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Stimuli-responsive polypeptides have been intensively investigated for controlled drug release, owing to
their favorable biocompatibility and biodegradability. In this work, we designed and synthesized a new
kind of polypeptide bearing 1,4-dithiane pendants for reactive oxygen species (ROS)-responsive drug
release. The polypeptide-based block copolymer was facilely synthesized by ring-opening polymeriza-
tion (ROP) of 1,4-dithian-substituted L-glutamate N-carboxyanhydride (DTG-NCA) monomer using an
amino-terminated poly(ethylene glycol) methyl ether (mPEG-NH2) as the macromolecular initiator. The
resultant block copolymer,mPEG-b-PDTG, could self-assemble into uniformmicelles in aqueousmedium
owing to its amphiphilic structure. Then, the H2O2-triggered oxidation behaviors of the mPEG-b-PDTG
micelles were studied by dynamic light scattering (DLS), FT-IR and turbidimetric assay. It was revealed
that the oxidation of thioether into sulfoxide in the side chains would result in disassembly of the
micelles. Furthermore, the ROS-responsive drug release behavior of the mPEG-b-PDTG micelles was
verified by using Nile Red as a model drug. MTT assay also proved that mPEG-b-PDTG was non-toxic in
B16F10 and L929 cells. Therefore, such a new class of oxidation-responsive polypeptide might provide a
promising platform for ROS-responsive drug delivery.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Poly(α-amino acid)s, also known as synthetic polypeptides, are
a kind of polymer with repeated amino acid units in the backbone,
which have been intensively used as biocompatible and biode-
gradable polymers for various biomedical applications, such as
drug/gene delivery, antimicrobial and tissue engineering [1–6].
Owing to the same peptide backbone in polypeptides, the physical-
chemical properties (such as solubility, chargeability and second-
ary structure) and even the biological properties of polypeptides
are largely dependent on the side chain structure [6–9]. Thus, it is
of great importance to prepare polypeptides with side chain
functionalities for desirable biomedical applications.

Reactive oxygen species (ROS), including hydrogen peroxide,
superoxide, hydroxyl radical, etc., are natural by-products of cell
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metabolism, which play important roles in cellular signaling and
homeostasis [10,11]. However, increased generation of ROS can
cause damages to lipid, proteins and DNA in cells, which is closely
associated with various pathologies, such as inflammation, cancer
and cardiovascular diseases [12,13]. Based on the elevated ROS
level, a number of ROS-responsive polymers have been prepared
and used for targeted delivery of drugs to diseased tissues or cells
[14–18]. To date, ROS-responsive polypeptides aremainly prepared
through ring-opening polymerization (ROP) of alkylated deriva-
tives of cysteine and homocysteine N-carboxyanhydride (NCA)
monomers, which have one ROS-responsive thioether group in
each side chain. For example, Deming [16_TD$DIFF]et al. prepared glycopoly-
peptides via ROP of glycosylated [17_TD$DIFF]L-cysteine NCAmonomers and the
obtained polymers exhibited an oxidation-triggered helix-to-coil
transition in aqueous solution [19]. Similarly, OEGylated [18_TD$DIFF]L-cysteine
and L-homocysteine polypeptides were also synthesized, which
displayed multimodal conformation-switching and oxidation/
thermo-dual responsive properties [20,21]. In addition, Li [19_TD$DIFF]et al.
reported the synthesis of oxidation/thermo-dual responsive
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Typical 1H NMR spectra of DTG-NCA in CDCl3 (A), and mPEG-b-PDTG in
deuterated trifluoroacetic acid (B).
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Fig. 2. DLS measurement (A) and TEM image (B) of the mPEG-b-PDTG micelles.
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polypeptides with OEG side-chains through thiol-ene and thiol-
yne reaction mediated post-polymerization modifications [22,23].
Nevertheless, few efforts have been devoted to the development of
ROS-responsive polypeptides for controlled drug release [24,25].

Here, we report the design and synthesis of a new class of ROS-
responsive polypeptide via ROP of 1,4-dithian-substituted [20_TD$DIFF]L-
glutamate NCA (DTG-NCA) monomer (Scheme 1). By using an
amino-terminated methoxy poly(ethylene glycol) (mPEG-NH2) as
the macromolecular initiator, an amphiphilic block copolymer,
mPEG-b-PDTG, was synthesized, which could self-assemble into
micelles in aqueous media. The resultant mPEG-b-PDTG micelles
exhibited structural disintegration upon treatment with H2O2 and
the oxidationmechanismwas further studied by 1HNMR and FT-IR
spectrum. Finally, the potential use of mPEG-b-PDTG micelles for
ROS-responsive drug release was also evaluated by using Nile Red
(NR) as a model drug.

The synthetic route for mPEG-b-PDTG is depicted in Scheme 1.
Firstly, the thioether containing molecule, 1,4-dithian-2-yl-meth-
anol (DTM), was readily synthesized by thiol-yne click reaction
between 1,2-ethanedithiol and propargyl alcohol (Scheme S1 in
Supporting information). The corresponding structure was con-
firmed by 1H NMR and 13C NMR spectrum (Figs. S1 and S2 in
Supporting information). The DTM was then conjugated with Boc-
Glu-O [21_TD$DIFF]tBu to form Boc-Glu(ODT)-O [21_TD$DIFF]tBu (Fig. S3 in Supporting
information). Subsequently, the Boc-Glu(ODT)-OtBu was depro-
tected to obtain DTG (Fig. S4 in Supporting information). DTG-NCA
was then synthesized by reaction of DTG with triphosgene in THF
[26], and the structure of obtained DTG-NCA was confirmed by 1H
NMR spectrum (Fig. 1A). The block copolymer, mPEG-b-PDTG, was
synthesized by ROP of DTG-NCAmonomer usingmPEG-NH2 as the
macroinitiator. The resultant mPEG-b-PDTG block copolymer was
characterized by 1H NMR spectrum and gel permeation chroma-
tography (GPC). As shown in Fig. 1B, all proton resonance peaks of
mPEG-b-PDTG were well assigned, and the degree of polymeriza-
tion was calculated to be 52, according to the comparison of
integral of proton g, h and proton f. In addition, GPC profile showed
that the mPEG-b-PDTG had a unimodal peak with Mn =16,100
g/mol and Ð =1.71 (Fig. S5 in Supporting information). All these
data demonstrated the successful ROP of DTG-NCA and the
formation of mPEG-b-PDTG block copolymer.

The obtained amphiphilic mPEG-b-PDTG block copolymer can
self-assemble into micelles in aqueous solution, consisting of a
hydrophobic PDTG core and a hydrophilic PEG outer shell. The
criticalmicelle concentration (CMC) ofmPEG-b-PDTGmicelleswas
determined to be 3.3�10�3 mg/mL by using pyrene as the
fluorescence probe (Fig. S6 in Supporting information). Fig. 2A
shows the results of dynamic light scattering (DLS) measurement
of the micelles. The average diameter of the mPEG-b-PDTGmicelle
was 95�3.2 nm. Moreover, the transmission electron microscopy
(TEM) image indicated that the mPEG-b-PDTG micelles had a
[(Scheme_1)TD$FIG]

Scheme 1. (A) Synthesis of mPEG-b-PDTG copolymer. (B) Schematic illustration o
spherical morphology with a diameter of 82�2.7 nm (Fig. 2B),
which was slightly smaller than the diameter value determined by
DLS. This should be due to that the micelles were in dehydrated
state in TEM image, while the micelles were in hydrated state in
DLS measurement.

It is well-documented that thioether-containing polymers are
typical ROS-responsive materials; and usually, the hydrophobic
thioether-containing polymer can be transformed into hydrophilic
one via the oxidation conversion of hydrophobic thioether groups
into hydrophilic sulfoxide and sulfone groups [27,28]. Thus, the
mPEG-b-PDTG micelles are expected to have ROS-responsiveness.
To test it, mPEG-b-PDTGmicelles in aqueous solutionwere treated
with or without H2O2, and then the particle sizes were monitored
by DLS measurements at different time intervals. As shown in
f the self-assembly and intracellular drug release of mPEG-b-PDTG micelles.
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Fig. 3. Size changes ofmPEG-b-PDTGmicelles in the presence of (A) 100mmol/L H2O2 and (B) 500mmol/L H2O2 at 25 �C. * and *** indicate P< 0.05 and P< 0.001, respectively,
comparedwith thew/oH2O2 group. (C) Plots of transmittance changes ofmPEG-b-PDTGmicelles solution (2.0mg/mL) in the presence of different concentrations of H2O2. (D)
900-1300 cm�1 FT IR window of the mPEG-b-PDTG micelles (1.0mg/mL) after treatment with H2O2 (500mmol/L) for different times. The intensity of all spectra was
normalized against the nas CH2 band at 2926 cm�1.
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Fig. 3A, when treated with 100mmol/L H2O2, the size of mPEG-b-
PDTG micelles decreased gradually to �40nm at 60h and no valid
DLS results could be obtained after 60h. Moreover, a quicker
decrease of sizes was observed when a higher concentration of
H2O2 (500 [22_TD$DIFF][13_TD$DIFF]mmol/L) was used (Fig. 3B). In contrast, negligible size
variation was observed without treatment with H2O2 during the
same period of time (Figs. 3A and B). All these results indicated that
the mPEG-b-PDTG micelles were ROS-responsive and the disinte-
gration of mPEG-b-PDTG micelles occurred upon treatment with
H2O2. Furthermore, the TEMwas applied to confirm the oxidation-
induced disintegration of mPEG-b-PDTG micelles. As shown in
Fig. S7 (Supporting information), irregular nano-aggregates were
observed after incubation with H2O2 for 48h, indicating the
disintegration of micelles upon oxidation by H2O2.

Next, turbidity measurement was also performed to determine
the ROS-responsive property of mPEG-b-PDTG micelles and, the
results are shown in Fig. 3C. No transmittance changes could be
observed in the absent of H2O2, while significant increases of
transmittance were observed when treated with H2O2 (Fig. 3C and
Fig. S8 in Supporting information). And the increases of transmit-
tance would become quicker and more obvious for the micelles
when a higher concentration of H2O2 was used. These results are
consistent with the above-mentioned DLS measurements, which
again suggest that the mPEG-b-PDTG micelles have excellent ROS-
responsiveness.

To deeply understand the oxidation-responsiveness ofmPEG-b-
PDTG, the oxidation process of mPEG-b-PDTG was firstly
characterized by FT-IR at different time intervals. As shown in
Fig. 3D, a new peak at 1030 cm�1, corresponding to S¼O stretching
vibration band,was clearly observed after incubationwithH2O2 for
2h, and becoming increasingly visible at prolonged incubation
times. At the same time, no peaks ascribed to sulfones could be
detected in FT-IR spectra. These results indicate that the thioethers
in mPEG-b-PDTG were oxidatively converted into sulfoxides by
H2O2 (Fig. S9 in Supporting information), which is consistent with
the previous report [24,28]. Next, the oxidation-induced structural
change of 1,4-dithiane in the side chain was also investigated by
1H NMR characterization by using DTM as themodel molecule. It is
clearlyobservedthat theprotonresonancesignalsat2.63–2.99ppm
(a1, a2 anda3) and3.61ppm(c) gradually change into corresponding
proton resonance signals at 2.61–3.41ppm (aʹ1, aʹ2 and aʹ3) and
3.94ppm (cʹ) (Fig. S10 in Supporting information). The significant
changesof chemical shift andpeak shapealso indicate theoxidation
of thioethers into sulfoxides, which is in line with the FT-IR
characterizations. Furthermore, the increased Mn of oxidized
mPEG-b-PDTG was observed in GPC analysis, which further
confirmed the oxidation-induced structural changes in the side
chains (Fig. S5). Taken together, these results demonstrate that,
upon treatment with H2O2, the thioether groups in the side chains
can be oxidized into sulfoxide groups, which would result in the
conversionofhydrophobicPDTGsegment intohydrophilicpolymer
and subsequently lead to the disassembly of micelles.

To test the potential use of mPEG-b-PDTG for ROS-responsive
drug release, Nile Red (NR), used as amodel hydrophobic drug, was
loaded into the micelles by a typical dialysis method, and the drug
release behavior was monitored in the presence of different
concentrations of H2O2. As shown in Fig. 4, therewas almost no NR
released from mPEG-b-PDTG micelles in the absence of H2O2,
indicating the good stability of drug-loaded mPEG-b-PDTG
micelles. In comparison, significant decreases of fluorescence,
corresponding to the release of NR, were clearly observed in the
presence of H2O2, and the higher concentration of H2O2 would
result in quicker release of NR. This result should be ascribed to the
H2O2-induced disintegration of the micelles that has been
previously demonstrated by the DLS and turbidity measurements.
In addition, the cellular uptake behavior of NR-loaded mPEG-b-



[(Fig._4)TD$FIG]

Fig. 4. The fluorescence intensity of NR-loaded mPEG-b-PDTG micelles monitored
at different concentrations of H2O.
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PDTG micelles was further studied by confocal laser scanning
microscopy. As shown in Fig. S11 (Supporting information), the NR
fluorescence in cells gradually increased over time, indicating the
efficient internalization of mPEG-b-PDTG micelles by MCF-7 cells.
It has been reported that ROS, such as H2O2, superoxide and
hydroxyl radical, are found to be overproduced in many types of
pathological tissues, such as cancer and inflammation [10,11].
Therefore, these preliminary results suggest the promising use of
mPEG-b-PDTG as a ROS-responsive drug delivery platform for
treatment of cancer and other diseases [29–31].

Finally, the cell cytotoxicity of the obtained mPEG-b-PDTG
copolymer in mouse melanoma B16F10 cells and mouse fibroblast
L929 cells were tested byMTT assay. As shown in Figs. S12 and S13
(Supporting information), the mPEG-b-PDTG copolymer exhibited
negligible cell cytotoxicity toward B16F10 cells or L929 cells (> 90%
cell viability), even at a concentration as high as 500mg/mL.
Moreover, the oxidation product of mPEG-b-PDTG copolymer also
showed no cytotoxic effects on L929 cells (Fig. S14 in Supporting
information). These results suggest a good biocompatibility for the
mPEG-b-PDTG copolymer.

In summary, we have successfully developed a new class of
polypeptide bearing 1,4-dithiane pendants for ROS-responsive
drug release. An amphiphilic block copolymer, mPEG-b-PDTG, was
prepared via ROP of DTG-NCA and was capable to form micellar
assemblies in aqueous solution. The mPEG-b-PDTG micelles
underwent an oxidation-triggered disassembly due to the oxida-
tion conversion of hydrophobic thioether group into hydrophilic
sulfoxide group in the side chains. Then, the ROS-responsive drug
release capability of the mPEG-b-PDTG micelles was further
demonstrated by using Nile Red as the model drug. In sum, with
the facile synthetic process and good biocompatibility, the mPEG-
b-PDTG copolymer may be promisingly used as a ROS-responsive
drug delivery platform for treatment of cancer and other diseases.
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