruption at the oxidation step accelerates the
material response and removes the slow hydrolysis as the rate determining step.
In addition, the slow hydrolysis rate explains the considerable stability of the
hydrogels in absence of the oxidant.

The 10-fold acceleration of gel-sol transition encouraged us to explore
[H,O2])/[MTpcFF] ratios as low as 0.1. Interestingly, MTpcFF hydrogels were

responsive to such low concentrations of H>O», even if the gel solubilization was
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not complete at 8 h (Figure 4A, bottom left). The HPLC analysis was performed
on the solutions obtained after 5 h for the hydrogels exposed to high oxidant
concentration, while the partially disrupted gels exposed to 0.1 eq. H>O, and the
control experiments were analysed after 8 h. The HPLC data in Figure 4B show
that the presence of 0.1 eq. H,O» caused the consumption of about 10% gelator.
Considering the corresponding gel picture, we can conclude that this variation in
MTpcFF concentration is not sufficient to completely degrade the gel. In
contrast, upon addition of 0.25 eq. H>O» we obtained full collapse of the gels in
3 h, with about 75% of the remaining gelator according to HPLC analysis. This
suggests that the threshold for fully solubilization of a MTpcFF gel (0.75 wt%)
in CB is in the range 0.1-0.2 eq. H>O,. All these experiments were carried either
with hydrogen peroxide and either NaCl or KBr, needed for the production of
hypohalites by CiVCPO. The chloroperoxidase is able to convert HO, and NaCl
into HOCI, while in presence of KBr, HOBr is formed. In principle, HOCI has
higher oxidation potential than HOBr, while the latter is more electrophilic and
can react faster with the thioether.” In the tube-inversion tests, the use of NaCl
together with H>O, led to solutions that appeared slightly less viscous than when
KBr was used. In the correlating HPLC analysis, for additions of 1.0 and 0.5 eq.
H,0,, about 6% less MTpcFF was measured when NaCl was added instead of
KBr. However, the difference is not significant, making it difficult to assess what
species has more impact on the system. On a second note, considering the
abundant presence of chlorine in cellular environment and the tendency of HOBr
to react with a broad range of substrates other than the thioether,’" ** the
conditions with NaCl should be favored for biological applications.

Subsequently, we proceeded to test the gel disruption upon addition of H.O»
between 0.1 and 1.0 eq. on 1.0 wt% MTpcFF hydrogels (20 mM) in PB with
and without r4aeUPO (1.0 uM). The photographs of these inverted vial tests are
shown in Figure 4C. r4aeUPO-free hydrogels take 5 h to turn into a viscous

solution in presence of 1.0 equivalent of the oxidant, while when r4aeUPO was
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encapsulated in the gel formulation, this time reduced to 30 min. The time to gel
degradation was 1 and 3 h when respectively 0.5 and 0.25 eq. H,O, were added.
We found that 0.1 eq. of hydrogen peroxide is enough to achieve the gel-sol
transition, even if the time scale is extended to 8 h in this case. The corresponding
HPLC results (Figure 4D) showed that for 0.1 eq. H2O., the expected 90% of
MTpcFF was detected, which appeared to be below the CGC of the gels when
comparing with the tube-inversion tests. Such low threshold is in line with the
need of increasing the gelator concentration when performing gelation in PB
compared to that achieved in CB. Despite the different concentrations and
conditions of MTpcFF hydrogels with r4aeUPO and with CiVCPO, the
response times in gel collapse upon addition of H,O, were remarkably similar.
The close catalytic effect of 1.0 uM of r4aeUPO and of 1.0 uM CiVCPO (in
presence of halides) to oxidize the thioether with H,O, was already anticipated
from the '"HNMR study on 1 (Figure 2). The translation of this effect to the
hydrogels with different formulations enables these materials to have
comparable sensitivity towards H,O, (~ 2.0 mM), in both mildly acidic and

neutral settings.
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Figure 4. A) Photographs of CiVCPO (1.0 uM) loaded MTpcFF hydrogels in CB after
the addition of various amounts of H>O,. B) HPLC analysis of remaining MTpcFF after
the addition of various amount of H,O; in presence of CiVCPO (1.0 uM) in CB with
NaCl (@) or KBr (m). The experiments were performed in duplicate to obtain mean and
standard deviation values (shown as error bars). C) Photographs of r4aeUPO (1.0 uM)
loaded MTpcFF hydrogels in PB after the addition of various amounts of H,O,. D)
HPLC analysis of remaining MTpcFF after the addition of various amount of H,O; in
presence of r4aeUPO (1.0 uM) in PB. The experiments were performed in duplicate to

obtain mean and standard deviation values (shown as error bars).
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4.3 Conclusion

In summary, we report here a thioether carbamate based dipeptide capable of
forming hydrogels in the 6.0 — 7.0 pH range. The carbamate is stable in these
conditions, assuring that these gels remain intact for more than 8 h. Contrary, the
addition of H>O; causes oxidation of the thioether to the corresponding sulfoxide,
triggering the disruption of the gel via a solubility switch. We encapsulated two
different peroxizymes in the hydrogel: the vanadium-dependent
chloroperoxidase CiVCPO in citrate buffer at pH 6.2 and the heme-dependent
peroxidase r4aeUPO in phosphate buffer at pH 7.0. The presence of the two
enzymes showed comparable impact, with the gel collapsing 10 times faster than
the peroxizyme-free samples. The encapsulation of peroxizymes in the gel
matrix proved essential to achieve a gel-sol transition at hydrogen peroxide
concentrations below 2.0 mM. Moreover, we believe that the similar
responsiveness of the hydrogel in the two different conditions is a key feature
for application of this system in neutral and mildly acidic environments with
elevated ROS concentrations.

In perspective, this simple dipeptide based gelator can be the starting point to
realize a library of thioanisole carbamate based LMWG with different
mechanical properties and response thresholds. This holds promise for devices
sensitive to redox imbalance in biological settings. Additionally, even if it was
not essential in this study, the hydrolytic instability of the carbamate after the
oxidation would make the thioether phenyl group a promising ROS-labile

protecting group of the amine in pharmaceutically active compounds.
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4.5 Supporting information

4.5.1 Materials

All commercial reagents were used without further purification unless otherwise
specified. Diphenyl alanine (FF) and triphenyl alanine (FFF) were purchased
from Sigma Aldrich. The chloroperoxidase CiVCPO from Curvularia inaequalis
and the unspecific peroxygenase rdaeUPO from Agrocybe aegerita were
provided by Hollmann’s lab following reported procedures."* '"H NMR and *C
NMR spectra were recorded on Agilent-400 MR DD2 (400 MHz and 100.5 MHz
for 'H and "*C, respectively) spectrometer at 298 K. Chemical shifts are reported
in ppm relative to the residual solvent peak, the multiplicity is reported as
follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and J-
couplings (J) are reported in Hertz (Hz). ESI-MS was performed using LTQ XL
spectrometer equipped with Shimadzu HPLC setup operating at 0.2 mL/min flow
rate with water/acetonitrile mobile phase containing 0.1 vol% formic acid and
Discovery C18 column. Reactions were monitored by analytical thin-layer
chromatography (TLC) on silica gel plates (Merck 60 F»s4) using UV light (254
nm) as the visualizing agent. Flash chromatography was performed on 230-400
mesh silica gel (Sigma Aldrich). Reverse phase HPLC (RP-HPLC) for
compound purification was performed with a Shimadzu LC-20 system with a
Shimadzu mSPD-20A Photo Diode Array detector. RP-HPLC of the collapsed
gels was conducted with a Waters Acquity UPLC instrument. Photographs of the
hydrogels were taken on a Canon EOS 600D single reflex camera with a Canon
Macro Lens EF 100 mm 1:2.8 USM. Optical microscopy images were obtained
via an inverted microscope (Zeiss Axio Observer) equipped with a 20x objective
(N-Achroplan 20x/0.45 M27) and a CCD camera (Axiocam 705 color). Cryo-
EM images were aquired on a Jeol JEM1400 plus Transmission Electron

Microscope with an operating voltage of 120 kV and TVIPS F416 camera.
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4.5.2 Synthesis
Synthesis of 4-(methylthio)phenyl 4-nitrophenyl carbonate (4)
4-Nitrophenyl chloroformate (0.97 g, 4.80 mmol) and 4-(methylthio)phenol

(0.56 g, 4.00 mmol) were dissolved in 30 mL dichloromethane and the solution
cooled to 0 °C in an ice bath. Triethylamine (0.67 ml, 4.80 mmol) was added
dropwise, the mixture was allowed to warm to room temperature and stirred for
4 h. TLC analysis (silica; eluant: dichloromethane) indicated that no 4-
(methylthio)phenol remained. The reaction mixture was washed with water
(2x25 mL) and brine (25 mL). The organic layer was dried over Na;SOs, filtered,
and the solvent was removed by rotatory evaporation. Recrystallization from
toluene (160 mL) gave the pure product (0.92 g, yield 77%) as a yellow solid.
'H NMR (400 MHz, CDCls) 8 = 8.32 (d, J=9.2 Hz, 2H), 7.48 (d, J=9.2 Hz, 2H),
7.31(d, J=8.8 Hz, 2H), 7.21 (d, J=8.8 Hz, 2H), 2.50 (s, 3H). >*C NMR (101 MHz,
CDCl) 6 = 155.39, 151.18, 148.42, 145.78, 137.24, 127.98, 125.56, 121.86,
121.32, 16.38. Spectroscopic data aligned with those reported in literature.’

Synthesis of 2-(((4-(methylthio)phenoxy)carbonyl)amino)ethane-1-
sulfonic acid (1)
To a solution of 4-(methylthio)phenyl 4-nitrophenyl carbonate (0.15 g, 0.50

mmol) in THF (2.0 mL) was added dropwise taurine (0.09 g, 0.75 mmol) and
DIPEA (0.13 mL, 0.75 mmol) in distilled water (2.0 mL) at 0 °C. The reaction
mixture was allowed to warm at room temperature and stirred overnight.* After
removal of THF by rotatory evaporation, the mixture was extracted with ethyl
acetate to remove the excess of p-nitrophenol. The aqueous layer was freeze
dried overnight. The crude was dissolved in acetonitrile, allowing the
precipitation of the free taurine as white solid. After filtration thought syringe
filters (45 pm), the acetonitrile was evaporated in vacuo. The mixture was
dissolved in BuOH and further purified by flash chromatography over silica gel
(CH3COOH/H,0/BuOH 5:5:90) to remove the excess of DIPEA. Compound 1
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was obtained (0.07 g, yield 48%) as a slightly yellow solid. "H NMR (400 MHz,
CD;0D) & = 7.29 (d, J=8.6 Hz, 2H), 7.07 (d, J=8.6 Hz, 2H), 3.62 (t, J=6.9 Hz,
2H), 3.06 (t, J=6.9 Hz, 2H), 2.48 (s, 3H). °C NMR (101 MHz, CD;OD) & =
156.8, 150.4, 136.6, 129.0, 123.4, 51.7, 38.3, 16.5. LCMS (ESI) calcd for
CioH12NOsS™ [M-H]: 290.02, found: 290.04.

Synthesis of MTpcFF

To a solution of 4-(methylthio)phenyl 4-nitrophenyl carbonate (0.26 g, 0.85
mmol) in THF (16.0 mL) was added dropwise FF (0.40 g, 1.28 mmol) and
DIPEA (0.22 mL, 1.28 mmol) in distilled water (4.0 mL) at 0 °C. The reaction
mixture was allowed to warm at room temperature and stirred overnight.*®* TLC
analysis confirmed that no 4-(methylthio) 4-nitrophenyl carbonate remained.
After removal of THF through rotatory evaporation, the aqueous mixture was
acidified (pH = 2-3) with 5% citric acid solution. The reaction mixture was
extracted with ethyl acetate (3x40 mL) and the combined organic layer was
washed with water. The organic layer was dried over Na,SO; and filtered. The
filtrate was concentrated and precipitated in hexane twice to provide MTpcFF
(0.34 g, yield 84%) as a slightly yellow solid. '"H NMR (400 MHz, CD;CN) & =
7.32 —7.22 (m, 12H), 7.01 (d, J/=7.8 Hz, 1H), 6.89 (d, J=8.5 Hz, 2H), 6.20 (d,
J=8.4 Hz, 1H), 4.70 — 4.60 (m, 1H), 4.38 — 4.29 (m, 1H), 3.23 — 3.10 (m, 2H),
3.06 — 2.95 (m, 1H), 2.89 — 2.77 (m, 1H), 2.46 (s, 3H). *C NMR (101 MHz,
CDs;CN)6=172.7,171.8,155.2,149.7,138.2, 137.8, 130.3, 129.4, 129.3, 128.3,
127.8, 127.7, 123.2, 57.2, 54.4, 38.5, 37.8, 16.3. LCMS (ESI) calcd for
C26H26N20sS [M+H]": 479.16, found 479.13.

Synthesis of MTpcFFF

To a solution of 4-(methylthio)phenyl 4-nitrophenyl carbonate (0.18 g, 0.60
mmol) in THF (16.0 mL) was added dropwise FFF (0.33 g, 0.72 mmol) and
DIPEA (0.12 mL, 0.72 mmol) in distilled water (4.0 mL) at 0 °C. The reaction

mixture was allowed to warm at room temperature and stirred overnight.*®* TLC
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analysis confirmed that no 4-(methylthio)phenyl 4-nitrophenyl carbonate 4-
nitrophenyl carbonate remained. After removal of THF through rotatory
evaporation, the aqueous mixture was acidified (pH = 2-3) with 5% citric acid
solution. The reaction mixture was extracted with ethyl acetate (3x40 mL) and
the combined organic layer was washed with water. The organic layer was dried
over Na;SO4 and filtered. The residue was obtained after rotatory evaporation to
remove ethyl acetate and it was further purified by RP-HPLC (column:
CAPCELL PAK C8 (150 mm x 20 mm L.D.), eluent: acetonitrile/H20 (0.1%
TFA) = 40:60 to 60:40 (linear gradient over 40 min), flow 5.0 mL/min.
MTpcFFF was obtained as a white powder. 'H NMR (600 MHz, CD;CN) § =
7.30 —7.19 (m, 18H), 7.05 (s, 1H), 6.90 (d, J=8.0 Hz, 2H), 6.28 (s, 1H), 4.60 —
4.51 (m, 2H), 4.32 — 4.24 (m, 1H), 3.14 — 3.07 (m, 2H), 3.06 — 3.02 (m, 1H),
2.98 —2.90 (m, 1H), 2.90 — 2.84 (m, 1H), 2.80 — 2.74 (m, 1H), 2.43 (s, 3H). °C
NMR (151 MHz, CD3CN) 6 = 172.9, 171.7, 155.4, 149.6, 138.2, 136.2, 130.3,
129.3, 128.3, 127.6, 123.2, 57.6, 55.3, 54.8, 38.4, 37.8, 30.3, 16.2. LCMS (ESI)
calcd for C35sH35sN306S [M+H]': 626.23, found 626.17.

4.5.3 '"H NMR study of oxidation and hydrolysis of 1

'"H NMR study of oxidation and hydrolysis of 1 with and without
CivCPO

In a NMR tube, 2.90 mg of 1 was dissolved in citrate buffer (CB, 50 mM, pH=
6.2, 165 mM NaCl)/D,0 9:1. Sodium trimethylsilylpropanesulfonate (DSS) was
added in stoichiometric amount to 1 and used as NMR standard. To this solution,
0.0, 0.7 or 7.7 uL of the 65.0 uM CiVCPO stock solution in Tris/H,SO4 buffer
(50 mM, pH 8.2) was added to reach respectively of 0.0, 0.1 and 1.0 uM of
CiVCPO. The total volume of each experiment was 500 pL. Then, 15.0 uL of
3.0 wt% H»0, was added to the tube and the reaction was followed by '"H NMR
in PRESAT mode over time. All the experiments were performed in duplicates

to obtain mean and standard deviation values.
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Figure S1. '"H NMR spectra over time at 37 °C of 1 in CB/D,0 9:1 upon the addition of
30 mM H202

'"H NMR study of oxidation and hydrolysis of 1 with and without
r4aeUPO
In a NMR tube, 2.90 mg of 1 was dissolved in phosphate buffer (PB, 50 mM, pH

= 7.0)/D,0 9:1. Sodium trimethylsilylpropanesulfonate (DSS) was added in
stoichiometric amount to 1 and used as NMR standard. To this solution, 0.0, 0.6
or 6.0 uL of the 83.9 uM r4aeUPO stock solution in potassium phosphate buffer
(20 mM, pH 7.0) was added to reach respectively of 0.0, 0.1 and 1.0 uM of
rAaeUPO. The total volume of each experiment was 500 puL Then, 15.0 puL of
3.0 wt% H>O, was added to the tube and the reaction at 37 °C was followed by
"H NMR in PRESAT mode over time. All the experiments were performed in

duplicates to obtain mean and standard deviation values.
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Figure S2. '"H NMR spectra over time at 37 °C of 1 in PB/D>O 9:1 upon the addition of
30 mM H202.
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4.5.4 Characterization of MTpcFF hydrogels
Rheology of MTpcFF hydrogels

Oscillatory experiments were performed using a rtheometer AR G2 from TA
Instruments in a strain-controlled mode. The rheometer was equipped with a
steel plate-and plate geometry of diameter 25 mm and a water trap. The
temperature of the plates was controlled at 25 = 0.2 °C. The total volume for
each gelation experiment was 0.1 mL. The CiVCPO/MTpcFF gels were
prepared dissolving 0.75 mg MTpcFF in 5.0 uL of DMSO, then adding 93.5 uL
of citrate buffer (CB, 50 mM, pH = 6.2) and 1.5 pL of the 65.0 uM CiVCPO
stock solution in Tris/H,SO4 buffer (50 mM, pH = 8.2). For enzyme-free gels 1.5
uL of citrate buffer was added instead of the enzyme stock solution. The
1AaeUPO/MTpcFF gels were prepared dissolving 1.00 mg MTpcFF in 5.0 uL
of DMSO, then adding 93.8 pL of phosphate buffer (PB, 50 mM, pH = 7.0) and
1.2 pL of the 83.9 uM r4aeUPO stock solution in potassium phosphate buffer
(20 mM, pH 7.0). For enzyme-free gels 1.2 pL. of phosphate buffer was added
instead of the enzyme stock solution. After stirring the vial by vortexing for 3 s,
the gel was pipetted on the bottom plate of the rheometer and the upper plate was
slowly rotated to equally spread the gel. The storage and loss moduli G” and G”
were followed over time with the rheometer during the formation of the gel,
setting up the instrument with a frequency of 1.0 Hz and under 1.0% strain. The
measurements were stopped when no further increase of G’ was observed. A
frequency sweep was measured in the range 0.01-100 rad/s, confirming that the
moduli are constant in the frequency range chosen and the strain sweep revealed
that the applied strain percentage is in the linear strain regime. G~ was greater
than G” and both G" and G” were frequency independent, which indicated the
typical viscoelastic property of hydrogel consisting of fiber networks The
rheological properties of MTpcFF gels were not significantly influenced by the
presence of the enzymes CiVCPO and r4aeUPO.
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Optical microscopy of MTpc-FF hydrogels

MTpcFF hydrogels were prepared dissolving 1.00 mg MTpcFF in 5.0 uL of
DMSO, then adding 95.0 pL of phosphate buffer (PB, 50 mM, pH = 7.0).
MTpcFF gels in citrate buffer (CB, 50 mM, pH = 6.2) were prepared dissolving
0.75 mg MTpcFF in 5.0 uL of DMSO, then adding 95.0 uL of the buffer on top.
After formation of stable gels, a portion of MTpcFF hydrogels was placed in the
center of a glass slide, then a glass cover slip was positioned on top of the sample

and observed in the microscope. Optical images were processed using Imagel.

Figure S3. Optical images of MTpcFF hydrogels. Optical images of MTpcFF (0.75
wt%) hydrogel in CB (Scale bar = 20 um) at 63X magnification show fibers of about 1.0
um diameter, which A) intersect when surrounded by water and B) assume a parallel
orientation after the evaporation of water from the sample. MTpcFF (1.0 wt%) hydrogel
in PB at C) 20X magnification (Scale bar = 100 um) and D) 63X magnification (Scale
bar = 20 um) present bundles of fibers with diameter up to 3.0 um.
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S4.1 Cryo-EM of MTpcFF hydrogels

MTpcFF hydrogels were prepared dissolving 1.00 mg MTpcFF in 5.0 uL of
DMSO, then adding 95.0 pL of phosphate buffer (PB, 50 mM, pH = 7.0).
MThpcFF gels in citrate buffer (CB, 50 mM, pH = 6.2) were prepared dissolving
0.75 mg MTpcFF in 5.00 uL of DMSO, then adding 95.0 uL of the buffer on
top. Cryo-TEM images were obtained by placing 4.0 uL of the sample onto
Quantifoil 300 mesh Cu R1.2/1.3 grids. The drop was blotted to obtain a thin
layer on the grid, and vitrified by rapid immersion in liquid ethane (Leica EM
GP version 16222032) with a Vitrobot plunger. The grid was finally inserted into
a cryo-holder (Gatan model 626) and then transferred to the Jeol JEM 1400 TEM.

Cryo-EM images were processed using ImageJ.
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Figure S4. A, B) Cryo-EM images of MTpcFF (0.75 wt%) hydrogel in CB (scale bar =
200 nm) show dense fibrous network. C) Frequency distribution based on Cryo-EM
images analysis of MTpcFF (0.75 wt%) hydrogel in CB results in an average fiber
diameter of 7.9 + 2.0 nm. D,E) Cryo-EM images of MTpcFF (1.00 wt%) hydrogel in
PB (scale bar = 200 nm) show ordered fibers. F) Frequency distribution based on Cryo-
EM images analysis of MTpcFF (1.00 wt%) hydrogel in PB results in an average fiber
diameter of 4.0 + 0.7 nm.

4.5.5 MTpcFF hydrogels preparation

MTpcFF hydrogels preparation with and without CiVCPO (tube
inversion)

In a 1.5 mL screwed vial, 0.75 mg of MTpcFF was dissolved in 5.0 pL of
DMSO. Then, 93.5 pL of citrate buffer (50 mM, pH = 6.2) and 1.5 pL of the 65.0
uM CiVCPO stock solution in Tris/H>SO4 buffer (50 mM, pH = 8.2) were slowly
added. For enzyme-free gels 1.5 pL of citrate buffer was added instead of the
enzyme stock solution. Each vial was stirred by vortexing for 3 seconds, capped,

placed on a stable surface and left undisturbed overnight. The gelation was
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evaluated turning the wvial upside down. The gelation experiments were

performed in duplicates.

MTpcFF hydrogels preparation with and without r4aeUPO (tube
inversion)
In a 1.5 mL screwed vial, 1.00 mg of MTpcFF was dissolved in 5.0 uL of

DMSO. Then, 93.8 uL of phosphate buffer (50 mM, pH = 7.0) and 1.2 pL of the
83.9 uM r4aeUPO stock solution in potassium phosphate buffer (20 mM, pH =
7.0) were slowly added. For enzyme-free gels 1.2 pL. of phosphate buffer was
added instead of the enzyme stock solution. Each vial was stirred by vortexing
for 3 seconds, capped, placed on a stable surface and left undisturbed overnight.
The gelation was evaluated turning the vial upside down. The gelation

experiments were performed in duplicates.

4.5.6 H>O; response of MTpcFF hydrogels

H>O; response of MTpcFF hydrogels with and without CiVCPO
(tube inversion)
To the MTpcFF gels prepared in CB as described above, 5.0 pL of NaCl 3.00

M was placed on top of the gels. Then, 5.0 uL of 312, 156, 78.0 or 31.0 mM
H,0O» stock solution was added to provide respectively 1.0, 0.5, 0.25 or 0.1
equivalents of H,O» to the gels. Control experiments were performed adding 10.0
pL of citrate buffer instead H>O» stock solution. All the experiments were
performed at 37 °C. The gel-sol transition was then visually evaluated according
to the tube inversion method over time. Photographs were acquired at the
different stages of the gel-sol transition. The hydrogels resulted stable in absence
of H,O; over 24 h, but suffered water loss due to the prolonged time at 37 °C.
To maintain constant the concentrations of the gels, control experiments were

stopped at 8 h.
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Figure S5. Photographs of MTpcFF hydrogels (0.75 wt%) in CB (50 mM, pH = 6.2)
after the addition of 1.0 and 0.5 eq. NaOCI. The results are in line with those obtained
after the addition of 140 mM NaCl and either 1.0 or 0.5 eq. H»O in presence of 1.0 uM
CiVCPO.

H>O; response of MTpcFF hydrogels with and without r4aeUPO
(tube inversion)
To the MTpcFF gels prepared in PB as described above, 10.0 uL of 200, 100,

50.0 or 20.0 mM H,O; stock solution was added on top of the gels to provide
respectively 1.0, 0.5, 0.25 or 0.1 equivalents of H>O,. Control experiments were
performed adding 10.0 pL of phosphate buffer instead H,O, stock solution. All
the experiments were performed at 37 °C. The gel-sol transition was then
visually evaluated according to the tube inversion method over time.
Photographs were acquired at the different stages of the gel-sol transition. The
hydrogels resulted stable in absence of H,O» over 24 h, but suffered water loss
due by the prolonged time at 37 °C. To maintain constant the concentrations of

the gels, control experiments were stopped at 8 h.
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HPLC analysis of MTpcFF hydrogels upon addition of H,O;

To the solution or partially destructed MTpcFF hydrogel obtained as explained
above was added 900 pL of acetonitrile 5 h after the addition of 1.0, 0.5 and 0.25
equivalents of H>O» and 8 h after the addition of 0.1 and 0.0 equivalents of H>O».
This solution was diluted two times and an aliquot (10.0 puL) was analysed by
RP-HPLC (Column: Lichrospher RP18-5 (150 x 4.6 mm, 5.0 um). Eluent: A:B
=20:80 to 80:20 (A: Acetonitrile/0.1%TFA, B: H:0/0.1%TFA), linear gradient

over 40 min, flow rate = 0.5 mL min-1) at a detection wavelength of 220 nm.
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Figure S6. A) HPLC analysis of MTpcFF hydrogel before oxidation (bottom) and 30
min (middle) and 5 h (top) after the addition of H,O, ([H,O,]/[MTpcFF] = 1.00) in
presence of 1.0 uM CiVCPO in CB. (Internal standard (I.S.): N-Methyl-p-
toluenesulfonamide). B) LC-MS analysis of MTpcFF hydrogel 30 min after the addition
of H,O, ([H20,]/[MTpcFF] = 1.00) in presence of 1.0 uM CiVCPO in water.
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Chapter 5

Indoline catalyzed gelation of sulfonate
functionalized trishydrazone

Acylhydrazone formation is one of the most common click reactions used for
bioconjugation and synthesis of soft materials. Our group has previously
reported how the formation of a low molecular weight (LMW) hydrazone by
mixing water-soluble aldehyde and hydrazine leads to supramolecular gelation.
However, these processes can be very slow in neutral conditions. Here, indoline
derivatives have been used to catalyze the hydrazone reaction via an iminium
intermediate, and therefore to accelerate hydrogel formation at neutral pH. Then,
we applied these conditions to obtain hydrazone based hydrogels functionalized
with alkylsulfonate groups, which have shown potential antiviral properties.
Indoline catalysis can accelerate material formation under neutral aqueous

conditions, enabling a method for the preparation of biomedical platforms.
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This chapter is adapted from:

Y. Zhou, 1. Piergentili, J. Hong, M. P. van der Helm, M. Macchione, Y. Li, R.
Eelkema, S. Luo, Org. Lett., 2020, 22 (15), 6035-6040.
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5.1 Introduction

Hydrazone formation is a condensation reaction extensively used in

4,5

bioconjugation,"? biomolecular labeling,> polymer chemistry,*> and dynamic

covalent chemistry,®” which can be exploited to realize responsive systems and

soft materials.®!!

Most of these works have benefited of the discovery of aniline as nucleophilic
catalyst made by Cordes and Jencks in 1962.'? Previously, the slow reaction rate
of hydrazone formation in neutral conditions was a major drawback for its
applicability in biological settings. Aniline forms a Schiff base with aldehydes
and ketones, which is the rate limiting step in the hydrazone formation. Then,
the attack of hydrazide allows the formation of hydrazone and the elimination of
aniline, facilitated by its aromatic ring which delocalizes the lone pair electrons
of the amine."® Despite the high concentration of catalyst needed,'* the aniline
catalyzed hydrazone formation is a beautiful example of how organocatalysis
can avoid the use of harsh acidic conditions.'>'"*"'” However, the toxicity of
aniline and its derivatives in high concentration can pose a problem for biological

applications.'®

Secondary amine catalysts, such as the widely used L-proline, showed negligible
activity in hydrazone formation at neutral pH.'® However, Luo and coworkers
recently found that some indoline derivatives catalysts showed up to 15 times
rate enhancement over aniline. Secondary aromatic amines would condense to
form an iminium ion intermediate, which would be positively charged also at
neutral pH (Scheme 1). This intermediate has enhanced electrophilicity over the
typical imine formed with aniline, facilitating the subsequent attack of the
hydrazide through the elimination of the recovered indoline. In addition, the

transition from a positively charged intermediate to a neutral and stable leaving
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group, such as the indoline, would further drive the reaction towards the

hydrazone product, accelerating the overall rate of the reaction.

o NH2 Z
R—./ [ X
| H
Aniline QJ\H HZN»NW/O
L ] 5 - H
ol ——0~yo
- (0]

Indoli [ R@
nadoline T

. N

|
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Scheme 1. Acylhydrazone formation pathways via aniline and via indoline catalysis

under neutral conditions.

In collaboration with Luo’s group, we wanted to apply indoline catalysis in the
trishydrazone gel formation emerged previously in our lab."” We reported how
the formation of low molecular weight (LMW) hydrazone hydrogelators
obtained from aldehyde A and hydrazide H (Figure 1) can be controlled directly
by catalytic action.’>** In those systems, control over the rate of hydrazone
formation is crucial to achieve local gel formation, and to tune gel object

dimensions and mechanical properties.

Moreover, we sought in the work of Stellacci, Lembo, and Jones the possibility
of expanding these hydrogels as broad spectrum antiviral materials.>*
Virustatic drugs have low toxicity and target cell-virus interaction mechanisms
that are typical to many different viruses. However, these drugs proved to be
medically ineffective because of their reversible binding to the virus.** Virucidal
drugs cause irreversible viral deactivation, but the technologies used to date have
intrinsic cytotoxicity.”>** Combining the non-toxicity of virustatic drugs with the
irreversibility of the virucidal ones would lead to the ideal antiviral drug.

Virustatic substances usually have short sulfonate linkers, the rigidity of which

limits the number of sites available for drug-virus binding, causing weak and
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reversible effect of the drug.””*® For this reason, Stellacci, Lembo and Jones
decided to functionalize nanoparticles with long sulfonate chains, successfully

producing a virucidal drug effective against multiple virus types.*

In our case study, the incorporation of aldehydes with alkylsulfonate groups with
a structure similar to aldehyde A in the gelation process would produce a
sulfonate decorated supramolecular gel. For this purpose, our group designed
aldehyde AS taking in account the need of both successful gelation and efficient
functionalization of the gel fibers with long alkylsulfonated chains. Amongst the
indoline derivatives studied by Luo and coworkers, 5-methylindoline and 5-
methoxyindoline showed respectively 11 and 15-fold enhancement over the
catalytic activity of aniline. However, because the tendency of 5-
methoxyindoline to oxidize, we focused our attention on 5-methylindoline to
study the gel formation under catalytic control. Hereby, we report that indoline
derivatives accelerate the trishydrazone gel formation at neutral pH.
Implementing alkylsulfonate groups in the formulation leads to gel fibers with
multivalent functionalities that can bind to the virus, representing a potential

biomedical device for virus inhibition.
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Figure 1. Scheme of catalyzed formation of sulfonate functionalized trishydrazone
hydrogelator.

5.2 Results and discussion

Having discovered the superiority of indoline derivatives over aniline as
catalysts for hydrazone formation in neutral conditions, we pursued in testing
their efficacy in the trishydrazone gel formation. Following the general
procedure,” hydrazide H and aldehyde A are mixed together in 1:6 ratio,
corresponding to two aldehyde groups per hydrazide. Through inverted tube
tests, we found the critical gel concentration (CGC) with [H] =8 mM in 0.1 M
phosphate buffer at pH 7.0. Then, we determined the kinetics of gelation via
inverted tube tests and rheology both with aniline and 5-methylindoline (Figure
2). The gelation time, as determined by the inverted vial method, was within 2 h
when 10 mM 5-methylindoline was used as catalyst against the 4 h required with
the same concentration of aniline (Gelation 4.1 in Table S1). In contrast, the
uncatalyzed sample remained a liquid suspension even after 7 h. Rheological
measurements showed that 5-methylindoline catalyzed gelation gives a constant
G' of 6 kPa, 50 min after starting the reaction. Aniline catalysis leads to a gel

with similar stiffness (G'= 5 kPa), but reaching the G' plateau value after 110
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min. These results demonstrate more than 2-fold acceleration of the gelation time
and slightly more stable gels for 5-methylindoline catalysis compared to aniline

catalysis.

10000

1000

100 4

G, G" (Pa)

10 o
= G' (5-methylindoline)

s G" (5-methylindoline)

4 G'(aniline)

* G" (aniline)

0.1

T T - T T
0 25 50 75 100 125 150
Time (min)

Figure 2. Left: Time-dependent rheology gel formation over time. G” and G’ for aniline-
catalyzed gel (blue and green line, respectively) and for 5-methylindoline-catalyzed gel
(black and red line, respectively) are plotted. The gelation time (vertical dashed lines)
was considered as the moment the G’ value measures 95% of the plateau value
(horizontal dashed lines). Top-right: Inverted tube test of aniline (left vial) and 5-
methylindoline (right vial) catalyzed gel formation in less than 2 h. Bottom- right:

Inverted tube test of aniline catalyzed gel formation in 4 h.

Increasing [H] to 20 mM and [A] to 120 mM, but keeping the catalyst
concentration at 10 mM, the gelation time obtained with the vial method was
confirmed at 2 h for 5S-methylindoline catalysis (Gelation 4.2 in Table S1). Note
that in these conditions we used 0.5 eq. of catalyst compared to [H], instead of
an excess of catalyst as reported in the previous procedure (Gelation 4.1, Table
S1). Once we proved the beneficial effect of 5-methylindoline catalysis for the
trishydrazone gel formation, we integrated the sulfonated aldehyde AS in the gel
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composition (Figure 1). The choice of increasing the gel concentration should
favor high density of alkylsulfonate chains in the gel fibers. Considering that the
maximum concentration of AS that allowed reproducible gel formation was
below 40 mol% (of the total [A + AS]), we decided to set 30 mol% of AS for our
formulation in the indoline catalyzed gel formation. When we used 10 mM 5-
methylindoline as catalyst, the mixture of A and AS with H gelled in 1.5 h
against the 6 h needed in absence of catalyst (Figure 3, Gelation 4.3 in Table S1).
These results show reduced gelation times compared to those obtained in absence
of AS (Table S1). The influence of AS over the kinetic of gel formation could
be due to the reduced electron donating effect of the alkyl chain of AS compared
to the two oligoethylene arms of A. In the end, we obtained stable and stiff
sulfonated gels using S-methylindoline catalysis. The slight yellow color of these

materials is likely caused by partial oxidation of the indoline catalyst.

STARTISTOP  MEMORY GUEAR. Yoo

12/24

Figure 3. A) Inverted tube test after 1.5 h of uncatalyzed gelation (on the left) and 5-
methylindoline catalyzed gelation (on the right); B) Inverted tube test after 6.0 h of
uncatalyzed gelation. Conditions: 20 mM acylhydrazide H, 120 mM aldehyde A,
sulfonate aldehyde AS (30 mol %), 10 mM 5-methylindoline catalyst in phosphate buffer
(100 mM pH=7.0).
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5.3 Conclusion

In summary, we have shown that indoline catalysis accelerates trishydrazone
hydrogel formation in aqueous neutral environment. The 2-fold decrease in
gelation time compared to aniline catalysis represents a step forward to control
the formation of these materials. To achieve medical relevance of these
hydrogels, we successfully functionalized them with sulfonate groups using 4-
hydroxybenzaldehyde bearing a single alkylsulfonate (C11) chain. The gels,
obtained in only 1.5 h in presence of 10 mM indoline, were stiff and stable,

establishing a potential antiviral platform.
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5.5 Supporting Information

5.5.1 Materials

All Commercial reagents were used without further purification unless otherwise
specified. 'H NMR and "*C NMR spectra were recorded on Bruker NMR
instrument or an Agilent-400 MR DD2 (400 MHz and 100.5 MHz for 'H and
13C, respectively) spectrometer at 298 K. Chemical shifts are reported in ppm
relative to the residual solvent peak, the multiplicity is reported as follows: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and J-couplings (J) are
reported in Hertz (Hz). HPLC-MS analysis was performed on a Shimadzu Liquid
Chromatography Mass Spectrometer LCMS-2010, LC-8A pump with a diode
array detector SPD-M20. High-resolution mass spectral data was performed on
the Thermo Scientific Q Exactive hybrid quadrupole-Orbitrap mass
spectrometer. Reactions were monitored by analytical thin-layer
chromatography (TLC) on silica gel plates (Merck 60F;s4) using UV light (254
nm) as the visualizing agent. Flash chromatography was performed on 230-400

mesh silica gel (Sigma Aldrich).

5.5.2 Synthesis
Synthesis of trishydrazide H

Trishydrazide H was prepared according to reported literature.'

HO._O HZN,
__TSOHICH,OH _NHoNH,CH;OH NH2
o
60°C,48h
OH o

| White powder, 88% yield, '"H NMR (400 MHz, CDCl;) § 3.69 (s,

ng 9H), 2.39 (t,J = 12.6 Hz, 3H), 2.28 (d, /= 12.5 Hz, 3H), 1.53 (dd,
) IR = 24.1,11.1 Hz, 3H). "CNMR (101 MHz, CDCl3) § 174.4,51.9,
41.74,30.4.

-
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NH White powder, 99% yield. '"H NMR (400 MHz, DMSO-d) &

0, NH
ng" 8.96 (s, 3H), 4.16 (s, 6H), 2.15 — 2.09 (m, 3H), 1.60 — 1.57 (m,
° 3H), 1.52 — 1.43 (m, 3H). *C NMR (101 MHz, DMSO-ds) &

173.5, 40.7, 31.3. HRMS (ESI) calcd for CoHisNeOsNa™: 281.13326, found:
281.13266.

Synthesis of aldehyde A

Aldehyde A was prepared according to our previous reported literature.”

o]
/
NaOH,THF/H,0O Qg K,CO; DMF,100°C o\’\
aOH, 2 2003, ,100°!
\o/\/o\/\OH + _— O < = o)

o=3=° s ) oo ’\’0\

¢l o/ ° Ho—@—// \"\0’
el

Colourless oil, 88% yield. '"H NMR (400 MHz, CDCls) § 7.82 (d,

oy~ J =83 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.20 — 4.18 (m, 2H),
o/_,ofd ’ 3.72 — 3.70 (m, 2H), 3.61 — 3.59 (m, 2H), 3.51 — 3.49(m, 2H),
3.37 (s, 3H), 2.47(s, 3H). *C NMR (101 MHz, CDCl;) § 144.8,

133.0, 129.8, 128.0, 71.8, 70.7, 69.2, 68.7, 59.1, 21.6

o Colourless oil, 97% yield. '"H NMR (400 MHz, CDCl3) § 9.86

[ o o

\@( STOTS (s, 1H), 7.47 — 7.45 (m, 2H), 7.01 (d, J = 7.9 Hz, 1H), 4.29 —
0O

4.24 (m, 4H), 3.95 — 3.91 (m, 4H), 3.78 — 3.75 (m, 4H), 3.60 — 3.58 (m, 4H),

3.41 (s, 6H). ®*C NMR (101 MHz, CDCl:) § 190.8, 154.3, 149.2, 130.4, 126.7,

112.5, 112.0, 99.9, 72.01, 72.0, 70.9, 70.8, 69.6, 69.4, 68.8, 68.7, 59.1. HRMS

(ESI) caled for C17H2607Na': 365.15707, found: 365.15659.
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Synthesis of 4-(11-bromoundecyloxy)benzaldehyde

4-hydroxybenzaldehyde (2.00 g, 16.4 mmol) was dissolved in 9.0 mL of dry
0'\©\ THEF. The solution was cooled at 0°C under stirring
AAAhae. and 4.12 g (16.4 mmol) of 11-bromoundecanol was
added. The system was placed under nitrogen atmosphere by applying vacuum
and filling with nitrogen three times. Triphenylphosphine (4.73 g, 18.0 mmol)
was added to the solution under nitrogen atmosphere, and DIAD (3.72 g, 18.4
mmol) was added dropwise. The reaction was stirred at 0° C for the first hour
and then slowly allowed to heat to room temperature. The reaction was
monitored by TLC and, after four hours, the mixture was concentrated under
reduced pressure. The resulting residue was dissolved in ethyl acetate, washed
first with a saturated solution of NaHCO; and successively with brine. The
combined organic layers were dried over Na;SO4 and the solvent was removed
through rotatory evaporation. The crude product was further purified by flash
chromatography over silica gel (petroleum ether/ethyl acetate 8:2) to yield 45%
of the final product (2.66 g, 7.49 mmol) as a yellow crystalline solid. 'H-NMR,
BC-NMR and MS data aligns with those reported in literature.’

Synthesis of 11-(4-formylphenoxy)undecane-1-sulfonate (AS)

To a three-neck 50 mL round-bottom flask 4-
(11-bromoundecyloxy)benzaldehyde (500 mg,
1.41 mmol), sodium sulfite (355 mg, 2.82

|
\©\o/\/\/\/\/\/\sosm
mmol), benzyltriethyl-ammonium bromide (19.3 mg, 0.07 mmol), methanol
(4.00 mL) and water (5.10 mL) were added under stirring.* The reaction was
refluxed overnight. The resulting mixture was extracted with Et,O and water (2
times) and, the aqueous layer was collected. Once the aqueous solution was

cooled at 0°C, white crystals were obtained. The remaining water was freeze

dried. The product was recrystallized by re-dissolving the dry crystals in Milli-
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Q water under heating and sonification and letting the solution slowly cool down
at room temperature, leading to crystallization. The mixture was centrifuged for
45 minutes and the supernatant was carefully removed. The obtained crystals
were dried again with the freeze dryer to obtain 158 mg (32%) of the pure
product. '"H NMR (400 MHz, DMSO-ds) § 9.85 (s, 1H), 7.84 (d, J = 8.22 Hz,
2H), 7.10 (d, J = 8.26 Hz, 2H), 4.06 (t, J = 6.54 Hz, 2H), 2.45 — 2.35 (m, 2H),
1.65 - 1.79 (m, 2H), 1.61 — 1.49 (m, 2H), 1.46 — 1.19 (m, 14H). *C NMR (101
MHz, DMSO-ds) 6 191.3,163.7,131.8, 129.5, 114.9, 68.0, 51.5, 29.0, 29.0, 28.9,
28.7, 28.5, 28.4, 25.5, 25.4, 25.1. LRMS (ESI) caled 355.16 [M-H'], found:
355.25. HRMS (ESI) calcd 355.1585 [M-H'], found: 355.1510.
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5.5.3 Rheology of trishydrazone hydrogelator formation

Oscillatory experiments were performed using a rheometer AR G2 from TA
Instruments in a strain-controlled mode. The rheometer was equipped with a
steel plate-and plate geometry of diameter 40 mm and a water trap. The
temperature of the plates was controlled at 25 + 0.2 °C. All the stock solutions
were prepared in phosphate buffer 100 mM pH = 7.0. The total volume for each
gelation experiment was 0.6 mL, adding 60 pL of the phosphate buffer, 120 pL
of'a 240 mM stock solution of the aldehyde A, 120 pL of a 40 mM stock solution
of the acylhydrazide H and 300 pL of a 20 mM stock solution of the catalyst
(aniline or 5-methylindoline). Thus each solution contains 8 mM acylhydrazide
H, 48 mM aldehyde A, 10 mM catalyst. For uncatalyzed gels 300 pL of
phosphate buffer was added instead of the catalyst stock solution. After stirring
the vial by vortexing for 3 s, the gel was pipetted on the bottom plate of the
rheometer and the upper plate was slowly rotated to equally spread the gel. The
storage and loss moduli G’ and G” were followed over time with the rheometer
during the formation of the gel, setting up the instrument with a frequency of 1.0
Hz and under 0.1% strain. The measurements were stopped when no further
increase of G” was observed. A frequency sweep was measured in the range 0.01-
100 rad/s, confirming that the moduli are constant in the frequency range chosen
and the strain sweep revealed that the applied strain percentage is in the linear

strain regime.’

5.5.4 Inverted tube tests of catalytic hydrogelator formation

Inverted tube tests of catalytic trishydrazone hydrogelator formation
(Gelation 5.1)

All the stock solutions were prepared in sodium phosphate buffer 100 mM pH =
7.0. The total volume for each gelation experiment was 0.2 mL in a 1.5 mL vial,
adding 20 pL of the phosphate buffer, 40 pL of a 240 mM stock solution of the
aldehyde A, 40 pL of a 40mM stock solution of the acylhydrazide H and 100 pL
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of a 20 mM stock solution of the catalyst. Thus, each solution was containing 8
mM acylhydrazide H, 48 mM aldehyde A, 10 mM catalyst. For uncatalyzed gels
100 pL of phosphate buffer was added instead the catalyst stock solution. Each
vial was stirred by vortexing for 3 seconds, capped, placed on a stable surface
and left undisturbed for the selected time. The gelation of the uncatalyzed,
aniline-catalyzed and 5-methylindoline-catalyzed sample was run in parallel, and
the three vials were turned upsidedown simultaneously to evaluate the formation

of the gel.

Inverted tube tests of catalytic trishydrazone hydrogelator formation

(Gelation 5.2)

The 5-methylindoline catalyzed and the uncatalyzed gelation were carried in
parallel in 1.5 mL vials. All the stock solutions were prepared in sodium
phosphate buffer 100 mM pH = 7.0. To each vial 125 uL. of a 480 mM stock
solution of aldehyde A, 167 uL of a 60 mM stock solution of the acylhydrazide
H, 208 pL of 24 mM stock solution of 5-methylindoline were added. Thus, 0.5
mL solution containing 20 mM acylhydrazide H, 120 mM aldehyde A, 10 mM
catalyst was obtained. For uncatalyzed gels 208 pL of sodium phosphate buffer
(100 mM pH = 7.0) was added instead the catalyst stock solution. The vials were
capped, shaken by vortexing for 3 s, placed on a stable surface and left

undisturbed for the selected time.

Inverted tube tests of catalytic trishydrazone hydrogelator formation
with sulfonate aldehyde AS in phosphate buffer (Gelation 5.3)

The 5-methylindoline catalyzed and the uncatalyzed gelation were carried in
parallel in 1.5 mL wvials. All the stock solutions were prepared in sodium
phosphate buffer 100 mM pH = 7.0. To each vial 125 puL of a 480 mM stock
solution of aldehyde (aldehyde A with 30 mol % sulfonate-aldehyde AS), 167
puL of a 60 mM stock solution of the acylhydrazide H, 208 pL of 24 mM stock
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solution of 5-methylindoline were added. Thus, 0.5 mL solution containing 20
mM acylhydrazide H, 120 mM aldehyde (aldehyde A, 30 mol % sulfonate-
aldehyde AS), 10 mM catalyst was obtained. For uncatalyzed gels 208 pL of
sodium phosphate buffer (100 mM pH = 7.0) was added instead the catalyst stock
solution. The vials were capped, shaken by vortexing for 3 s, placed on a stable

surface and left undisturbed for the selected time.

Table S1. Overview of the times for the trishydrazone hydrogelator formation
with different compositions, concentrations and catalysts.

Time for 5- Time for aniline- Time for
methylindoline- catalyzed uncatalyzed
catalyzed gelation (h) gelation (h) gelation (h)
Gelation 5.1 2.0 4.0 >8.0
Gelation 5.2 2.0 3.0 8.0
Gelation 5.3 1.5 - 6.0
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5.5.6 Spectra overview
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Chapter 6

Conclusions and Outlook

The main objective of the work described in this thesis is to use catalysis to

control material behavior for responsive materials in drug delivery applications.

The thioether phenyl ester (Chapter 2) and carbamate (Chapter 4) functionality
are designed to achieve hydrolysis as output only in presence of the oxidative
input, establishing an oxidation-triggered cascade process. Installing logic gate
mechanisms allows superior control over the performances of responsive
materials. In particular, in thioether phenyl ester/carbamate-based materials the
hydrolytic response leads to the disruption of the material matrix through
molecular degradation. Materials with degradable behavior are widely used in
drug delivery systems to obtain sustained and controlled drug release.' The easy
derivatization of ester, carbamate and possibly carbonate moicties with the
thioether phenyl group offers the possibility of implementing it as a linker in
several types of ROS-responsive structures, such as cross-linked hydrogels,
polymer-drug conjugates and prodrugs.”* Moreover, the application of these
systems in biological setting is favoured by the fact that the oxidation and
hydrolysis proceed in neutral aqueous solution. Finally, the high cell viability
data of the thioether phenyl ester based block copolymers presented in Chapter
2 and the safety data available for 4-(Methylthio)phenol suggest that this class

of compounds could be safely used in drug delivery systems.’

The use of the organocatalyst reported in Chapter 3 and the peroxizymes
presented in Chapter 4 dramatically accelerate the oxidation of the thioether with
H,0,, achieving near complete material degradation in maximum five days in
presence of 1.0 — 2.0 mM of H»O,. Considering that most polysulfide based

t,é’ 7

materials require weeks to respond to these concentrations of oxidant,™ ’ catalytic
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strategies can be the key to reduce these timescales. Therefore, the combination
of careful design of the material, combined with enzymes or organocatalysts to
augment its sensitivity towards the oxidant, would be the ideal approach to
achieve materials responsive to biologically relevant concentrations of H,0,.*
Additionally, adaptive materials that depend on a catalyzed reaction could be

programmed by simply changing the catalyst concentration.

Because of their frequent use in biotechnology, cytotoxicity data are usually
available to establish if an enzyme can be safely used in drug delivery systems,
while the toxicity of organocatalysts needs to be evaluated case by case. On the
other hand, the versatility and easy modification of organocatalysts would allow
to expand the toolbox of catalyzed reactions that can be used to control
responsive materials. For example, building from the imine catalyst introduced
in Chapter 3, further studies can focus on using different ketones and amines for
the in situ catalysis of thioether oxidation with H,O». Other organocatalysts, such
as oxaziridines, flavins and flavinium salts can be considered to enhance
oxidation-responsiveness,’'! after establishing that the presence of these organic

compounds do not affect cargo encapsulation and stability of the material.

In general, the approach used for the research presented in this thesis is based on
translating concepts traditionally belonging to chemistry into materials to realize
potential targeted biomedical devices. In this regard, the hydrogels
functionalized with alkylsulfonate groups described in Chapter 5 were prepared
through the organocatalyzed formation of covalent bonds. These materials can
be used for biomedical platforms against viral infections considering the virus-
inhibition properties shown by other sulfonated materials.'> However,
performing viral inhibition assays in vitro and in vivo will be necessary to bring

these devices towards relevant clinical application.
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Summary

Living cells adapt to changes of their environment through a cascade of chemical
reactions regulated by enzymes. Each cellular pathway contains a series of
enzymes, which are capable of receiving and translating a specific chemical or
physical signal into a biological response. Taking inspiration from nature,
enzymatic mechanisms can be integrated or mimicked to install signal-response
behavior in artificial materials. These systems undergo physical and mechanical
change when a specific stimulus triggers a chemical transformation, which is
pre-programmed in the material. This can be particularly interesting to realize
drug delivery systems sensitive to signals overproduced by diseased cells, such
as reactive oxygen species (ROS). Enzymes and organocatalysts can be
implemented in the material matrix to facilitate the reactions integrated in the
functional material. Control over the morphological properties of the materials
can lead to complex functions, such as actuation, self-healing and targeted cargo

release.

Chapter 2 describes an oxidation-sensitive polymer to obtain a targeted drug
delivery and release system. Thioether phenyl esters are used to functionalize the
hydrophobic block of an amphiphilic block copolymer. In aqueous buffer at pH
7.4, these surfactants form micelles with the ideal size for nanotherapeutics. The
oxidation of thioether by H>O», the most common ROS, triggers ester hydrolysis,
turning the hydrophobic block into an hydrophilic acrylate anion block. The
drastic change in polarity in the polymer causes eventually the disassembly of
the micelles. After encapsulation of a fluorescent dye, Nile Red, the nanocarrier
can release the cargo exclusively upon addition of H>O». The release profile is
dependent on the thioether/oxidant ratio, resulting in a system with a response
directly influenced by the signal concentration. This makes these micelles a
potential drug delivery system for ROS-responsive controlled and sustained drug

release.
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In order to enhance the responsiveness of the ROS-triggered micelles from
Chapter 2, an organocatalyst capable to activate H>O; is introduced in Chapter
3. Here, the formation of imines from trifluoroacetophenone and amino acid
based catalysts in aqueous media is used to catalyze the disruption of thioether
phenyl ester based micelles. With the addition of H,O,, the imine produces an
activated peroxide to oxidize the thioether, causing then the hydrolysis of the
nearby ester. The organocatalysis accelerates disassembly and cargo release of
Nile Red-loaded micelles compared to the uncatalyzed micellar solution, even
upon continuous addition of sub-millimolar concentrations of H,O, that
simulates the production in tissues. This outcome shows that organocatalysis can

be a promising tool to increase the sensitivity of responsive materials.

In Chapter 4, first, a molecular model with thioether phenyl carbamate shows
hydrolytic lability upon oxidation of the thioether moiety, demonstrating logic
gate mechanism. Then, the functionalization of diphenylalanine with the
thioether phenyl moiety leads to a low molecular weight amphiphilic compound
that can form supramolecular gels in both mildly acidic and neutral aqueous
solutions. The hydrogels have great stability for hours at 37 °C, while they turn
into solution upon addition of H>O, in stoichiometric amount to the thioether
units. Two different peroxizymes, CiVCPO for the hydrogel at pH 6.2 and
rAaeUPO for the one at pH 7.0, are encapsulated in the gel matrix to achieve gel-
sol transition with almost 10 times lower amount of oxidant for both
formulations. Here, the main cause of gel collapse is the increased solubility of
the sulfoxide against the thioether, with a minor contribute by the hydrolysis of
the carbamate unit. All in all, enzyme catalysis demonstrates to be a valid
strategy to decrease the response threshold of ROS-sensitive supramolecular

hydrogels with possible applications in healthcare.

Chapter 5 reports hydrogels decorated with sulfonated fibers, which show

potential for virus inhibition applications. Oligoethylene functionalized
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benzaldehyde can react with the hydrazide groups of a cyclohexane-derived
trishydrazide to obtain a trishydrazone that is able to assemble in water and form
hydrogels. Before gelation occurs, adding alkylsulfonate benzaldehyde to the
mixture allows its integration in the hydrazone bond of the supramolecular
gelator, and therefore the functionalization of the final hydrogel fibers with
alkylsulfonate chains. Catalysts, like acids and aniline, promote hydrazone bond
formation and they can be used to tune the gelation kinetics, controlling gelation
time and gel properties. Here, the use of indoline as catalyst forms the
acylhydrazone two times faster than aniline under neutral aqueous conditions,
thus achieving rapid formation of stable sulfonated gels. Organocatalysis can be
useful to tune the formation and the properties of materials with potential
antiviral effect, as well as to realize healthcare platforms with different medical

purposes.

To conclude, in Chapter 6 possible future developments of the systems
investigated in the research presented in this thesis are discussed. Follow up
studies and several strategies are proposed to bring these materials one step

closer towards clinically relevant applications.
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Samenvatting

Levende cellen kunnen zich aanpassen aan veranderingen in hun omgeving via
een cascade van chemische reacties die worden gereguleerd door enzymen. Elke
cellulaire route bevat een reeks van enzymen die in staat zijn een specifiek
chemisch of fysisch signaal te ontvangen en om te zetten in een biologische
reactie. Geinspireerd door de natuur kunnen enzymatische mechanismen worden
geintegreerd of nagebootst om signaalresponsgedrag in kunstmatige materialen
te installeren. Deze systemen ondergaan fysieke en mechanische veranderingen
wanneer een specifieke stimulus een chemische transformatie teweegbrengt, die
voorgeprogrammeerd is in het materiaal. Dit kan met name interessant zijn om
systemen voor medicijnafgifte te realiseren die gevoelig zijn voor signalen die
overmatig worden geproduceerd door zieke cellen, zoals reactieve
zuurstofspecies (ROS). Enzymen en organokatalysatoren kunnen in de
materiaalmatrix worden geimplementeerd om de in het functionele materiaal
geintegreerde reacties te vergemakkelijken. Controle over de morfologische
eigenschappen van de materialen kan leiden tot complexe functies, zoals

beweging, zeltherstel en gerichte ladingafgifte.

Hoofdstuk 2 beschrijft een oxidatiegevoelig polymeer om een gericht
medicijnafgiftesysteem te verkrijgen. Thioetherfenylesters worden gebruikt om
het hydrofobe blok van een amfifiel blokcopolymeer te functionaliseren. In
waterige buffer bij pH 7.4 vormen deze oppervlakteactieve stoffen micellen met
de ideale grootte voor nanotherapeutica. De oxidatie van thioether door H>O,, de
meest voorkomende ROS, veroorzaakt esterhydrolyse, waardoor het hydrofobe
blok verandert in een hydrofiel acrylaatanionblok. De drastische verandering in
polariteit in het polymeer veroorzaakt uiteindelijk het uiteenvallen van de
micellen. Na inkapseling van een fluorescerende kleurstof, Nile Red, kan de
nanodrager de lading uitsluitend vrijgeven door toevoeging van H»O,. Het

afgifteprofiel is afhankelijk van de verhouding thioether/oxidant, wat resulteert

185



in een systeem met een respons die direct wordt beinvloed door de
signaalconcentratie. Dit maakt deze micellen tot een potentieel
medicijnafgiftesysteem voor ROS-responsieve gecontroleerde en langdurige

medicijnafgifte.

Om de responsiviteit van de ROS-getriggerde micellen uit Hoofdstuk 2 te
verbeteren, wordt in Hoofdstuk 3 een organokatalysator geintroduceerd die
H,0O: kan activeren. Hier wordt de vorming van imines uit trifluoracetofenon en
op aminozuren gebaseerde katalysatoren in waterige media gebruikt om de
verstoring te katalyseren van op thioetherfenylester gebaseerde micellen. Met de
toevoeging van H,O, produceert het imine een geactiveerd peroxide om de
thioether te oxideren, waardoor de nabijgelegen ester wordt gehydrolyseerd. De
organokatalyse versnelt de demontage en ladingafgifte van Nile Red-geladen
micellen in vergelijking met de niet-gekatalyseerde micellaire oplossing, zelfs
bij continue toevoeging van submillimolaire concentraties van H,O, die de
productie in weefsels nabootst. Deze uitkomst laat zien dat organokatalyse een
veelbelovend hulpmiddel kan zijn om de gevoeligheid van responsieve

materialen te verhogen.

In Hoofdstuk 4, demonstreren we eerst het oxidatie-hydrolysemechanisme, aan
de hand van een moleculair model met een thioetherfenylcarbamaatgroep.
Vervolgens leidt de functionalisering van di(fenylalanine) met de
thioetherfenylgroep tot een amfifiele verbinding met een laag molecuulgewicht
die supramoleculaire gels kan vormen in zowel lichtzure als neutrale waterige
oplossingen. De hydrogelen hebben een urenlange stabiliteit bij 37 °C, terwijl ze
in oplossing gaan na toevoeging van H>O; in een stoichiometrische hoeveelheid
ten opzichte van de thioethereenheden. Twee verschillende peroxizymen,
CiVCPO voor oxidatie van de hydrogel bij pH 6.2 en r4aeUPO voor oxidatie bij
pH 7.0, zijn ingekapseld in de gelmatrix om een gel-sol-overgang te bereiken

met een bijna 10 keer lagere hoeveelheid oxidatiemiddel voor beide
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formuleringen. Hier is de belangrijkste oorzaak voor het uiteenvallen van de gel,
de verhoogde oplosbaarheid van het sulfoxide tegen de thioether, met een kleine
bijdrage door de hydrolyse van de carbamaateenheid. Al met al blijkt
enzymkatalyse een nuttige strategie te zijn om de responsdrempel van ROS-
gevoelige supramoleculaire hydrogels te verlagen met mogelijke toepassingen in

de gezondheidszorg.

Hoofdstuk 5 rapporteert hydrogelen gedecoreerd met gesulfoneerde groepen,
die potentie hebben voor toepassingen voor virusremming. Oligoethyleen-
gefunctionaliseerd benzaldehyde kan reageren met de hydrazidegroepen van een
van cyclohexaan afgeleid trishydrazide om een trishydrazon te verkrijgen dat in
water kan assembleren en hydrogelen kan vormen. Het toevoegen van
alkylsulfonaatbenzaldehyde aan het mengsel leidt tot de integratie ervan in de
hydrazonbinding van de supramoleculaire gelator, en daardoor de
functionalisering van de uiteindelijke hydrogelvezels met alkylsulfonaatketens.
Katalysatoren zoals zuren en aniline bevorderen de vorming van
hydrazonbindingen en ze kunnen worden gebruikt om de geleringskinetiek af te
stemmen, de geleertijd en geleigenschappen te regelen. Hier vormt het gebruik
van indoline als katalysator het acylhydrazon twee keer sneller dan aniline onder
neutrale waterige omstandigheden, waardoor een snelle vorming van stabiele
gesulfoneerde gels wordt bereikt. Organokatalyse kan nuttig zijn om de vorming
en de eigenschappen van materialen met een potentieel antiviraal effect af te
stemmen, maar ook om zachte materialen met verschillende medische

doeleinden te realiseren.

Tot slot worden in Hoofdstuk 6 mogelijke toekomstige ontwikkelingen van de
systemen die in het onderzoek gepresenteerd in dit proefschrift zijn onderzocht,
besproken. Vervolgstudies en verschillende strategie€n worden voorgesteld om

deze materialen een stap dichter bij klinisch relevante toepassingen te brengen.
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