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ABSTRACT: This work presents the design and synthesis of a Synthesisof Redox-active Polyethers with Thioether Pendants

functional epoxide monomer, 2-(benzylthio)ethyl glycidyl ether
(BTGE), serving as a versatile building block for the development
of redox-responsive polyethers. It details the successful synthesis of a
series of poly(2-(benzylthio)ethyl glycidyl ether) (PBTGE) homo-
polymers and ABA-type triblock copolymers (i.e., PBTGE-b-PEO-b-
PBTGE), achieved through controlled anionic ring-opening polymer-
ization of the BTGE using a poly(ethylene oxide) (PEO) macro-
initiator. Comprehensive characterization of the synthesized mono-
mers and polymers was performed employing various analytical
techniques, such as "H- and *C NMR, GPC, FT-IR spectroscopy, and
MALDI-ToF mass spectrometry. These polymers demonstrate unique

AROP v AB-type monomer

v Oxidation & Reduction active

o
L\/O\/\S/ \()
v Stable under harsh condition

O} luctiy O) Oxidation O)
Bno‘(/\( H ———— BnO‘(/\E M — Bno‘(’\[ TH

o 1] 1]

| | Y

S _sZ

& e

redox-responsive behavior, characterized by an oxidation-induced transition from hydrophobic to hydrophilic states and a reductive
deprotection to generate free thiol groups. Furthermore, the PBTGE-b-PEO-b-PBTGE triblock copolymers have been utilized to
form physically cross-linked hydrogels through the strong hydrophobic interactions of the end blocks. Notably, these hydrogels
undergo a gel-to-sol transition under oxidative conditions, as evidenced by rheological analysis. This study highlights the potential of
the BTGE monomer as a versatile building block for the development of advanced materials with dual redox-responsive

functionalities.

B INTRODUCTION

Biomaterials, encompassing both natural and synthetic forms,
have become essential in modern medicine for restoring the
physiological functions of soft tissues, organs, and bones and
enabling the controlled release of therapeutic agents." A pivotal
advancement in this domain has been the development of
stimuli-responsive polymers, engineered to change their
physical and/or chemical properties in response to environ-
mental stimuli such as pH,2 mechanical force,> temperature,4
enzyme activity,” or redox balance.”” These polymers are
promising for drug/gene delivery, tissue engineering, and
biosensors.””

Redox-responsive polymers, in particular, have garnered
attention due to their ability to respond to changes in the
redox environment of cells and tissues under pathological
conditions such as cancer, inflammation, and wound
healing.'"'* For example, polymers with disulfide bond side
chains can undergo reduction to their corresponding thiols in
the reducing potential of the intracellular environment
primarily driven by the higher concentration of glutathione
(GSH) in the cytosol (reaching as high as 10 mM) compared
to extracellular fluids (2—10 uM). Conversely, disulfides
remain stable in oxidative conditions due to the higher
conceln%tration of cystine relative to cysteine and reduced
GSH.™
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Furthermore, reactive oxygen species (ROS) are formed
from incomplete oxygen reduction, which play a crucial role in
regulating various physiological functions. However, excessive
ROS production can cause oxidative stress, leading to several
diseases. To date, a considerable body of research has thus
focused on developing biomaterials that leverage the unique
characteristics of ROS for therapeutic interventions'*"® For
instance, ROS-responsive systems incorporating thioether,'®
thioketal,'” selenide,'® diselenide,"’ arylboronic ester,” or
oligoproline®’ moieties have been designed to mitigate
inflammatory diseases by modulating ROS levels and reducing
the side effects of conventional treatments like cortico-
steroids.** Conventionally, oxidation reactions involving
these ROS-sensitive moieties either induce a change in
solubility by facilitating a transition from hydrophobic to
hydrophilic states or lead to the reduction-induced cleavage of
prodrugs and linkers*>** For example, Gu et al. engineered a
ROS-responsive PEG-based hydrogel with L-methionine for
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Scheme 1. (a) Illustration of Redox-Active Monomers with Distinct Characteristics;”>”>® (b) Synthetic Procedure for BTGE
Monomer; (c) Polymerization of Thioether (PBTGE) and Its Redox-Responsive Properties Leading to Sulfone (PBSGE) and
Free Thiol (PTGE); (d) Preparation of Triblock Copolymers and Hydrogels Featuring Oxidation-Triggered Disassembly
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drug release, showcasing a solubility shift from hydrophobic
thioether to hydrophilic sulfoxide and sulfone. This hydrogel
served as a targeted drug delivery system and modulated the
intratumoral microenvironment to enhance therapeutic effi-
cacy.”” Meanwhile, Kim et al. devised an activatable prodrug
that uses the cleavage of the boronate ester induced by
physiological levels of H,0, to trigger the activation of a

fluorophore for metastatic tumor treatment. This dual-
functionality not only enabled the sensitive tumor detection,
but also facilitated the targeted chemotherapeutic agent
delivery.*®

In our continuous pursuit of novel functional epoxide
monomers, we previously introduced a reduction-responsive
glycidyl ether, 2-((2-(oxiran-2-ylmethoxy)ethyl) disulfanyl)-
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ethan-1-ol.”” Concurrently, Frey and coworkers reported the
synthesis of an oxidation-responsive monomer, 2-
(methylthio)ethyl glycidyl ether, and its application to the
responsive micelles.”® The versatility of this monomer was
demonstrated by incorporating a clickable sulfonium group
through alkylation/alkoxylation reactions. Initially, our efforts
focused on the synthesis of the redox-active functional epoxide
monomers (Scheme la and Figure S1). However, challenges
arose with each functional group. For instance, a pyridyl
disulfide bond cleavage was observed in the presence of water
and base during Williamson ether synthesis, thereby prompting
us to substitute it with chemically stable t-butyl mercaptan.
While t-butyl mercaptan improved stability, it also presented
issues such as malodor and a low boiling point. Additionally,
the attempt to enhance the stability of hydrophobic drugs by
incorporating a trityl moiety into an epoxide monomer resulted
in poor solubility and negligible initiation efficiency in anionic
ring-opening polymerization and Lewis-pair polymerization.
Therefore, the development of a monomer capable of
withstanding harsh reaction conditions, while encompassing
both reduction and oxidation characteristics, became highly
desirable.

Herein, we introduce a versatile epoxide monomer, 2-
(benzylthio)ethyl glycidyl ether (BTGE), featuring a thioether
group that serves both as a protecting group for thiols and a
redox-responsive functional group (Scheme 1b). An array of
various poly(2-(benzylthio)ethyl glycidyl ether) (PBTGE)
homopolymers and ABA-type triblock copolymers of
PBTGE-b-PEO-b-PBTGE are synthesized through controlled
anionic ring-opening polymerization using a poly(ethylene
oxide) (PEO) macroinitiator (Scheme 1c). The triblock
copolymer hydrogels are self-assembled via robust hydro-
phobic interactions of the BTGE end-blocks in an aqueous
environment (Scheme 1d). These hydrogels were subsequently
disassembled into solution upon an oxidation-induced hydro-
phobic-to-hydrophilic transition. This innovative approach
addresses the challenges encountered in aforementioned
attempts and lays a solid foundation for developing redox-
responsive materials for biomedical applications.

B EXPERIMENTAL SECTION

Materials. 2-(Benzylthio)ethanol (>98.0%) and epichlor-
ohydrin (>99.0%) were purchased from Tokyo Chemical
Industry. Benzyl alcohol (99.8%), phosphazene base t-BuP,
solution (0.80 M in hexane), tetrabutylammonium hydro-
gensulfate (97%), potassium hydroxide, toluene and Nile Red
were obtained from Sigma-Aldrich. All chemicals were used as
received unless noted otherwise. The BTGE monomer and
toluene were dried over CaH, and freshly distilled before
polymerization. Deuterated NMR solvent CD,Cl, was
obtained from Cambridge Isotope Laboratories.

Characterizations. 'H, 3C, COSY, and HSQC NMR
spectra were recorded at room temperature on a Bruker
Avance II 400 MHz spectrometer. Chemical shifts are reported
in ppm relative to the residual solvent peaks: CD,Cl,, 6H =
5.32 ppm, and 6C = 54.00 ppm. Mass spectrometry was
performed using a Waters Xevo G2-XS time-of-flight (ToF)
instrument with an electrospray ionization (ESI) source. Gel
permeation chromatography (GPC) analyses were carried out
with tetrahydrofuran (THF) as an eluent at 25 °C and a flow
rate of 1.0 mL min~' employing an Agilent 1200 Series system
with an autoinjector and a refractive index (RI) detector. The
number- and weight-averaged molecular weights (M, and M,,)

and polydispersity index (M,,/M,, D) were determined using
polystyrene (PS) standards (Sigma-Aldrich; M, 250—
1,100,000 g mol™"). Matrix-assisted laser desorption and
ionization-time-of-flight (MALDI-ToF) mass spectrometry
was conducted on a Bruker Autoflex Max. Fourier-transform
infrared (FT-IR) spectra were collected using an Agilent Cary
630 spectrometer equipped with an attenuated total reflection
(ATR) module. Differential scanning calorimetry (DSC)
analyses were performed under nitrogen, from —80 to 100
°C, with a heating and cooling rate of 10 °C min~"' on a TA
Instruments Q200 model. Raman spectrum was collected via
Horiba LabRam Aramis (532 nm, 40x magnification). Model
dye release test was carried out via using a Shimadzu RF-6000
spectrofluorophotometer.

Synthesis of BTGE Monomer. A 40% KOH aqueous
solution was prepared by dissolving 18.67 g of potassium
hydroxide in 28.00 mL of water in a 100 mL round-bottom
flask. Tetrabutylammonium hydrogensulfate (0.57 g, 1.66
mmol) was added, and the mixture was stirred for 30 min in
an ice bath. Then, epichlorohydrin (13 mL, 166.4 mmol) and
2-(benzylthio)ethanol (5.6 g, 33.28 mmol) were slowly added
with a dropping funnel. The reaction was monitored by thin-
layer chromatography and conducted for S h at 25 °C. The
crude product was extracted with ethyl acetate, washed with
brine, dried over Na,SO,, and concentrated in vacuo. The
crude was purified by column chromatography (ethyl acetate/
hexane = 1:7) yielded a colorless oil, which was further distilled
over CaH, (5.08 g, 22.63 mmol, 68.0% yield). '"H NMR (400
MHz, CD,CL): 5 7.43—7.15 (m, SH), 3.80—3.69 (m, 3H),
3.66—3.54 (m, 2H), 3.29 (dd, J = 11.5, 6.2 Hz, 1H), 3.09 (ddt,
J=62,4.1,2.7 Hz, 1H), 2.75 (dd, ] = 5.0, 4.3 Hz, 1H), 2.61 (t,
J = 6.7 Hz, 2H), 2.55 (dd, ] = 5.0, 2.7 Hz, 1H). '*C NMR (101
MHz, CD,Cl,): 6 139.20, 129.43, 128.94, 127.44, 72.28, 71.36,
S1.15, 44.43, 37.03, 31.27. Electrospray ionization mass
spectrometry (ESI-MS) (m/z): [M + Na]* caled 247.08;
obs. 246.90.

Synthetic Procedure for PBTGE Homopolymers.
Under an argon atmosphere in a glovebox, a benzyl alcohol
solution (10.4 L, 0.10 mmol, 1.0 equiv) in anhydrous toluene
(1.0 M, 0.65 mL) was prepared. To this solution, 125 yL of a t-
BuP, solution (0.8 M in hexane, 0.10 mmol, 1.0 equiv) was
added and stirred for 30 min. The polymerization was initiated
by adding BTGE (224.09 mg, 1.00 mmol, 10 equiv) dropwise,
and the reaction was monitored by 'H NMR. After stirring at
room temperature for 1 h, the polymerization was quenched
with an excess amount of methanol. The mixture was then
passed through an alumina pad using dichloromethane
(DCM), and the solvent was evaporated to yield PBTGE.
'H NMR (400 MHz, CD,CL): § 7.39—7.15 (m, S0H), 3.71 (s,
20H), 3.66—3.33 (m, 70H), 2.55 (t, J = 6.7 Hz, 20H). 13C
NMR (101 MHz, CD,Cl,): § 139.25, 129.46—128.98, 127.46,
79.32, 71.52, 70.30, 37.09, 31.40. P (GPC, THF, PS standard)
= 1.11.

Oxidation of PBTGE Homopolymers. Herein, 60 mg of
PBTGE,, (0.25 mmol of the thioether functional group) was
reacted with 35% H,0, in aqueous solution (0.44 mL, 2.50
mmol) in a 4 mL vial.”” Initially insoluble, PBTGE;, dissolved
after stirring for 24 h at 37 °C, leaving no insoluble material.
Residual H,0, was removed by precipitation with cold diethyl
ether, resulting in purified PBSGE,. PBSGE,,: 'H NMR (400
MHz, CD,CL): § 7.39-7.29 (m, SOH), 4.29 (s, 20H), 3.85—
3.41 (m, 70H), 3.04 (t, 20H).
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Figure 1. Representative "H NMR spectra for (a) BTGE monomer, (b) PBTGE,;, homopolymer (entry 1 in Table 1), and (c) PBSGE,,

homopolymer (entry 1 in Table S1).

Reductive-Deprotection of PBTGE Homopolymers. In
a 4 mL vial, 60 mg of PBTGE,, (0.25 mmol of the thioether
functional group) was dissolved in neat trifluoroacetic acid
(TFA), with the subsequent addition of 2 vol % triisopro-
pylsilane (TIPS) with respect to the TFA.*® The mixture was
incubated for 24 h at 37 °C, then precipitated with cold diethyl
ether.

Synthesis of PBTGE-b-PEO-b-PBTGE ABA Triblock
Copolymers. ABA block copolymers were synthesized
following procedures outlined in previous research,”’ and
initiated using PEO (M, = 20,000 g mol™') as the
macroinitiator. Next, 3000 mg (0.15 mmol) of PEO was
placed into a Schlenk flask under nitrogen, dissolved in 2.0 mL
of toluene at 60 °C for 30 min. Subsequently, 0.375 mL of ¢-
BuP, (0.80 M in n-hexane, 0.30 mmol) was added at 40 °C for
30 min. After adding the BTGE monomer (302.52 mg, 1.35
mmol) dropwise, the reaction proceeded for 1 h at 40 °C. An
excess of methanol was used to quench the reaction. The
mixture was purified by passing it through a basic alumina
oxide column with DCM as the eluent. The resulting polymer
was dissolved in DCM and precipitated by adding a 20-fold
excess hexane. '"H NMR (400 MHz, CD,Cl,): § 7.39—7.13 (4,
40H), 3.96—3.23 (m, 1880H), 2.57 (s, 16 H). >*C NMR (101
MHz, CD,CL): & 139.05, 129.69—128.50, 127.41, 71.85—
70.64, 37.41, 31.30.

Preparation of Hydrogels and Oxidation-Induced
Dissolution Experiments. A PBTGE,-b-PEO,,-b-PBTGE,
triblock copolymer (40 mg) was dissolved in 0.8 mL of
deionized water to form S wt % hydrogels. These hydrogels
were then equilibrated at 37 °C for 24 h to facilitate
homogeneous gelation. Next, the gels were incubated at 37
°C in 100 mM of H,0, (300 uL, 2 equiv with respect to
thioether) to evaluate the oxidation-induced dissolution. The
transformation of the hydrophobic thioether group into the
hydrophilic sulfone group was assessed using ex situ "H NMR
spectroscopy. For this purpose, gel samples were extracted

after a designated incubation period, followed by lyophiliza-
tion.

Rheological Characterization of PBTGE-b-PEO-b-
PBTGE Hydrogels. Oscillatory shear measurements were
conducted using an MCR302 rheometer (Anton Paar)
equipped with a parallel plate geometry with a 50 mm
diameter. To conduct these tests, 5 wt % PBTGE-b-PEO-b-
PBTGE hydrogels were placed on the Peltier plate,
maintaining a gap distance of 1 mm. After achieving the
required gap height, the edges of the gel were trimmed to
ensure complete filling of the geometry. Additionally, the
sample stages were encased in water and covered with a
solvent trap to maintain the hydration of the hydrogel during
the measurements. The oscillatory shear measurements were
performed in a frequency range of 0.1—100 rad/s, applying a
constant 1% strain at 37 °C.

Oxidation-Induced Model Dye Release Test. A solvent-
casting and redispersion method was utilized to load Nile Red
in the hydrogel. Briefly, PBTGEg-b-PEO,u-b-PBTGEg (250
mg) and Nile Red (100 ug) were dissolved in acetonitrile (5
mL) and the solvent was evaporated using a rotary evaporator.
The resulting thin film was redispersed in 5.0 mL of
phosphate-buffer saline (PBS 1x, pH 7.4) and incubated at
4 °C overnight. Next, 40 mg of 5 wt % hydrogel was injected
into a disposable cuvette, followed by the addition of 2 mL
PBS. For the control group, 0.20 mL of PBS was added while
0.10 M H,0, solution (200 uL, 2 equiv with respect to
thioether in 20 mg of polymer) was introduced to set the
oxidative surrounding. All hydrogels were incubated at 37 °C
and the cuvettes were inverted once to mix the sol fraction into
the media before measuring the fluorescence intensity (A, =
480 nm).

B RESULTS AND DISCUSSION

A BTGE monomer was successfully synthesized via a one-step
reaction and purified using column chromatography and
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Table 1. Characterization of the As-prepared PBTGE Homopolymers and PBTGE-b-PEO-b-PBTGE Block Copolymers

entry polymer composition time (h) conv.” (%) M,y (g/mol) M,,,NIVIRIJ (g/mol) M, gpc" (g/mol) b ng (°C)
1 PBTGE,, 1 >99 2350 3020 2490 1.10 -37.3
2 PBTGE,; 2 96.4 5510 6380 4580 1.10 —36.2
3 PBTGEj, 4 94.3 10,680 10,420 6200 1.11 —-34.5
4 PBTGE, 12 80.0° 18,050 19,850 8140 1.13 —-33.2
5 PBTGE,-b-PEO,y-b-PBTGE, 1 >99 22,010 21,790 21,900 L1l —37.8,59.1
6 PBTGE-b-PEO,y-b-PBTGE, 1 >99 22,910 22,690 22,980 110 —374, 585
7 PBTGE,-b-PEO, b PBTGE, 2 >99 23,810 23,580 23,980 1.10 -372, 58.1

“Calculated from the 'H NMR spectra of the crude mixture. ’Determined from the "H NMR spectra of the isolated polymers (CH,Cl,, 400 MHz).
“Measured by GPC (THF, RI signal, PS standard). “Determined by DSC at a rate of 10 °C min™". “Reaction conducted in toluene at 25 °C, [M],

=2.0 M.”T,, of the resulting PBTGE-b-PEO-b-PBTGE.
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Figure 2. MALDI-ToF mass spectrum of PBTGEg, (entry 3 in Table 1). Experimental conditions; reflector positive mode using sodium
trifluoroacetate (NaTFA) as an ionization agent and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB) as a matrix.

fractional distillation, producing an isolated yield of 68%
(Scheme 1b). The chemical structure of BTGE was confirmed
using a range of NMR spectroscopic techniques, including 'H-,
BC NMR, correlation spectroscopy (COSY), heteronuclear
single-quantum correlation (HSQC), as well as the electro-
spray ionization mass spectrum (ESI-MS) (Figures la and S2—
SS).

Controlled anionic ring-opening polymerization was then
performed using benzyl alcohol as the initiator and the organic
phosphazene base t-BuP, at room temperature (Scheme 1c).
The highly basic organic superbase t-BuP, was employed as it
enabled the controlled polymerization of the BTGE monomer
under mild conditions. The '"H NMR spectra revealed the
successful conversion of the monomer to polymer, evidenced
by the disappearance of the epoxide peaks (a and b) in the
monomer at 3.09, 2.75, and 2.55 ppm and the emergence of
peaks at 4.49 and 3.37-3.75 ppm, corresponding to the
benzylic protons (x) and polyether backbone protons (a’—d’),
respectively (Figure 1b). The theoretical number-average
molecular weight (M, xyr) and the degree of polymerization
(DP) were calculated based on the integral ratio of the
polymeric backbone protons to the benzylic protons in the 'H
NMR spectra (Figure 1b and Table 1).

The synthesized PBTGE homopolymers were further
characterized by 'H- and '*C NMR, gel permeation
chromatography (GPC), and matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-ToF) mass spectrome-
try (Figures 2, S6 and S7). In particular, MALDI-ToF
spectrometry was employed to assess the initiation efficiency
and perform an end-group analysis, thereby confirming the
controlled polymerization of PBTGE (Figure 2). The spectrum
revealed two distributions with a constant interval of 224.32 g
mol™!, corresponding to the molar mass of BTGE that
demonstrates the successful polymerization. Notably, a
prominent peak at 7308.27 g mol™' corresponds to the
PBTGE homopolymer, which includes the benzyl alcohol
initiator (108.14 g mol™') and 31 monomer units (224.32 g
mol™!) with Na* as the counterion. Furthermore, the minor
distributions (blue circle) indicated that a single 2-
(benzylthio)ethanol group was cleaved during the ionization
procedure, producing one glycidol unit per PBTGE chain in
accord with previous literature.”” Consequently, all peaks in
the spectrum are attributed to the benzyl alcohol-initiated
PBTGE polymers, underscoring the exceptional initiation
efficiency. Moreover, the thermal properties of various
PBTGE polymers were assessed through differential scanning
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Figure 3. Polymerization kinetics of the PBTGE;, (entry 3 in Table 1): (a) GPC chromatograms of PBTGEj, sampled at various reaction times
using THF as the eluent and PS as the standard. (b,c) Evolution of M, xyr and molecular weight dispersity (P) vs (b) monomer conversion and
(c) target DP. (d) First-order kinetic curve illustrating the relationship with polymerization time.

calorimetry (DSC) measurements (Figure S8 and Table 1).
The glass transition temperature ( Tg) increased from —37.3 to
—33.2 °C as the DP of the PBTGE increased from 10 to 100.

As illustrated in Table 1, the GPC analysis of the PBTGE
homopolymers indicates a monomodal distribution with a
narrow dispersity (P) ranging from 1.10 to 1.13, demonstrat-
ing a controllable polymerization. It is noteworthy that the
M, pc values tend to be slightly lower than the M, xyr values,
possibly due to the high hydrophobicity of the BTGE
monomer as similarly observed in other hydrophobic glycidyl
ether monomers.*>**

To further validate the controlled polymerization of PBTGE,
the polymerization kinetics of PBTGEs, were investigated
using "H NMR and GPC at various reaction time (Figure 3).
Here, the PBTGE;, exhibits a distinct shift toward smaller
elution volumes with a lower retention time, indicating the
synthesis of polymers with higher molecular weights (Figure
3a). Meanwhile, linear increases in the molar mass (M, xyr)
and molecular weight dispersity (D) as functions of conversion
and target DP at low D values signify controlled polymer-
ization (Figure 3b,c). Moreover, the linear relationship
observed in the plot of In([M],/[M],) vs reaction time
suggests a first-order reaction with living characteristics (Figure
3d). Specifically, the polymerization of BTGEg, using the t-
BuP, base system exhibited an accelerated propagation rate (k,
=5.90 X 107" L mol™" min™"), exceeding the reactivity of other
reported glycidyl ether derivatives, such as ethoxyethyl glycidyl
ether (EEGE; 2.23 X 107" L mol™" min™"), allyl glycidyl ether
(AGE; 3.00 X 107" L mol™ min™"), 4,4-dimethyl-2-oxazoline
glycidyl ether (DOGE; 3.66 X 107" L mol™" min™"), and

benzyl glycidyl ether (BnGE; 4.12 X 10~ L mol™ min™").>**°
This enhanced reactivity is attributed to the elevated
nucleophilicity of the highly polarizable sulfur in the BTGE
monomer, which effectively stabilizes the transition state and
improves coordination with t-BuP,H", weakening the alkoxide-
counterion interaction and facilitating the epoxide ring-
opening reaction.*®

The hydrophobic thioether-containing PBTGE exhibits
oxidation-responsive properties, transforming into a hydro-
philic sulfone group and leading to the formation of PBSGE
upon introduction of hydrogen peroxide (H,0,) at 37 °C
(Scheme 1c). The conversion of the PBTGE;, to PBSGE,, was
evidenced by the clear downfield shift in the methylene peaks
adjacent to sulfur due to the introduction of electron-
withdrawing groups (Figure 1c).

The FT-IR spectra of the BTGE, the PBTGE,; and the
PBSGE, as presented in Figure 4a, show a distinct peak at
1315 cm™ in PBSGE,, corresponding to the sulfone moiety,
while the peaks related to C—H stretching and bending
vibrations remain unchanged. Furthermore, the GPC analysis
of PBSGE polymers displayed no noticeable change in
retention time, although the M, ;pc value increased marginally
due to the presence of the hydrophilic sulfone moiety. This
indicates successful oxidation without degradation of the
polymer backbone (Figure S9 and Table S1). Meanwhile, DSC
analysis of PBSGE |, revealed a significant increase in the T,
from —37.3 to 16.8 °C upon oxidation of PBTGE,, (Figure
S10), attributed to the increased polarity introduced by sulfone
moieties in the side chains, thereby suggesting potential
intermolecular interactions with the polyether backbone. After
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Figure 4. (a) FT-IR spectra of BTGE, PBTGE,,, and PBSGE,,
(Table S1). (b) Representative Raman spectra of PBTGE,, and
PTGE,, indicating the presence of sulfone and disulfide groups
following deprotection and spontaneous oxidation, respectively.

deprotection, the free thiol groups readily oxidized to form
disulfide bonds, followed by thiol—disulfide exchange, resulting
in a cross-linked network. Unfortunately, the introduction of
dithiothreitol to reduce the cross-linked disulfide group yielded
a limited success under the ambient conditions. Consequently,
it was limited to analyze the cross-linked structure via
conventional methods. Thus, PBTGE, and the deprotected
PTGE,, were analyzed using Raman spectroscopy (Figure 4b).
These results confirm the successful preparation of the desired
PTGE polymer, characterized by a distinctive disulfide peak at
476 cm™}, originating from the spontaneous oxidation of the
generated free thiol groups.

Subsequently, various PBTGE-b-PEO-b-PBTGE triblock
copolymers with varying proportions of the hydrophobic
PBTGE blocks were synthesized by employing poly(ethylene
oxide) (PEO; M, = 20 kDa) as a macroinitiator (entries 5—7
in Table 1). The distinct structural features of the BTGE
blocks are characterized through 'H- and *C NMR spectra
(Figures Sa and S11). In addition, GPC analysis indicates that
the molecular weight of the triblock copolymers increased
relative to that of the PEO in correlation with the increasing
number of blocks (Figure S12). Furthermore, DSC analysis
provided the thermal properties of the resulting triblock
copolymer (Figure S13). Notably, the T, of the triblock
copolymers range from —37.8 to —37.2 °C, aligning with those
of the homopolymers. Conversely, the melting temperature
(T.,) consistently averages 58.7 °C across all samples, which is
attributed to the highly crystalline nature of the PEO midblock.

As shown schematically in Figure 6a, the ABA triblock
copolymers, composed of hydrophobic PBTGE end blocks and

y a
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Figure 5. 'H NMR spectrum of PBTGE,-b-PEQ-b-PBTGE, (entry 5
in Table 1) (400 MHz, CH,Cl,).

a central hydrophilic PEO midblock, undergo spontaneous
self-assembly in aqueous solution due to hydrophobic
interactions. This leads to the formation of micelles with a
core—shell structure in which the hydrophobic endblocks
aggregate to form the core, and the hydrophilic midblocks
arrange into loop-shaped shells on the surface, resembling
flower petals. The number of intermicellar bridges increases
with the increase in polymer concentration, thus resulting in
gel formation.”””® Subsequent exposure of these hydrogels to
H,O0, leads to oxidation of the thioether groups to hydrophilic
sulfone groups, inducing gel dissolution by oxidation.

The changes in viscoelastic properties of the 5 wt %
PBTGE,-b-PEO-b-PBTGE, and PBTGE4b-PEO-b-PBTGE,
hydrogels (entries S and 6 in Table 1) upon incubation with
100 mM H,O, at 37 °C are evidenced by vial inversion tests
(Figure 6b). Here, the PBTGE,-b-PEO-b-PBTGE, hydrogel
undergoes the transition to a sol state after 12 h and fully
dissolves after 36 h. In contrast, the PBTGE4b-PEO-b-
PBTGE; hydrogel remains in the gel state for up to 24 h
before beginning the transition to a sol state at 36 h.
Meanwhile, using the PBTGE4-b-PEO-b-PBTGE; results in a
delayed transition from gel to sol, occurring over 5 days due to
increased hydrophobicity.

Quantitative analysis via 'H NMR elucidated the changes in
functional moieties of the PBTGE,-b-PEO-b-PBTGE, hydro-
gel over time (Figure 6¢). The thioether peak at 2.50—2.57
ppm gradually decreases, while the sulfoxide (2.57—2.75 ppm)
and sulfone (2.75—2.93 ppm) peaks appear at 12 h and
increase in intensity thereafter, with polyether backbone peaks
(3.23—4.17 ppm) merging, indicating oxidation and transition
to a hydrophilic state.”® Quantitatively, the proportion of
thioether groups reduces to 38%, 13%, and 0% at 12, 24, and
36 h, respectively. Notably, the sulfone content, constituting
58%, surpasses that of the sulfoxide at 36 h (Table S2).

Oscillatory shear measurements were performed to unveil
the rheological properties of PBTGE-b-PEO-b-PBTGE hydro-
gels. A strain sweep was initially conducted to determine a
shear strain value that maintained stable linear viscoelastic
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Figure 6. (a) Schematic diagram depicting the disassembly of redox-active triblock hydrogel upon treatment with H,O,, leading to a transition
from hydrophobic thioether groups to hydrophilic sulfone groups; (b) vial inversion tests for the S wt % PBTGE,-b-PEO-b-PBTGE, and PBTGE,-
b-PEO-b-PBTGE, hydrogels (entries S and 6 in Table 1), showing oxidation-induced gel dissolution after incubation at 37 °C with 100 mM H,0,.
(c) Ex situ 'H NMR spectra of PBTGE,-b-PEO-b-PBTGE, following incubation with 100 mM H,0, for various durations; (d) frequency sweep
measurements of the PBTGE,-b-PEO-b-PBTGE, hydrogel. The inset presents the crossover times determined from the intersection frequency of

G’ and G".

behavior up to a specified yield strain. Based on this, a constant
1% strain was chosen for further measurements within the
linear viscoelastic range. Interestingly, the hydrogels displayed
no temperature-responsive behavior within the tested temper-
ature range of 4—37 °C unlike the previously reported
hydrogels synthesized from tetrahydropyranyl glycidyl ether
and 1-(cyclohexyloxy)ethyl glycidyl ether monomers (Figure
S$14).*"** The viscoelastic properties of the PBTGE-b-PEO-b-
PBTGE hydrogels were influenced by hydrophobic inter-
actions, as evidenced by the frequency-dependent storage
modulus (G’) and loss modulus (G”) observed during
frequency sweep measurements (Figures 6d and S1S5). At
lower frequencies, a predominantly viscous behavior was
indicated by a lower G’ relative to G”. Conversely, at higher
frequencies, G’ surpassed G” and approached the plateau
modulus (G), thus suggesting a predominantly elastic behavior.
This behavior underscores the gel-to-sol transition of the
PBTGE,-b-PEO-b-PBTGE, hydrogel at 12 h, achieving a
complete sol state after 36 h, in good agreement with the vial
inversion results. In addition, the crossover time gradually
decreased with prolonged incubation, attributed to enhanced

chain dynamics due to oxidation-responsive disassembly
(Figure 6d inset).

Remarkably, a time-oxidation superposed master curve for
the PBTGE,-b-PEO-b-PBTGE, hydrogel was constructed over
various incubation times by adjusting the dynamic moduli
(Figure S16), akin to the w1dely employed time—temperature
superposition technique.”"** This curve revealed that the
relaxation behavior of the hydrogel is primarily governed by
the degree of oxidation over time, leading to a gradual
transition from a hydrophobic to a hydrophilic sulfone core
group, which results in predictable degradation of hydrogel. To
further underscore its potential in biomedical field, the
capability of hydrogel to controlled release system of model
hydrophobic molecule was demonstrated (Figure S17). These
features promise that it is well-suited for therapeutic
applications such as cancer treatment or wound dressing,
where high oxidative stress exists and local and sustained drug
delivery is required simultaneously.

B CONCLUSION

In summary, we have successfully demonstrated the synthesis
of a benzyl thioether epoxide monomer, BTGE, serving as a
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versatile building block for developing redox-responsive
polyethers and hydrogels. Through controlled anionic ring-
opening polymerization, various PBTGE homopolymers and
PBTGE-b-PEO-b-PBTGE triblock copolymers were synthe-
sized with a high degree of with precise control over the
polymerization process. The reduction of thioether groups led
to the generation of free thiol groups, thereby providing
versatility of the polymers. Moreover, these polymers exhibited
oxidation-responsive properties, transitioning from hydro-
phobic to hydrophilic state under oxidative conditions. The
utility of the polymers in hydrogel applications was evidenced
by a gel-to-sol transition and a controlled release of
hydrophobic model molecule under oxidative conditions.
This study highlighted the potential of BTGE as a multifunc-
tional monomer for developing advanced materials with redox-
responsive properties, paving new avenues for the design of
functional materials across various fields.
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