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We demonstrated herein a kind of thermal and oxidation dual responsive polymer with a novel structure

of alternating hydrophilic and hydrophobic segments in the backbone. The polymers were facilely syn-

thesized by thiol–ene polymerization of poly(ethylene glycol) diacrylate (PEGDA) and 1,2-ethanedithiol

(EDT) monomers. The resulting PEG-EDT copolymers exhibited a sharp and reversible thermal-induced

phase transition in aqueous medium which was identified to be caused by the cooperativity of dehy-

dration of PEG segments and the increased hydrophobic interaction between β-thioether ester segments

in the backbone. Additionally, the cloud point temperatures of PEG-EDT copolymers were examined to

be dependent on the molecular weight of PEG, polymer concentration, addition of NaCl and isotopic

solvent. More importantly, the PEG-EDT copolymers were tested to be oxidation sensitive due to the

presence of oxidizable thioether groups in the backbone. The collapsed polymers at elevated tempera-

tures could be easily converted into completely water-soluble polymers by oxidative conversion of hydro-

phobic thioether groups into hydrophilic sulfoxide and sulfone groups. This oxidation-switchable water

solubility inspired us to use this copolymer in design of the oxidation-triggered drug delivery system.

Thus, a triblock copolymer mPEG-b-575EDT-b-mPEG was synthesized by a one-pot method. The result-

ing triblock copolymer could self-assemble into nanoparticles using thermal and oxidation dual respon-

sive 575-EDT as the core and mPEG as the shell. As a consequence, the hydrophobic model drug (i.e.,

Nile Red) can be effectively encapsulated into the collapsed nanoparticle core at the body temperature

while released by oxidation-triggered disruption of the nanoparticles. This tunable thermo-responsive be-

havior in combination with oxidation-triggerable thioether groups makes these PEG-EDT copolymers

promising for reactive oxygen species (ROS) responsive drug delivery.

Introduction

Over the past few decades, stimuli-responsive polymers have
recorded great success in the biomedical field including trig-
gered drug/gene delivery, bio-responsive surfaces, biosepa-
ration and diagnostics.1–7 Among them, thermo-responsive
polymers that show an acute phase transition in response to

modest temperature changes have attracted enormous atten-
tion, which is mostly due to the fact that the temperature
stimulus is easily accessible and closely related to the body.6,8

Generally, any flexible polymer containing both hydrophilic
and hydrophobic moieties is likely to be thermo-responsive
in aqueous solution.9,10 In these polymers, the hydrogen
bonds between hydrophilic moieties and water molecules
make the polymer soluble in water while the hydrophobic
interactions from hydrophobic moieties lead to aggregation
of the polymer chains. This balance between the hydrophili-
city and the hydrophobicity thus determined the lower criti-
cal solution temperature (LCST) of the thermo-responsive
polymers.10 In other words, the LCST can be tuned by care-
fully adjusting the balance. Indeed, the tuning of LCST has
been achieved by incorporating hydrophilic or hydrophobic
moieties in the backbones, side chains or end groups.6,8,11–13

Besides the fine tunable LCST, the combination of the
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responsiveness to other stimuli and thermo-responsive-
ness to build up multi-responsive polymers is also highly
desirable for biomedical applications, in particular for
smart drug delivery.14–17 The preparation of multi-responsive
polymers also can be realized by incorporating other
stimuli-responsive components in the backbones, side chains
or end groups.8,16

As one of the most studied LCST-type thermo-responsive
materials, polymers with short oligo(ethylene glycol) (OEG)
side chains, such as polymers constructed from OEG metha-
crylate (OEGMA) or OEG acrylate (OEGA) monomers, have
received increasing attention in a broad range of biomedical
applications due to their good biocompatibility and superior
thermo-responsive behaviors.11–13,18,19 The comparable bio-
compatibility of these OEG-contained polymers to linear PEG
analogues is attributed to their dense OEG side chains.11 Ver-
satile and tunable thermo-responsive behaviors can be easily
achieved by careful adjustment of the hydrophilic–hydro-
phobic balance by virtue of powerful controlled radical
polymerization (CRP) technologies with selective OEG bearing
monomers and other comonomers.11–13 One potential limit-
ation of these conventional OEG bearing polymers is their
non-degradable carbon–carbon backbones, which would
hamper their wide adoption for in vivo applications. To
address this issue, recent advances have also demonstrated a
series of OEG-contained thermo-responsive polymers with bio-
degradable polypeptides or polyester backbones.20–28 However,
even though tremendous efforts have been devoted to these
OEG-based polymers, most of them employ the balance
between hydrophilic OEG side chains and the hydrophobic
backbone; few examples have been focused on linear polymers
with the balance between hydrophilic and hydrophobic seg-
ments in the backbone.29–31

In this work, a kind of linear PEG-based poly(β-thioether
ester) with a novel structure of alternating hydrophilic PEG
segments and hydrophobic β-thioether ester segments in the
backbone (PEG-EDT) was designed and facilely synthesized by
thiol–ene polymerization. Owing to the balance between
hydrophilic and hydrophobic segments in the backbone, the
resulting PEG-EDT copolymers were examined to be thermo-
responsive and thus named main chain thermo-responsive
(MCT) polymers. More interestingly, the oxidizable thioether
groups in the hydrophobic β-thioether ester segments can be
used as oxidation-triggerable groups to cause switching of the
hydrophobic segments into hydrophilic ones by oxidative
conversion of hydrophobic thioether groups into hydrophilic
sulfoxides or sulfones. The resulting sulfoxides and sulfones
containing hydrophilic segments disrupt the hydrophilic–
hydrophobic balance in PEG-EDT copolymers and sub-
sequently induce redissolution of the collapsed polymers. This
temperature and oxidation dual responsive behaviors further
led us to design and construct an oxidation responsive drug
delivery system based on the PEG-EDT copolymer. The investi-
gations on the oxidation induced disassociation of the self-
assembled nanoparticles and the triggered release behavior
were carefully carried out.

Experimental
Materials

Poly(ethylene glycol) diacrylate (PEGDA575 with average Mn =
575 g mol−1 and PEGDA700 with average Mn = 700 g mol−1)
and poly(ethylene glycol) methyl ether (mPEG2k, Mn = 2000 g
mol−1) were purchased from Sigma-Aldrich Co. LLC. Poly-
(ethylene glycol) diacrylate with average Mn = 1000 g mol−1

(PEGDA1k) was prepared from PEG800 (Mn = 800 g mol−1,
Aladdin Industrial Inc., China) and acryloyl chloride (96%,
Aladdin Industrial Inc., China), which is detailed in ESI.†
mPEG2k-acrylate was prepared as described in the literature.32

1,2-Ethanedithiol (EDT, 98+%) was purchased from Alfa Aesar
(China) Chemical Co. Ltd. 1,8-Diazabicyclo[5.4.0]-7-undecene
(DBU, 98%) was purchased from Adamas Reagent Ltd. Nile
Red (>98%) was purchased from Tokyo Chemistry Industry Co.
Ltd (Shanghai). Hydrogen peroxide (H2O2, 30 wt% in water)
and other chemicals were purchased from Sinopharm Chemical
Reagent Co. Ltd, China. All chemicals were used as obtained.

General procedure for thiol–ene polymerization

Typically, PEGDA700 (4.90 g, 7.00 mmol) and EDT (0.692 g,
7.35 mmol) were first dissolved in 50 mL of chloroform. The
solution was bubbled with Ar gas for about 15 minutes under
gentle stirring. Then, 105 μL of DBU (0.70 mmol) was added
and the resulting mixture was bubbled with Ar gas for further
5 minutes. The polymerization was sealed under an Ar atmos-
phere and conducted at room temperature for 12 h. The
polymer was obtained as a waxy solid by precipitation in an
excess amount of ethyl ether three times and dried under
vacuum for 48 h (4.63 g, 83.3% yield). This polymer generated
from thiol–ene copolymerization of PEGDA700 and EDT was
denoted as 700-EDT in the following content. Similarly,
polymer 575-EDT (a viscous solid, 78.2% yield, prepared from
copolymerization of PEGDA575 and EDT) and 1k-EDT (a white
solid, 86.4% yield, prepared from copolymerization of
PEGDA1k and EDT) were synthesized using the same pro-
cedure described above.

One-pot synthesis of the ABA-type triblock copolymer

PEGDA575 (2.88 g, 5.00 mmol) and EDT (0.518 g, 5.50 mmol)
were first dissolved in 50 mL of chloroform. The solution was
bubbled with Ar gas for about 10 minutes. Then, DBU (75 μL,
0.5 mmol) was added to initiate the polymerization. The DBU-
catalyzed thiol–ene polymerization was allowed to proceed
under constant Ar flow for 1 h at room temperature. After that,
1.55 g of mPEG2k-acrylate (0.75 mmol) was added and the
mixture was further bubbled for 20 minutes before sealing and
stirred overnight at room temperature. The polymer solution
was precipitated in an excess amount of ethyl ether and the
white precipitate was collected by filtration. After drying under
vacuum for 2 h, the crude product was redissolved in 40 mL of
deionized water and dialyzed against deionized water for 3
days (molecular weight cut-off (MWCO) = 3500 Da). Finally, the
triblock copolymer mPEG-b-575EDT-b-mPEG was obtained as
a white solid after lyophilization (3.08 g).
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Instruments and methods
1H NMR spectra of monomers and synthesized polymers were
recorded on a Bruker AV 300 MHz NMR spectrometer in
CDCl3. The temperature-varied 1H NMR spectra were recorded
on a Bruker AV 400 MHz NMR spectrometer in D2O. The
melting temperature (Tm) of the polymers was obtained using
a differential scanning calorimeter (DSC, Q100, TA instru-
ments) at a heating and cooling rate of 10 °C min−1. The
number and weight-averaged molecular weight (Mn and Mw)
and PDI = Mw/Mn of polymers were determined by gel per-
meation chromatography (GPC, using the Waters 515 HPLC
pump, Styragel® HT3 plus HT4 columns (500-6M) and the
2414 Refractive Index detector) in CHCl3 at an elution rate of
1.0 mL min−1 and an operation temperature of 35 °C. A series
of polystyrene samples with molecular weights ranging from
1270 to 609 000 Da were used to calibrate the GPC. Matrix
assisted laser desorption/ionization-time of flight-mass spectro-
scopy (MALDI-TOF MS) analysis was carried out on a Auto-
flex speed TOF/TOF mass spectrometer (Bruker Daltonics,
Germany) with a 355 nm Nd:YAG laser and an acceleration
voltage of 20 kV using trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) as a matrix. The turbi-
dimetric assay was performed on a UV-Vis spectrometer
(Shimadzu UV-2401PC) with a temperature controller (Shimadzu
S-1700) at 550 nm. A quartz cuvette with a pathlength of
10 mm, a chamber volume of 700 μL and a PTFE lip were used
for the UV-Vis measurements. The cloud-point temperature
(Tcp) was defined as the temperature at which 50% trans-
mittance was observed. Transmission electron microscopy (TEM)
images were recorded on a JEOL JEM-1011 transmission elec-
tron microscope.

Oxidation of the PEG-EDT copolymer

The oxidation behavior of the PEG-EDT copolymer at different
concentrations of H2O2 was first assayed by monitoring the
turbidity changes of PEG-EDT aqueous solution at 37 °C.
Briefly, 700 μL of the 700-EDT polymer solution (3.0 mg mL−1

in deionized water) was added into the cuvette and kept at
37 °C for 20 min. After that, 100 μL of H2O2 at the predeter-
mined concentration was added and the mixture was mixed
vigorously using a micropipette for about 5 seconds. The trans-
mittance of the solution was then recorded (550 nm, 37 °C) at
every 2 minutes.

The oxidation of the PEG-EDT copolymer was also charac-
terized by 1H NMR, FT-IR and GPC measurements. For the 1H
NMR study, 550 μL of 1k-EDT (10.0 mg mL−1 in D2O) was first
placed in the NMR tube, to which 50 μL of H2O2 with the pre-
determined concentration in D2O was added, the spectra of
the mixture were then recorded at different time intervals on a
Bruker AV 300 MHz NMR spectrometer (23 °C). For the FT-IR
study, 218 μL of hydrogen peroxide (30 wt%) was added to a
solution of 1k-EDT (300 mg) in 30 mL of deionized water, and
the mixture with the final H2O2–sulfur molar ratio of 4 : 1 was
stirred at 37 °C. At the set time points, 5.0 mL of the solution
was withdrawn from the mixture and transferred into a dialysis

bag (MWCO 1000 Da), dialyzing against deionized water for
2 days. All the samples were lyophilized to afford colorless
solids, which were then subjected to FT-IR measurements
(Bio-Rad Win-IR instrument, KBr pellet method). For GPC ana-
lysis, 550 μL of 1k-EDT solution (10 mg mL−1) and 50 μL of
H2O2 solution (0.8 mmol mL−1) were first mixed in each 10 mL
plastic centrifuge tube (with the H2O2–sulfur molar ratio of
4 : 1). The tubes were kept at 37 °C with continuous shaking at
70 rpm. At the presetted time interval, one tube was taken out
and the polymer solution inside was diluted to 2.0 mg mL−1

with 0.2 M NaNO3 aqueous solution, which was then directly
used for GPC analysis. The aqueous GPC was performed with
a Waters 1515 isocratic HPLC pump, an Ultrahydrogel™
Linear Column (500–10 M) and a 2414 Refractive Index Detec-
tor. 0.2 M NaNO3 aqueous solution was used as an eluent
with a flow rate of 0.5 mL min−1 at 35 °C. Linear poly(ethylene
glycol)s with molecular weights of 1000–218 000 Da were uti-
lized for calibration of the GPC.

Thermo- and oxidation-responsive properties of the self-
assembled mPEG-b-575EDT-b-mPEG nanoparticles

The thermo- and oxidation-responsive properties of the self-
assembled mPEG-b-575EDT-b-mPEG nanoparticles were investi-
gated by dynamic light scattering (DLS, using WyattQELS™
plus Wyatt DAWN EOS, Wyatt Technology). A polymer solution
with the concentration of 0.5 mg mL−1, prepared by directly
dissolving the polymer in deionized water and equilibrating
overnight at 4 °C, was used for the DLS measurements.

Nile Red loading and release

50 mg of the mPEG-b-575EDT-b-mPEG triblock copolymer dis-
solved in 2.0 mL of tetrahydrofuran (THF) was mixed with
200 μL of Nile Red solution (2.5 mg mL−1 in THF). The
mixture was added dropwisely to 5.0 mL of saline solution
(9.0 g L−1 NaCl in deionized water) under vigorous stirring at
37 °C. The mixture was then transferred to a dialysis bag
(MWCO 3500) and dialyzed against a saline solution for 24 h
at 37 °C to remove the THF solvent. After that, the Nile Red-
loaded nanoparticle solution was collected and diluted with a
saline solution to a polymer concentration of 2.0 mg mL−1.

H2O2-triggered Nile Red release was performed by mixing
2.0 mL of Nile Red-loaded nanoparticle solution with 20 μL of
H2O2 solution and incubating at 37 °C. The fluorescence
spectra were recorded at different time intervals on a PTI fluo-
rescence spectroscope (Photon Technology International,
U.S.A.), equipped with a temperature-controlled cuvette holder
(TC 125, Quantum Northwest, U.S.A.). λex = 550 nm was applied
for all measurements.

MTT assay

The MTT (methyl thiazolyl tetrazolium) assay was performed
on a mouse fibroblast cell line L929. The cells were seeded
with the density of 7000 per well in 200 μL of complete
DMEM. After incubation for 48 h, 20 μL of polymer solutions
of different concentrations were added. The cells without
addition of polymer solutions were used as a control. The cells
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were incubated for further 48 h and subsequently subjected to
MTT treatment for 4 h. The cell viabilities were then calculated
based on the absorbance ratio of samples with and without
polymer pretreatments at 480 nm (Bio-Rad 680 microplate
reader).

Results and discussion

The PEG-EDT copolymers were readily synthesized by DBU-
catalyzed thiol–ene polymerization of PEGDA and EDT mono-
mers (Scheme 1), which is similar to the previous report.31 The
structure of the obtained polymers was confirmed by 1H NMR
(Fig. 1). The disappearance of resonance peaks from thiol
groups (b) and acrylate groups (c, c′ and d) and the appearance
of resonance peaks at 2.66 (h) and 2.83 (i) ppm demonstrated
the successful thiol–ene polymerization and the formation of the
β-thioether ester-linked PEG structure in the backbone. The
resulting PEG-EDT copolymers were also characterized by
GPC and DSC (Table 1). The remarkable increased molecular

weight of PEG-EDT copolymers as compared with that of the
corresponding PEGDA monomers also verified the formation
of PEG-EDT copolymers by thiol–ene polymerization. Addition-
ally, the melting temperatures (Tm) of the resulting polymers
were slightly lower than that of the corresponding PEGDA
monomers (Table 1), which should be ascribed to the disrup-
tive effect of β-thioether ester segments on the crystallization
of PEG segments.33 This result further confirmed the alter-
nating structure of β-thioether ester and PEG segments in the
backbone.

The solution properties of as-prepared PEG-EDT copoly-
mers in aqueous medium were then investigated using the tur-
bidimetric assay by UV-Vis spectroscopy. It is interesting to
note that all three kinds of PEG-EDT copolymers exhibited a
sharp decrease of light transmittance upon heating (i.e. LCST-
type thermal responsiveness, see Fig. 2A and S2†), while no
detectable phase transitions were observed for their corres-
ponding PEGDA monomers even at a temperature as high as
75 °C (Fig. 2B and S3†), which is consistent with the previous
report.31 The distinct differences should be ascribed to the
novel structure of alternating hydrophobic β-thioether ester
segments and hydrophilic PEG segments in the PEG-EDT
backbone. At low temperatures, the hydration of PEG segments
made the polymer fully dissolved in water. When the tempera-
ture rises, the PEG segments became dehydrated along with
the increasing hydrophobic interaction between β-thioether

Scheme 1 Synthesis of PEG-EDT by thiol–ene polymerization.

Fig. 1 Typical 1H NMR spectra of EDT, PEGDA700 and 700-EDT in CDCl3.

Fig. 2 (A) Temperature-dependent transmittance of 700-EDT solution
in deionized water at different concentrations. (B) Temperature-depen-
dent transmittance of PEGDA700 in deionized water (5.0 mg mL−1).

Table 1 Synthesis and characterization of PEG-EDT copolymers

Polymers

FMR of
PEGDA
and EDTa

Mn
b

(g mol−1) PDIb
Tm

c

(°C)

Tm of
PEGDAc

(°C)

575-EDT 1 : 1 11 900 1.75 —d −11.6
700-EDT 1 : 1.05 80 200 1.79 11.1 14.4
1k-EDT 1 : 1.05 61 500 2.05 25.7 30.4

a FMR denotes the feed molar ratio. bMeasured by GPC in CHCl3 (1.0 mL
min−1). cObtained from DSC analysis (second heating). dNot detectable.
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ester segments, which resulted in the inter- and intra-mole-
cular association and subsequent collapse of polymer chains.
To gain more insight into the thermal transition of PEG-EDT
aqueous solution, temperature-varied 1H NMR measurements
were performed and the results are shown in Fig. 3. It is
observed that all the resonance peaks from both hydrophobic
β-thioether ester and hydrophilic PEG segments were quite
resolved at 20 °C, indicating the full dissolution of 1k-EDT in
D2O at low temperatures. Upon raising the temperature, all the
resonance peaks shifted to a low field and simultaneously
became broader, which should be due to the thermo-induced
dehydration of PEG segments and changes of surrounding
water molecules near β-thioether ester segments. The decrease
of proton d signal intensities was obviously seen at a tempera-
ture above 30 °C, which is close to the onset point (33 °C) of
the thermal transition measured by UV-Vis spectroscopy
(Fig. S4†), demonstrating the aggregation of polymer
chains.26,34 In other words, the transition of the polymer solu-
tion from clear to turbid was caused by the intra- and inter-
molecular aggregation at elevated temperatures. Furthermore,
the tendency of peak shifting to the low field was still observed
at a temperature above 40 °C, in which case the thermal tran-
sition had finished as measured by the turbidimetric assay
(Fig. S4†). This result suggests that the dehydration and
collapse of polymer chains continually occurred even at the
“collapsed state” determined by the traditional turbidity
measurements, which is similar to the cases in the previous
reports.26,34–36

As a LCST-type thermo-responsive polymer, the PEG-EDT
copolymers share some common properties with the oligo-
(ethylene glycol)-contained (co)polymers.11–13 The thermo-
induced transitions were completely reversible and no changes
of samples were observed after 9 cycles of heating and cooling
processes (Fig. S5†). Meanwhile, the cloud point temperatures

(Tcp) were tested to be depended on the polymer concentration
and the molecular weight of the PEG segment (Fig. S6†). It is
reasonable that the increase of PEG molecular weight in the
main chain would increase the hydrophilicity of the polymer,
leading to the increase of Tcp. This property is very comparable
to the oligo(ethylene glycol) (meth)acrylate-based copolymers,
whose Tcp is strongly related to the molecular weight of
oligo(ethylene glycol) in the side chain.11,13 Moreover, the
decreased Tcp accompanied by the reduced transition process,
as a result of the increasing polymer concentration, should be
due to the enhanced intermolecular association in concen-
trated solution.30 The influence of NaCl on the thermal tran-
sition of PEG-EDT aqueous solution was also investigated by
turbidimetry, and a typical “salting out” effect was observed
(Fig. S7†). The Tcp gradually reduced as the NaCl concentration
increased from 0 to 18 g L−1, which should be ascribed to the
partial dehydration of polymer chains upon addition of
NaCl.18 Further investigation on the thermo-responsive behav-
ior of PEG-EDT in D2O was then performed in comparison
with that in H2O. The results revealed that the Tcp measured in
D2O is roughly 3–5 °C lower than in H2O at a polymer concen-
tration above 0.5 mg mL−1 (Fig. S8†). Similar observations
have been reported in some other polymers with no strong
hydrogen bonding donor.37–39 And it can be explained by the
fact that the hydrophobic interaction between hydrophobic
segments is stronger in D2O than in H2O,

40 which sub-
sequently leads to a decrease of the Tcp.

It is generally accepted that the thermo-responsiveness of
the polymer in water is mainly governed by the balance of
hydrophilic segment–water hydrogen bonding and segment–
segment hydrophobic interactions.9,10 By introducing specific
moieties into the polymer architectures, the hydrophilic–
hydrophobic balance could be disrupted, leading to variation
of thermo-responsive behaviors. Herein, the presence of
thioether groups in the hydrophobic β-thioether ester seg-
ments, which can be oxidized to form hydrophilic sulfoxide
and sulfone groups,41–43 has encouraged us to investigate the
oxidation responsive behavior of the PEG-EDT copolymers. For
this study, a simple turbidity measurement was first applied
by monitoring the turbidity changes of the 700-EDT solution
upon addition of H2O2 at 37 °C (Fig. 4). At the test tempera-
ture, the 700-EDT solution exhibited minimal light transmit-
tance owing to the collapse of polymer chains. Upon addition
of H2O2, a sharp transition from turbid to transparent was
observed after a period of incubation (see the inset picture in
Fig. 4), indicating the oxidation of thioether groups. The oxi-
dation of thioether groups might cause a switch of the hydro-
phobic β-thioether ester segments into hydrophilic ones and
subsequent redissolution of the collapsed polymer. It is also
worth noting that the H2O2-treated solution remains opaque at
the initial incubation and the duration time decreases with the
rising concentration of added H2O2. As discussed above, the
thermo-induced collapse of PEG-EDT chains arises from
the dehydration of hydrophilic PEG segments and aggregation
of the hydrophobic β-thioether ester segments, which means
that the thioether groups are buried in the hydrophobic

Fig. 3 Variable-temperature 1H NMR spectra for 1k-EDT in D2O (5.0 mg
mL−1).
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aggregates in the collapsed state. In this case, H2O2 molecules
are less approachable to the thioether groups, as a result the
oxidation is slow and the solution keeps turbid. Once the oxi-
dized segments gradually increase to an amount high enough
to disrupt the hydrophilic–hydrophobic balance, the collapsed
polymer chains redissolve to form a clear solution. To further
investigate the solution properties of the oxidized PEG-EDT
copolymers, a turbidimetric assay was carried out and the
results are shown in Fig. S9.† It is observed that all the oxi-
dized PEG-EDT copolymers were fully soluble in water at temp-
eratures up to 80 °C, indicating that the LCST-type PEG-EDT
copolymers were changed into completely water-soluble poly-
mers after oxidation with H2O2. This property is different from
the previously reported thioether-contained polypeptides, in
which case, the oxidation of thioether groups would increase
the cloud points.44

To deeply understand the oxidation behavior of PEG-EDT
copolymers, in situ 1H NMR measurements were performed.
1k-EDT was selected as the sample for this study since it is
fully soluble in water under the testing conditions (5.0 mg
mL−1, at 23 °C). Fig. 5A shows the time dependent 1H NMR
spectra of 1k-EDT in the presence of four equivalents of H2O2

per sulfur atom. It is clearly observed that there were two mul-
tiple peaks at 2.95–3.15 and 3.15–3.35 ppm, presumably
ascribed to methylene groups in the β position of sulfoxides
(e′ + f′) and sulfones (e″ + f″), respectively,45 rising gradually
upon addition of H2O2. Meanwhile, the gradual disappearance of
methylene e and f (–CH2SCH2CH2SCH2–) at 2.68–2.80 ppm and
the shift of methylene d (–OC(O)CH2–) from 2.58–2.68 to
2.78–2.89 ppm further verified the oxidation of sulfur atoms by
H2O2. A slight shift of methylene c to low field was also
observed, indicating the solubility changes of the polymer in
water, while on ester bond scissions were observed based on
the comparison of integrals of methylene c versus methylene a
and b (Fig. S10†). The extents of oxidation were then quantitat-
ively estimated by plotting the integrals of methylene e′ + f′ +
e″ + f″ against methylene c and, the results are shown in
Fig. 5B. Theoretically, the integral ratio of methylene e′ + f′ + e″ + f″

to methylene c should be equal to 2.0, if the sulfur atoms were
completely converted to sulfoxides or sulfones. Based on this,
the extents of oxidation were calculated to be 96, 84 and 47%
for 1k-EDT after 72 h incubation with H2O2 at H2O2/sulfur
molar ratios of 4.0, 2.0 and 1.0, respectively. This H2O2 concen-
tration dependence of oxidation behaviors is similar to the
observations in turbidity measurements, i.e. the quicker and
more extent of oxidation were observed in the sample with
higher concentration of H2O2. However, the polymers were
quickly oxidized upon addition of H2O2 and no duration time
was observed in this case. It might be because that the 1k-EDT
was fully dissolved in this condition, so that, H2O2 could
be easily accessible to thioether groups and cause oxidation
of them.

Fig. 4 Turbidity measurements of 700-EDT (3.0 mg mL−1) in the pres-
ence of H2O2 at 37 °C.

Fig. 5 (A) In situ 1H NMR spectra of 1k-EDT oxidized by H2O2 in D2O,
with the H2O2/sulfur molar ratio of 4 : 1 ([H2O2]/[S] = 4.0). (B) The nor-
malized extents of oxidation as functions of time at different H2O2/
sulfur molar ratios.
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The oxidation of thioether groups in 1k-EDT was further
confirmed by FT-IR characterization (Fig. S11†). The stretching
vibration band of SvO groups at 1041 cm−1 and two stretching
vibrations of OvSvO groups at 1184 and 1415 cm−1 were
clearly observed after treatment with H2O2.

45 GPC analyses
were also used to investigate the oxidation process of 1k-EDT
under H2O2 treatment (Fig. S12†). The 1k-EDT before oxi-
dation was not detectable in the aqueous GPC, possibly due to
the thermo-induced aggregation of polymer chains under the
test conditions (in 0.2 M NaNO3, at 35 °C). After oxidation for
1 h, the polymer became detectable, indicating the change of
the solubility of the oxidized 1k-EDT in the GPC eluent.
Further oxidation revealed an increasing molecular weight for
the oxidized 1k-EDT, which might be ascribed to the oxidation
induced chain volume expansion and the increase of mole-
cular weight. The highest molecular weight was observed after
8 h oxidation and kept constant at 12 h. Unfortunately, slight
degradation was noted after oxidation for 26 h, which was
probably due to some scissions of ester bonds (though it could
hardly be detected in the 1H NMR measurements) or disulfide
bonds (that may be formed in water due to the excessive use of
the EDT monomer in the polymerization) in the polymer back-
bone. In general, all the above results suggest that the
PEG-EDT copolymers can be readily oxidized by H2O2 to form
polymers with better water solubility through the conversion
of hydrophobic thioether groups to hydrophilic sulfoxide or
sulfone groups.

In view of the observations of thermo and oxidation trig-
gered changes of the solubility of PEG-EDT in aqueous media,
we subsequently designed and synthesized an ABA-type tri-
block copolymer (Scheme 2) and the possible use of this co-
polymer as an oxidation responsive drug delivery vehicle was also
tested. In this design, the triblock copolymer can self-assemble
into nanoparticles using PEG-EDT as the core and mPEG2k as
the shell, and then the hydrophobic drug can be encapsulated
by thermo-induced collapse of the PEG-EDT segment while
released upon oxidation (Scheme 3). The ABA-type triblock
copolymer was synthesized by a typical two-step thiol–ene
polymerization in one pot32,46–48 and denoted as mPEG-b-
575EDT-b-mPEG (Scheme 2). The excess amount of the EDT
monomer was used in the first-step polymerization to ensure
the thiol functionalized chain end for subsequent conjugation
with mPEG2k-acrylate. The structure of the resulting triblock

copolymer was characterized by 1H NMR spectroscopy and
GPC (Fig. S13†). The appearance of all characteristic peaks
from both 575-EDT and mPEG segments and a unimodal GPC
peak demonstrated the successful synthesis of the triblock
copolymer. The degree of polymerization (DP) of the 575-EDT
segment can be calculated to be 22.8 based on the integrals of
the methylene peak (–CH2OC(O)–) at 4.27 ppm and the methyl-
ene peak (–CH2OCH2–) at 3.70 ppm. Therefore, the molecular
weight of mPEG-b-575EDT-b-mPEG calculated from 1H NMR
data was 19 400 g mol−1, which is in good agreement with the
result from GPC measurements (Mn = 19 200 g mol−1, PDI = 1.72).

The self-assembly behavior of the mPEG-b-575EDT-b-mPEG
triblock copolymer in aqueous solution was then investigated
by DLS. As shown in Fig. 6A, the triblock copolymer can self-
assemble into nanoparticles with Rh values of 55.4 ± 12.3 and
16.2 ± 5.45 nm at 10 and 37 °C, respectively. The lower Rh at
higher temperature should be ascribed to the thermo-induced
collapse of the 575-EDT segment in the self-assembled core.
The temperature-dependent size variation was also confirmed
by TEM observations (Fig. S14†). These data mean that the tri-
block copolymer can form more compact aggregates at the
body temperature, which is critical for the protection of the
encapsulated drug in drug delivery in vivo.49–51 More interest-
ingly, the thermo-induced size variation of the self-assembled
nanoparticles was completely reversible and the process can
be repeated for several heating and cooling cycles without any
changes of the sample (Fig. 6B).

The previous discussion has demonstrated that the oxi-
dation of the thioether group could make the collapsed
PEG-EDT copolymer completely redissolve in water. So, the
self-assembled mPEG-b-575EDT-b-mPEG nanoparticles were
anticipated to be oxidation sensitive. To test this, the light
scattering intensity of the mPEG-b-575EDT-b-mPEG nanoparti-
cle solution upon exposure to 300 mM H2O2 was monitored in
real time. As shown in Fig. 7, the light scattering intensity
exhibited a slight increase in the first ∼10 min, a sustained
decrease during the time from ∼10 to ∼60 min and a constant
low value after ∼60 min of incubation. This variation pattern
of light scattering intensity is similar to the case for determi-
nation of pH-triggered destabilization of micelles.52 These
data, in combination with the observation of apparent Rh

during the oxidation, allow us to propose a four-stage process
for the oxidation responsive behavior of mPEG-b-575EDT-b-
mPEG nanoparticles. In the initial ∼10 minutes, the 575-EDT
core was partially oxidized, leading to a slight swelling of the
nanoparticles and the subsequent increase of the light scatter-
ing intensity. During the period of ∼10 to ∼50 min, the light
scattering intensity decreased accompanied by an increase of
apparent Rh, indicating the concurrence of disintegration and
swelling of nanoparticles.52 At the time of ∼50 to ∼60 min, the
swelled nanoparticles were further disintegrated and, in the
meanwhile, some small nanoparticles were formed. After incu-
bation for ∼60 min, the light scattering intensity decreased to
a value very close to the baseline and no reliable Rh could be
detected, demonstrating the complete disassociation of the
self-assembled nanoparticles.52,53

Scheme 2 Synthesis of the ABA-type triblock copolymer mPEG-b-
575EDT-b-mPEG.
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It has been reported that the reactive oxygen species (ROS)
including superoxide, H2O2 and hydroxide radicals are found
to be overproduced in many types of cancer cells.54–56 There-
fore, it is interesting to test the potential application of the
H2O2 responsive mPEG-b-575EDT-b-mPEG nanoparticles as
ROS-targeted anticancer drug delivery vehicles. For this
purpose, Nile Red, a hydrophobic dye that has been widely
used as a model drug for investigation of stimuli-responsive
drug delivery,57–59 was loaded into the triblock copolymer
nanoparticles by a typical dialysis method (with a drug loading
efficiency of 16.3%). The oxidation triggered drug release was
measured by tracing the fluorescence intensity of Nile Red
encapsulated nanoparticles after treatment with H2O2. The
decrease of fluorescence intensity indicates the release of Nile
Red due to its insolubility in aqueous solution.59 As shown in

Fig. 8 and S15,† in the absence of H2O2, no changes of fluo-
rescence intensity were observed throughout the test duration,
indicating the good stability of drug-loaded nanoparticles. In
contrast, remarkable drug release was observed when treated
with H2O2, and the higher concentration of H2O2 would cause
quicker release of drug payload. This oxidation triggered
release behavior should be ascribed to the H2O2-induced disin-
tegration of the nanoparticles that has been previously demon-
strated by the DLS study. Moreover, the observation of the
loaded Nile Red which precipitated out of solution after H2O2

treatment (Fig. 8B) and no detectable Rh in this stage further
confirmed that the Nile Red was released as a result of nano-
particle disassociation. These preliminary results suggest that
the mPEG-b-575EDT-b-mPEG nanoparticles are applicable for
ROS-responsive anticancer drug delivery.

The cell cytotoxicity of the obtained 1k-EDT before and
after oxidation and the mPEG-b-575EDT-b-mPEG triblock
copolymer was estimated by the MTT assay in L929 cells. As
shown in Fig. 9, all the polymers exhibited negligible cell cyto-
toxicity toward L929 cells (>90% cell viability), even at a con-
centration as high as 250 mg L−1. These results suggest good
biocompatibility for all the synthesized polymers, which might
be attributed to the presence of a large amount of PEG seg-
ments in the polymer backbone.

Fig. 6 (A) DLS results of the mPEG-b-575EDT-b-mPEG triblock copoly-
mer in aqueous solution (0.5 mg mL−1) at 10 and 37 °C. (B) Changes of
hydrodynamic radii (Rh) under repeated heating and cooling. Each point
was the average of three measurements.

Scheme 3 Self-assembly of the mPEG-b-575EDT-b-mPEG triblock copolymer and its thermo-responsive and oxidation triggered drug release
behaviors.

Fig. 7 Time-dependent light scattering intensity and apparent Rh of the
mPEG-b-575EDT-b-mPEG triblock copolymer in aqueous solution
(0.5 mg mL−1) upon exposure to 300 mM H2O2 at 37 °C.
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Conclusions

In this work, a series of PEG-based poly(β-thioether ester)s
were readily synthesized by thiol–ene polymerization and
tested to be thermo-responsive due to the novel structure of
alternating hydrophilic PEG segments and hydrophobic
β-thioether ester segments in the backbone. Meanwhile, the
resulting PEG-EDT copolymers also exhibited oxidation-
responsiveness owing to the presence of oxidizable thioether
groups in the hydrophobic segments. Upon oxidation, the
thioether groups could be converted into hydrophilic sulfox-
ides and sulfones, which resulted in the redissolution of
PEG-EDT at a temperature higher than its phase transition
temperature. Based on these observations, a triblock copoly-
mer mPEG-b-575EDT-b-mPEG was then synthesized and used
for constructing an oxidation responsive drug delivery system.
A hydrophobic model drug (i.e. Nile Red) could be stably
encapsulated into the self-assembled nanoparticles through

the thermo-induced collapse of the 575-EDT segment and
released by the way of oxidation triggered disassociation of tri-
block copolymer nanoparticles. It is also interesting to note
that β-thioether ester groups were reported to be sensitive to
acid hydrolysis.32,47 Therefore, this thermal, oxidation and pH
multi-responsive PEG-EDT copolymers should be promising
for biomedical applications. Additionally, this thermal and oxi-
dation dual responsive polymers based on the novel structure
of alternating hydrophilic and hydrophobic segments in the
backbone would lead to design of more varieties of multi-
responsive materials by simply introducing stimuli-responsive
components in the hydrophobic segment.
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