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nanomaterialst
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Intelligent redox-responsive polymers, such as thioether-containing macromolecules, facilitate drug
delivery and triggered release in biomedical applications. Moreover, reactive oxygen species (ROS)-
responsive thioether systems based on poly(2-oxazoline)s (PAOx) platforms hold great promise for the
development of highly biocompatible, stimuli-responsive biomaterials. However, thioether-containing
PAOx are particularly difficult to synthesize because thioethers are incompatible with the cationic ring-
opening polymerization (CROP). In this study, we aim at developing an alternative route to well-defined
thioether-containing PAOx by a simple post-polymerization modification of linear polyethyleneimine.
First, the synthesis of ROS-responsive PAOx homopolymers was optimized. Furthermore, ROS-sensitive
amphiphilic diblock copolymers poly(ethylene glycol)-block-poly(2-methylthiomethyl-2-oxazoline) were
synthesized by combining CROP with 2-oxazoline side-chain interchange via a polyethyleneimine block
intermediate. In an aqueous environment, the copolymers self-assembled into thioether-containing
micelles. These micelles were characterized by size exclusion chromatography, nuclear magnetic reso-
nance, matrix-assisted laser desorption/ionization-time of flight mass spectrometry, dynamic light scat-
tering, differential scanning calorimetry, and transmission electron microscopy. In addition, treatment
with diluted H,O, destabilized the nanoparticles, thus demonstrating their oxidation-responsiveness. This
approach provides key insights into the design and development of stimuli-responsive polymers for
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Introduction

Over the past century, several studies have analyzed supramo-
lecular nanostructures generated by the self-assembly of
amphiphilic block copolymers for their stability as drug
carriers.” ™ Such nanostructures have been extensively used in
bio-inspired applications, including drug delivery and nano-
reactors, thanks to their broad range of topologies, including
micelles, vesicles, and nanogels.” Among these applications,
self-assembled nanoparticles composed of biocompatible and
biodegradable polymers have been explored for anticancer
drug encapsulation for their high potential to improve the
solubility of a drug in water, prolonging its blood half-life
while simultaneously reducing its systemic toxicity.®®

Another key feature of these systems is their ability to
trigger the controlled release of their encapsulated content.
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potential biomedical applications, such as drug delivery systems.

This feature has prompted extensive research on the engineer-
ing mechanisms of drug carriers and generated major
advances in the design of such systems responsive to various
stimuli. By harnessing intrinsic triggers, these advancements
have improved excretion from the body and enhanced the
therapeutic potential of targeted applications through a more
effective and controlled drug release in response to pH,’
temperature,'®"" redox,'* ultrasound™® and light'*"* stimuli.
Reactive oxygen species (ROS), particularly hydrogen per-
oxide (H,0,), hydroxyl radicals ("OH), the superoxide anion
radical (0,"7), and nitrites (ONOO™), play a key role in regulat-
ing fundamental physiological processes in living organisms,
including cellular growth, cell signaling, modulation of
protein function, and stress adaptation.’®'” While ROS are
maintained at basal levels in healthy cells, elevated levels are
often found in pathogenic cells, as a result of high metabolic
activity or inflammation due to conditions such as cancer or
neurodegenerative diseases. Many delivery systems have been
recently developed to release therapeutic cargos in response to
ROS for target-specific drug delivery. The oxidative response of
these systems is consistently based on the oxidation of the
hydrophobic moieties leading to strongly hydrophilic poly-

This journal is © The Royal Society of Chemistry 2023
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meric materials that disassemble upon oxidation, thereby
releasing the incorporated cargo.'® Invariably, these hydro-
philic polymers contain oxidation-sensitive moieties, such as
sulfides, diselenides, thioketals, aryl boronic esters, and
thioethers."®*°

Thioether-containing polymer systems have demonstrated
potential in ROS-responsive applications due to the unique
reactivity of sulfur to ROS.*! Polymers incorporating thioether
groups can be designed to be responsive to ROS, such as gluta-
thione, by undergoing a hydrophobic-hydrophilic phase tran-
sition from thioethers with low dipole moments to a hydro-
philic sulfoxide or sulfone in response to ROS, leading to an
efficient disassembly of the materials.”* Thus, their disassem-
bly enables the targeted and controlled release of drugs or
other cargos based on the hydrophobic-hydrophilic phase tran-
sition of their thioether groups.

Poly(2-oxazoline)s (PAOx) represent an emerging class of
polymers for the construction of amphiphilic block copolymer
nanoparticles that can be precisely controlled and adjusted for
specific applications thanks to their versatility and relatively
straightforward synthesis.”>” The properties of PAOx can be
fine-tuned by varying the monomer as the side-chain substitu-
ent of 2-oxazoline can be replaced widely and readily.?®
Furthermore, living cationic ring-opening polymerization
(CROP) provides control over the resulting copolymeric struc-
ture and access to end-functionalized polymer chains with a
wide range of functional groups.>*?° Thioether-containing
poly(2-oxazoline)s offer several advantages over analogous
thioether-containing polymers derived from, e.g., polyacryl-
amides,*" even though their synthesis can be somewhat more
complex. The increased flexibility of the poly(2-oxazoline)
backbone,?” in contrast to acrylic polymers, could potentially
enhance nanoparticle self-assembly and enable the encapsula-
tion of drugs.*® Additionally, these more flexible polymers
exhibit accelerated diffusion into cancerous tissues, leading to
greater accumulation within tumors. Yet, despite their poten-
tial benefits, thioether-containing PAOx polymers are still
difficult to synthesize. Polymers containing specific side chain
groups, such as free amines, alcohols, thiols, and carboxylic
acids cannot be prepared by CROP because of potential ter-
minations, chain transfer, and side reactions via a nucleophi-
lic attack on the propagating cationic oxazolinium species.**°
In this context, 2-((methylthio)methyl)-2-oxazoline has been
polymerized using methyl tosylate and methyl triflate as a
more electrophilic initiator.>”*° However, this polymerization
was not controlled, showing a steep initial increase in molar
masses at a low monomer conversion rate, which indicates the
occurrence of side reactions during the polymerization, most
likely caused by the thioether bond. Moreover, the nucleophi-
lic thioether group could induce termination and transfer reac-
tions by attacking the oxazolinium group and forming a sulfo-
nium ion. Nevertheless, functional groups can be incorporated
into the PAOx polymeric chain by post-polymerization
modifications.**™*?

Post-polymerization acylation of PEI is a straightforward
method for preparing well-defined, functional PAOx, as
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described recently.*>*>**™*> By using this approach, we can
synthesize diverse poly(2-oxazoline) (PAOx) libraries using
various carboxylic acids. This method also eliminates the need
for functional monomer synthesis and purification, which are
often challenging and time-consuming processes, and extends
to the synthesis of random PAOx copolymers, especially when
monomers with different reactivities yield gradient copolymer
structures, such as MeOx with PhOx. Concomitantly, the reace-
tylation of linear polyethyleneimine (PEI) prepared via hydro-
lysis of poly(2-methyl-2-oxazoline) (PMeOx) with acetic anhy-
dride for PAOx synthesis is a promising alternative to conven-
tional CROP, particularly for monomers with functionalities
that can act as terminators of CROP.**>® Therefore, we aimed
at developing an alternative route to thioether-containing
PAOx by a simple post-polymerization modification of linear
PEI prepared via hydrolysis of readily available PEtOx.

In this study, we report the synthesis of novel oxidation-sen-
sitive PAOx by post-polymerization side chain interchange via
a linear PEI intermediate. First, we prepared a series of three
leading thioether-containing PAOx homopolymers using three
different alkylthiocarboxylic acids. The polymers were well-
defined and showed oxidation responsivity. In addition,
synthesized poly(ethylene glycol)-block-poly(2-methyl-
thiomethyl-2-oxazoline) ~ (PEG-b-PMTMeOx)  amphiphilic
diblock copolymers by combining CROP with the reacylation
method. Once PEG-b-PEtOx was synthesized by CROP, the
copolymer side chain groups were selectively removed by
acidic hydrolysis, resulting in a linear PEG-b-PEI, which was
further reacylated with a thioether-containing carboxylic acid.
Aqueous self-assembly of the PEG-b-PMTMeOx diblock copoly-
mers with different PAOx lengths was examined using the
solvent switch method. The micelles containing thioether
groups were treated with H,O, to demonstrate the destabiliza-
tion of the micellar structure. Self-assembly was then investi-
gated by dynamic light scattering (DLS) and transmission elec-
tron microscopy (TEM).

we

Experimental section
Materials

Poly(ethylene glycol) monomethyl ether (PEG, 2000 g mol™),
triethylamine (TEA), p-nitrobenzenesulfonyl chloride, (benzo-
triazole-1-yloxy) tripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP), (methylthio)acetic acid, (methylthio)pro-
pionic, and (ethylthio)acetic acid were purchased from Sigma-
Aldrich and used as received. 2-Ethyl-2-oxazoline (EtOx) was
purchased from Sigma-Aldrich and distilled over CaH,. Linear
polyethyleneimine (PEI, DP = 100) was synthesized from
PEtOX, according to the literature.*?

Synthesis of thioether-containing PAOx homopolymers. To
synthesize the homopolymers, a solution of PyBOP
(6.98 mmol, 1.5 eq.) and the respective thioether-containing
carboxylic acid (methylthioacetic acid, methylthiopropanoic
acid and, ethylthioacetic acid, respectively, 6.98 mmol, 1.5 eq.)
were dissolved in dry N,N-dimethylacetamide (DMAc, 30 mL).
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TEA (13.95 mmol, 3 eq.) was then added dropwise, the result-
ing mixture was stirred at room temperature, and a solution of
linear PEI (200 mg, 1 eq.) in dry DMF (30 mL) was added, con-
tinuously stirring overnight (14 h) under an argon atmosphere.
Subsequently, the solvent was removed under reduced
pressure, and the polymer was isolated through dialysis
(MWCO = 1 kDa) against an acetonitrile-water mixture and
then distilled water, followed by freeze-drying. The complete
conversion of secondary amines was confirmed by '"H NMR
spectroscopy.

Synthesis of PEG-ONs macroinitiator. PEG (2000 g mol ™)
(4 g, 2 mmol, 1 eq.) was dissolved in 100 mL of dry dichloro-
methane (DCM) and stirred at 0 °C. Triethylamine (2.8 mL,
20 mmol, 10 eq.) and p-nitrobenzenesulfonyl chloride
(4.4362 g, 20 mmol, 10 eq.) were added to the solution, which
was stirred at 0 °C overnight under an inert atmosphere. The
reaction mixture was then concentrated under a vacuum, and
the high excess of unreacted reagents was extracted 3 times
with 500 mL of isopropanol at room temperature. The polymer
was then recrystallized 3 times from EtOH, and the precipitate
was filtered and stored under an inert atmosphere. The chain-
end modification was confirmed by "H NMR and MALDI-TOF.

Synthesis of PEG-b-PEtOx diblock copolymers. Three block
copolymers PEG-b-PEtOx, were synthesized by EtOx CROP
using PEG-ONs as macroinitiators at different initial
monomer/macroinitiator molar ratios (and thus different
degrees of polymerizations of the PEtOx block), namely 30, 60,
and 100, respectively, with an initial EtOx concentration of
3 M. The polymerization reaction was performed in a micro-
wave reactor (Biotage) in dry acetonitrile at 130 °C under an
argon atmosphere for 12 (DP 30), 24 (DP 60), and 40 (DP 100)
minutes, respectively. The polymerization mixture was cooled
to room temperature, terminated with several drops of water,
and precipitated in diethyl ether, followed by filtration and
drying under vacuum. The copolymers were obtained as white
powders.

Side-chain hydrolysis of PEG-b-PEtOx. PEG-b-PEtOx diblock
copolymers (0.4 g) were dissolved in aqueous hydrochloric acid
(19 wt%, 80 mL) and heated at 100 °C for 5 h under an inert
atmosphere. All volatiles were removed under vacuum, and the
crude polymer was treated with dilute sodium carbonate. The
polymers were isolated and purified by dialysis (MWCO =
1 kDa) against distilled water and freeze-dried, yielding PEG-b-
PEI copolymers.

Synthesis of thioether-containing PEG-b-PMTMeOx. The
general acylation procedure involved dissolving PyBop (1.5 eq.)
and methylthioacetic acid (1.5 equivalents) in dry DMAc
(30 mL). Triethylamine (39.3 mL, 3 equivalents) was then
added dropwise to the solution, which was stirred at room
temperature. Subsequently, the mixture was transferred to a
solution of PEG-b-PEI (200 mg, 1 equivalent) in dry DMF and
stirred overnight under an inert atmosphere. The solvent was
then removed under reduced pressure, and the resulting poly-
mers were isolated through dialysis against an acetonitrile-
water mixture and then distilled water, followed by freeze-

drying.
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Size Exclusion Chromatography (SEC) was used to determine the
molar masses (M,, mass-averaged molecular weight; M,,
number-averaged molecular weight) and dispersity (B = M,/
M,) of the polyoxazoline polymers on a Watrex Streamline
system equipped with a Streamline P1 Pump, a Streamline AS2
Autosampler, a Streamline CT Column Thermostat, a
Streamline UV detector, and a Streamline RI detector. The sep-
aration was performed on two PLgel 5 pm mixed-D columns in
a series thermostatted at 55 °C in N,N-dimethylacetamide
(DMACc) containing 50 mM of LiCl at an elution rate of 0.5 mL
min~". Molar masses and dispersities were calculated against
narrow dispersity poly(methyl methacrylate) standards. Linear
PEI was measured using Ultimate 3000 system (Dionex)
equipped with a TSKgel G5000PWXL-CP 300 x 7.8 mm SEC
column. Three detectors, UV/vis, refractive index (RI) Optilab-
rEX and multiangle light scattering (MALS) DAWN EOS (Wyatt
Technology) were employed; with a methanol and sodium
acetate buffer (0.3 M, pH 6.5) mixture (80 : 20 vol%, flow rate of
0.5 mL min~") as mobile phase using dn/dc = 0.169.

Nuclear Magnetic Resonance (NMR) spectra were recorded on
a Bruker Avance MSL 400 MHz NMR spectrometer at 25 °C in
CD3;0D or DMSO-de. All chemical shifts are given in ppm.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) was performed on a Microflex
LT MALDI-TOF MS (Bruker Daltonics) mass spectrometer. All
mass spectra were recorded at an accelerating potential of 20
kv in positive ion mode and in reflectron mode (matrix:2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB)). The samples were applied to the MALDI plate using
the dried drop method. All measurements were calibrated
using poly(ethylene glycol) monomethyl ether (PEG, M,, = 2000
Da).

Dynamic light scattering (DLS) measurements were used to
determine the hydrodynamic diameters of the polymers in dis-
tilled water on a ZEN3600 Zetasizer Nano-ZS zeta potential
analyzer (Malvern Instruments, UK). The apparent Z-averaged
hydrodynamic diameter of the particles, Dy,, was determined at
a scattering angle of # = 173°, and the DTS (Nano) program
was used to evaluate the data.

Differential Scanning Calorimetry (DSC) was performed on a
DSC Q2000 (TA Instruments, USA) with a nitrogen purge gas
(50 mL min™"). Indium was used as a standard for temperature
and enthalpy calibrations. Samples of about 5 mg were encap-
sulated into aluminum pans. DSC runs were performed with a
ramp rate of 10 °C min~" using a heating-cooling-heating
cycle from —80 °C to 150 °C. The glass transition temperature
(Ty) and AC, values were determined from the second heating
run.

Transmission Electron Microscopy (TEM) observations were
conducted under a Tecnai G2 Spirit Twin microscope operat-
ing at an accelerating voltage of 120 kV in bright-field imaging
mode. Polymer nanoparticles (4 pL) were applied onto a
copper TEM grid (300 mesh) coated with a thin, electron-trans-
parent carbon film. To prevent oversaturation during the

This journal is © The Royal Society of Chemistry 2023
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drying process, excess solution was removed by gently touch-
ing the bottom of the grid with filtering paper after 5 minutes
of sedimentation. Subsequently, the samples were negatively
stained with uranyl acetate (2 pL of 1 wt% solution applied
onto the dried nanoparticles and removed after 30 seconds)
and left to dry at room temperature before their observation
under the TEM microscope.

Results and discussion

The synthetic approach to the preparation of thioether-con-
taining PAOx homopolymers is illustrated in Scheme 1. This
approach involved a controlled reacylation of linear polyethyl-
eneimine (PEI). PEI was obtained from PEtOx by controlled
acidic hydrolysis of its side-chain groups.”

The starting material, a well-defined poly(2-ethyl-2-oxazo-
line) (PEtOx) with a degree of polymerization (DP) of 100, was
synthesized by living CROP of EtOx in acetonitrile. This
polymerization was terminated with sodium azide to introduce
the semitelechelic azide group for potential conjugations.
Furthermore, the azide group is inert to the acylation pro-
cedure,” unlike the frequently used hydroxy or amine groups,
which can be acylated by carboxylic acids to their esters or
amides. The resulting PEtOx was treated with concentrated
hydrochloric acid to yield linear PEI, which was reacylated
with a series of thioether-containing carboxylic acids (Table 1)
to prepare a library of new PAOx.

Controlled acylation of linear PEI enables us to synthesize
PAOx containing highly functional side-chain groups otherwise

a) Previous work: Kempe et al.[42]

N CROP

T, e,
e “ (&

(®)
(@)
/S
b) This work
PyBOP, TEA

gt
o

- PN , /5\/\5 LN

FN/\/}Ns + R-COOH ——
H n DMAc

Scheme 1 (a) Schematic representation of the unsuccessful CROP of
2-methylthiomethyl-2-oxazoline*? and (b) synthesis of thioether-con-
taining homopolymers via acylation of well-defined PEI.
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unattainable by CROP of the respective monomers, as pre-
viously reported.”> PEI amidation was achieved by peptide
coupling using (benzotriazole-1-yloxy)-tripyrrolidinophospho-
nium hexafluorophosphate (PyBOP) as the coupling agent, tri-
ethylamine (TEA) as the base and DMAc as the solvent, thereby
yielding the new thioether-containing PAOx homopolymers. In
this study, polyethyleneimine (PEI) was reacylated with three
different thioether-containing carboxylic acids (Table 1) to
prepare a library of poly(2-alkylthioalkyl-2-oxazoline) (PAOx)
homopolymers. The resulting thioether PAOx homopolymers
were comprehensively analyzed using various techniques,
including "H NMR spectroscopy (Fig. 1 and S1f) and SEC
(Fig. 2).

The structures of the homopolymers were confirmed by "H
NMR, lacking the signal at 2.8 ppm corresponding to the PEI
methylene units. To rule out a potential overlap of the PEI
methylene signal with the PAOx side-chain signal (PMTMeOx,
PMTEtOx), the peaks were further deconvoluted by 2D "H/"*C
HSQC NMR spectroscopy (Fig. S21). Furthermore, the presence
of remaining secondary amines was excluded by a negative
Kaiser test with ninhydrin.** New peaks corresponding to the
PAOx side chains and the typical PAOx backbone peak at
3.4 ppm appeared in the spectra. In addition, the signals of
PMTMeOx and PMTEtOX were assigned by 'H/"H COSY NMR.

Since many biological properties of polymers, such as renal
clearance, biodistribution, and cellular uptake, are affected by
their size, achieving a high level of uniformity in polymer size
is generally desirable. All polymers prepared in this study had
distinct structures, with narrow molar mass distributions (D ~
1.2). Nevertheless, the SEC chromatograms displayed minor
high molar mass shoulder formations, which can be attributed
to chain coupling side reactions during the acylation pro-
cedure (Fig. 2). As this high molar mass shoulder is most dis-
tinct in the chromatogram of PMTEtOx, it might arise from
the base-catalyzed elimination of methanethiol followed by
intramolecular chain coupling through the side chains.

The thermal characteristics of the newly synthesized
thioether poly(2-oxazoline) (PAOx) homopolymers were also
investigated by differential scanning calorimetry (DSC). DSC
analysis revealed that all the polymers were amorphous, as
indicated by the absence of melting transitions, with glass
transition temperatures (7,) ranging from 12 to 48 °C (Table 1
and Fig. 3). Amorphous polymers with low T, have several
advantageous characteristics, such as high chain flexibility
and mobility. High chain flexibility accelerates dissolution. In
turn, (i) the high chain mobility of low-T, polymers facilitates
both the formation of various self-assembling architectures by

Table 1 Characteristics of thioether-containing PAOx synthesized in this study

Polymer R-COOH* M,,” (kDa) M, " (kDa) pP T, ¢ (°C) AC,(J g™ °ec™)
PMTMeOx 2-(Methylthio)acetic acid 15.9 14.1 1.1 48.0 0.46
PMTEtOx 3-(Methylthio)propanoic acid 20.3 15.2 1.2 11.5 0.49
PETMeOx 2-(Ethylthio)acetic acid 16.3 13.3 1.2 29.4 0.42

“ Carboxylic acid used for PEI acylation. ? Determined by SEC in DMAc/LICl. ¢ Determined from the second heating DSC run.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Representative *H NMR spectra of PEtOx, PEl, PMTMeOx, PMTEtOx, and PETMeOx in DMSO-ds.
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Fig. 2 SEC traces of the homopolymers eluted with DMAc/LICL

accelerating chain association and dissociation, promoting a
reproducible equilibrium in self-assembled structures, and (ii)
the development of magnetic resonance imaging (MRI) con-
trast agents, enabling fast transverse relaxation and enhancing
MRI contrast.”> Additionally, these low-T,, polymers can serve
as effective plasticizers, improving the mechanical properties
of various polymer blends. All homopolymers synthesized in
this study showed limited water solubility at room tempera-

4842 | Polym. Chem., 2023, 14, 4838-4847

T,=29.4°C

T,=11.5°C
PETMeOx

T,=48.0°C
PMTEtOXx

Heat Flow Endo

PMTMeOx

T T T T
-60 -40 -20 0 20 40 60 80 100 120 140
T (°C)

Fig. 3 DSC curves of the homopolymers.

ture. As such, they are highly promising candidates for stimuli-
responsive systems, enabling rapid transitions from a hydro-
phobic to a hydrophilic state upon oxidation.

In a subsequent procedure, we used the PMTMeOx polymer
as a hydrophobic block with oxidation-responsive properties
to prepare amphiphilic diblock copolymers (Scheme 2).
Nosylated PEG-macroinitiator (M,, = 2 kDa) was synthesized
(Fig. S3 and S41) and chain-extended with PEtOx of varying

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthesis of thioether-containing PEG-b-PMTMeOx (*part of end groups might be acylated).
Table 2 Characteristics of PEG-b-PMTMeOx copolymers
Polymer DP (target) DP* (measured) b (kDa) M, " (kDa) pb
PEG,5-b-PMTMeOxs, 30 26 11.7 10.1 1.1
PEG,5-b-PMTMeOxq, 60 46 17.4 15.5 1.1
PEG,5-b-PMTMeOx; 100 109 25.2 22.8 1.2

“DP of PMTMeOx block determined by "H NMR in CD;0D. ” Determined by SEC in DMAc/LiCl.

degrees of polymerization (DP = 30, 60, and 100) through
CROP in acetonitrile (Table 2). To obtain PEG-b-PMTMeOx, the
PEG-b-PEtOx copolymers were subjected to controlled acidic
hydrolysis in aqueous hydrochloric acid, followed by reacyla-
tion methylthioacetic acid, using the hydrolysis/reacylation
protocol mentioned above (Scheme 2).

These copolymers were characterized by 'H NMR spec-
troscopy (Fig. 4). The spectra lacked imine signals from PEI at
6 2.77 ppm and showed new peaks assigned to PAOx side
chains (6§ 1.10 and 2.45 ppm). As with the homopolymers,

cocly '{'o\/HN/a\,}fH*

5
o)\lc

~d

"H/"*C HSQC NMR spectra were used for further structure con-
firmation to rule out potential signal overlaps (Fig. S57). All
polymers had well-defined structures with a low molar mass
distribution (P ~ 1.2), as confirmed by size exclusion chrom-
atography (SEC) analysis. Moreover, SEC analysis revealed a
distinct shift in molecular weight from PEG to PEG-b-PEtOx
and PEG-b-PMTMeOx as each subsequent block was added,
accompanied by an increase in DP (Fig. 5).

Block copolymer nanoparticles were prepared using the
solvent switch method.>® The block copolymers were first dis-

Ao~ A~

b H

. T

ﬂ

) e

5
c r&o
d

a
MeOH d
b
B \

7 6 5

4
Chemical shift (ppm)

Fig. 4 'H NMR spectra of PEG-b-PMTMeOx in CDCls; and PEG-b-PEl and PEG-b-PEtOx, in CDsOD (*some —OH groups were transformed into

their respective esters).
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Fig. 5 SEC chromatograms of PEG, PEG-b-PEtOx,
PMTMeOx with different degrees of polymerizations.

and PEG-b-

solved in acetonitrile and then introduced to water to induce
self-assembly, followed by evaporation of the organic solvent.
The hydrodynamic sizes of the nanoparticles were assessed by
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DLS and TEM, revealing sizes ranging from 70 to 450 nm,
which increased with the degree of polymerization (DP). TEM
analysis of DP 30 nanoparticles indicated the presence of
spherical micelles, together with aggregated clusters of
approximately 60 nm, in line with our DLS measurement.
Such clusters may result from hydrogen bonding interactions
between the oxazoline and PEG chains (Fig. 6). However,
gradual macroscopic aggregation was observed in DP 60 and
100 copolymer nanoparticles after several days of storage in an
aqueous solution at room temperature. The aggregation of
DP60 and DP100 copolymers might be attributed to the
insufficient stabilization from the short PEG block (2 kDa). For
this reason, we selected the DP 30 copolymer for further ana-
lysis of its oxidation-responsive disassembly.

PEG,5-PMTMeOx;, nanoparticles disassembled in the pres-
ence of H,0,, as shown by DLS (Fig. 7). The light scattering
intensity assessed in DLS measurements correlated with the
particle size and/or concentration in the solution. The optimal
scattering intensity should range from 100 to 500 kcps. Values
exceeding this range indicate either inadequate dilution or
high particle concentration. In contrast, values below this
range suggest that the particles are too small or excessively
diluted to be detected by the laser in DLS.

At the beginning of the experiment, the particle solutions
showed a scattering intensity of 400-450 kcps, which fell
within the acceptable range. However, incubation with 10 and
1 mM H,O0, exponentially decreased the light scattering inten-
sity, which dropped below 100 kcps after 6 and 24 hours,
respectively. After these intervals, only a minute fraction of
particles was still detectable, thus demonstrating micelle dis-
assembly. The dilution of polymer nanoparticles was very low
(from 1 mg mL ™" to 0.83 mg mL "), which is still clearly above
the critical micelle concentration of the polymer without
added peroxide (DLS measurements showed the presence of
micelles at 0.5 mg mL™?).

Fig. 6 (a) Hydrodynamic size distributions of PEG45-PMTMeOx, micelles of different PMTMeOx DP measured by DLS in water (coo = 1 mg mL™Y)

and (b) TEM image of PEG45-b-PMTMeOx3zo nanoparticles.
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(a) Schematic illustration of the oxidative reaction of PEG-b-PMTMeOx (DP = 30) block copolymer NPs with H,O,, (b) decrease of DLS scat-

tering light intensity of the nanoparticle solution at 1 mg mL™* when adding 1 and 10 mM H,0O, and (c) *H NMR spectra of PEG-b-PMTMeOx before

and 24 hours after oxidation with 10 mM H,0O, in D,0.

To gain insights into the molecular response to the
polymer oxidation, the oxidation process was monitored by
"H-NMR spectroscopy (Fig. 7c). The solution of oxidized nano-
particles treated with 10 mM H,O0, for 24 hours was subjected
to gel filtration and lyophilization before analyzing the struc-
tures of the resulting solids by 'H NMR (D,O). The spectra
clearly revealed noticeable shifts in the peaks corresponding to
the methylene groups adjacent to the sulfide functionalities,
confirming the oxidation of thioether to sulfoxide by H,0,. In
addition, further partial oxidation of sulfoxides to sulfones
cannot be entirely excluded, however, this is highly improbable
due to the absence of NMR peaks at around 3 ppm.>* Such oxi-
dation disrupted the amphiphilic balance of the block copoly-
mers, potentially leading to the dissociation of the spherical
structures. These results are in line with the findings of our
previous research on thioether-based polymer systems respon-
sive to reactive oxygen species (ROS).>**°

Conclusion

Oxidation-sensitive thioether-containing PAOx homopolymers
can be easily prepared by reacylation of linear polyethyl-
eneimine (PEI) with thioether-containing carboxylic acids. The
resulting polymers show well-defined structures with low
molar mass distributions, and low glass transition tempera-
tures, making them suitable for various biomedical appli-
cations. Furthermore, these thioether-containing PAOx poly-
mers can be used as hydrophobic blocks to prepare amphiphi-
lic diblock copolymers with a polyethylene glycol (PEG) shell
and a thioether-containing PAOx core. Treatment with hydro-
gen peroxide destabilizes the micellar structures, demonstrat-

This journal is © The Royal Society of Chemistry 2023

ing the oxidation-responsiveness of these polymers, as con-
firmed by 'H NMR analysis, revealing the conversion of
thioether moieties to sulfoxides. Overall, the synthetic
approach developed in this study provides a valuable strategy
for the synthesis of oxidation-sensitive PAOx polymers, which
hold great promise in the development of drug delivery
systems and other biomedical applications. Further studies
should explore the biocompatibility, drug encapsulation capa-
bilities, and stimuli-responsiveness of these polymers to
expand their utility in controlled drug release applications.
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