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ABSTRACT: We report on the preparation of reduction-responsive

amphiphilic block copolymers containing pendent p-nitrobenzyl
carbamate (pNBC)-caged primary amine moieties by reversible

addition–fragmentation chain transfer (RAFT) radical polymerization

using a poly(ethylene glycol)-based macro-RAFT agent. The block

copolymers self-assembled to form micelles or vesicles in water,

dependingon the lengthof hydrophobic block. Triggeredbya chemi-

cal reductant, sodium dithionite, the pNBC moieties decomposed

through a cascade 1,6-elimination and decarboxylation reactions to

liberate primary amine groups of the linkages, resulting in the disrup-

tion of the assemblies. The reduction sensitivity of assemblies was

affected by the length of hydrophobic block and the structure of

amino acid-derived linkers. Using hydrophobic dyeNile red (NR) as a

model drug, the polymeric assemblies were used as nanocarriers to

evaluate the potential for drug delivery. TheNR-loaded nanoparticles

demonstrated a reduction-triggered release profile. Moreover, the

liberation of amine groups converted the reduction-responsive

polymer into a pH-sensitive polymer with which an accelerated

releaseofNRwasobservedby simultaneous applicationof reduction

and pH triggers. It is expected that these reduction-responsive

block copolymers can offer a new platform for intracellular drug

delivery. © 2019 Wiley Periodicals, Inc. J. Polym. Sci., Part A: Polym.

Chem. 2019

KEYWORDS: block copolymers; micelles; reduction; self-assem-

bly; stimuli-sensitive polymers

INTRODUCTION Stimuli-responsive polymers that can change their
properties in response to either exogenous or endogenous stimuli
have played important roles in the construction of diverse
functional materials.1,2 To date, pH, temperature, and glutathione
(GSH)-based stimuli-responsive polymeric assemblies have been
extensively developed in drug delivery.3–5 However, these carriers
were proven unsatisfactory in vivo because of their lack of sensitiv-
ity to respond at the early stage of tumordevelopment. It is reported
that hypoxia contributes to cancer progression by assisting in the
activation of cell signaling pathways that regulate angiogenesis and
apoptosis.6 Hypoxia, deficient oxygen supply in tissues, is a signifi-
cant hallmark of various intractable diseases, including tumor,7,8

stroke,9 vascular ischemia,10 and inflammatory disease.11,12 Jiang
and coworkers13 reported a hypoxia-specificmacromolecular probe
which could detect cancer cells at a very early stage of tumor devel-
opment and lymph node metastasis. It is appealing to develop func-
tional polymers responsive to hypoxic microenvironment for the
treatment of hypoxia-associated diseases.

Since tumor hypoxia leads to elevated levels of some reductive
enzymes, such as nitroreductase (NTR), degenerative transfer

(DT)-diaphorase, and azoreductase,14–16 the reduction-responsive

polymers under hypoxic environment provide an important strat-

egy for selective tumor targeting. Nitroimidazoles, nitroaromatic,

and azoaromatic and quinone compounds are three representative

classes of hypoxia-responsive moieties and useful for the design

of prodrugs,17–19 fluorescent probes,20–22 and nanocarriers.23 For

example, the reducible azobenzene units were introduced into the

polymers as pendent groups or a linker, and azobenzene imparted

hypoxia sensitivity and specificity of the polymers.24 Based on the

polymers containing azobenzene units as cleavable linkers, Khan

and coworkers fabricated enzyme-responsive assemblies,25,26 and

developed copolymers capable of transforming into polycations

through a cascade self-immolative process.27–29 As the azobenzene

units were reduced to the corresponding anilines by azoreductase

under the hypoxic condition, the polymeric assemblies formed by

azobenzene-containing polymers successfully released the encap-

sulated drugs or siRNA to hypoxic cancer cells.30,31 It was found

that doxorubicin (DOX)-loaded nanoparticles of nitroimidazole-

modified polymers selectively accumulated at the hypoxic tumor

tissues and exhibited high antitumor activity in vivo.32

Additional supporting information may be found in the online version of this article.

© 2019 Wiley Periodicals, Inc.
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Under hypoxic conditions, p-nitrobenzyl alcohol derivatives
(NADs) are highly labile and readily degraded by a 1,6-elimination
reaction in the presence of NTRwith nicotinamide adenine dinucle-
otide as an electron donor.33 Therefore, NADs have been widely
used to design prodrugs34–37 and fluorescent sensors38,39 for NTR
and hypoxia. However, reduction-responsive polymers based on
NADs are less exploited. Park and coworkers40 prepared an
amphiphilic block copolymer by the conjugation of the hydrophobic
NADs to the side chains of poly (ethylene glycol) (PEG)-b-polyly-
sine, and found that the DOX-loaded copolymer micelles exhibited
rapid intracellular release of DOX under hypoxic conditions. Jo and
coworkers41 synthesized a biodegradable polyurethane based on a
monomer containing NAD, and further prepared paclitaxel-loaded
nanoparticles. In the presence of a chemical reductant, sodium
dithionite (Na2S2O4), the reduction of pendent aryl nitro group to
amine initiated a cascade of self-immolative processes, ultimately
leading to systemic degradation of the polymer and a rapid release
of encapsulated paclitaxel.

Polymers possessing protonable amine functionalities are attrac-
tive building blocks for the fabrication of pH-responsive assem-
blies. Arme’s group and Liu’s group prepared various block
copolymers based on amine-containing monomers and investi-
gated their self-assembly behaviors induced by the protonation of
amine moieties.42–46 In recent years, taking advantage of selec-
tively decaging of carbamate and the release of amine on demand,
Liu’s group synthesized a series of amphiphilic block polymers
possessing pendent carbamate-masked amine moieties and con-
structed stimuli-responsive polymersomes with responsiveness
toward oxidation,47,48 enzyme,49 and light.50

Herein, we prepare well-defined reduction-responsive amphi-
philic diblock copolymers via reversible addition–fragmentation
chain transfer (RAFT) polymerization ofmethacrylate (MA)mono-
mer modified with p-nitrobenzyl carbamate (pNBC) moiety via an
amino acid-derived linker from L-phenylalanine or L-valine.
Depending on the hydrophobic block length, the diblock copoly-
mers self-assemble into spherical micelles or vesicles in water.
The diblock copolymers are expected to detach the pendent pNBC
moieties once the aryl nitro groups reduce into the corresponding
amine, which can spontaneously initiate a cascade 1,6-elimination
and decarboxylation reactions to liberate the primary amine
groups of the linkers. The unmasked primary amine groups turn
the diblock copolymer more hydrophilic and pH responsive.
Na2S2O4, a bioorthogonal reducing agent mimic of some reductive
enzymes such as NTR, DT diaphorase, and azoreductase, is utilized
as a chemical reductant to investigate the reduction-responsive
property of the polymeric self-assemblies. Under a simulated
redox stress with Na2S2O4, the decomposition of pNBC moieties
results in the disruption of the polymeric self-assemblies. The
reduction sensitivity of the assemblies is affected by the structure
of amino acid-derived linker and the length of hydrophobic block.
Using hydrophobic dye Nile red (NR) as a model drug, the release
behavior of NR from the NR-loaded nanoparticles is studied in
response to a simulated redox stress under different pHs. The
incorporation of the reduction triggers, pNBCmoieties, and amino
acid-derived linkers endows the NR-loaded nanoparticles with
reduction and pH dual-responsive release behavior.

EXPERIMENTAL

Materials
PEG monomethyl ether (mPEG45-OH, Mn 2000, 98%) was pur-
chased from Tokyo Chemical Industry (TCI). 2-Hydroxyethyl
methacrylate (HEMA, 98%) was obtained from Heowns, Tianjin,
China. HEMA was purified by washing an aqueous solution of
HEMAwith hexanes to remove ethylene glycol dimethacrylate, salt-
ing the monomer out of the aqueous phase with sodium chloride,
drying over MgSO4, and distilling under reduced pressure. 4,40-
Azobis(4-cyanopentanoic acid) (ACPA, 97%; Sigma-Aldrich, Shang-
hai, China) was recrystallized twice frommethanol. L-Phenylalanine
(L-Phe-OH, 99%; Heowns), L-valine (L-Val-OH, 99%; Aladdin, 99%),
(4-cyanopentanoicacid) dithiobenzoate (CPADB; Aladdin, Shanghai,
China), dimethylaminopyridine (DMAP, 99%; J&K Scientific Ltd.,
Beijing, China), dicyclohexylcarbodiimide (DCC; Sigma-Aldrich,
99%), Na2S2O4 (97%; Dingguo Bio-Technology Co., Ltd., Beijing,
China), 4-nitrobenzyl chloroformate (97%; Energy Chemical, Shang-
hai, China), and NR (99%; J&K Scientific Ltd.) were commercial
products and used as received. All solvents were redistilled
before use.

Characterizations
Nuclear magnetic resonance (1H NMR) spectra were recorded on
a Bruker 400 MHz NMR spectrometer using CD3OD, CDCl3, or
d6-dimethyl sulfoxide (DMSO) as the solvent. The number-average
molecular weights (Mn), weight-average molecular weights (Mw),
and polydispersities (Mw/Mn) of the polymers were determined
by gel permeation chromatography (GPC) at 35 �C with a Waters
1525 chromatograph equipped with a Waters 2414 refractive
index detector. Tetrahydrofuran (THF) was used as the eluent
at a flow rate of 1 mL min−1, and polystyrene standards were
used for calibration. Matrix-assisted laser desorption ioniza-
tion time of flight mass spectrometry (MALDI TOF MS) was
carried out on AutoflexIII LRF200-CID. Ultraviolet–visible
(UV–vis) spectroscopy was performed on a Shimadzu UV-
2450 UV–vis spectrophotometer (Shimadzu (China) Co., LTD.,
Beijing). Fluorescence spectroscopy was measured on an RF-
5301(Shimadzu) fluorospectrometer. Static laser scattering
measurements were performed on a laser light scattering
spectrometer (BI-200SM) equipped with a digital correlator
(BI-9000AT) at 532 nm. Dynamic light scattering (DLS) analy-
sis was conducted on a Zetasizer Nano ZS fromMalvern Instru-
ments (Malvern, United Kingdom) equipped with a 10 mW
He–Ne laser at a wavelength of 633 nm at a 90� angle. Zeta
potential measurements were conducted on a Zetasizer Nano
ZS from Malvern Instruments. Transmission electron micros-
copy (TEM) observations were carried out on a Tecnai G2
20 S-TWIN electron microscope equipped with a Model
794 CCD camera. The samples were deposited on a carbon-
coated copper grid, and water was evaporated in air. To
increase the contrast, the samples were stained with OsO4

vapor.

Synthesis of Amino Acid Derivatives Consisting of pNBC
Groups (pNBC-Amino Acids)
The derivatives of L-Phe-OH and L-Val-OH were synthesized
according to a modification of a previously reported protocol.51 In
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a typical procedure, a solution of p-nitrobenzyl chloroformate
(7.2 mmol) in dioxane (15 mL) was added to a solution of L-Phe-
OH (1 g, 6 mmol) in aqueous Na2CO3 (15 mL, 6 mmol) at 0 �C. The
reaction proceeded for 10 h under stirring at room temperature.
The solution was extracted with ethyl acetate (10 mL), and the
aqueous phase was acidified with 1 M aqueous HCl until no fur-
ther white precipitation was produced. The precipitation was
dried in vacuum to give pNBC-Phe-OH as a white powder (1.3 g,
62%). 1H NMR [Fig. S1 (Supporting Information), 400 MHz,
CD3OD]: δ = 8.19 (d, NO2C6H4, 2H), 7.51 (d, NO2C6H4, 2H), 7.42
(m, OCONHCH, 1H), 7.25 (m, C6H5, 5H), 5.16 (s, NO2C6H4CH2, 2H),
4.44 (m, COCHNH, 1H), 3.22 and 2.95 ppm (m, C6H5CH2CH, 2H).
TOF MS (MALDI): calcd. for [M(C17H16N2O6) + Na]+: m/z =
367.10; found: 367.14.

Similarly, pNBC-Val-OH was synthesized by the reaction of L-
Val-OH and p-nitrobenzyl chloroformate (yield: 71%). 1H NMR
[Fig. S2 (Supporting Information), 400 MHz, CD3OD]: δ = 8.25
(d, NO2C6H4, 2H), 7.61 (d, NO2C6H4, 2H), 7.37 (m, OCONHCH,
1H), 5.23 (m, NO2C6H4CH2, 2H), 4.10 (d, COCHNH, 1H), 2.19
(m, (CH3)2CH, 1H), 0.99 ppm (m, (CH3)2CH, 6H). TOF MS
(MALDI): calcd. for [M(C13H16N2O6) + Na]+: m/z = 319.10;
found: 319.08.

Synthesis of pNBC-Modified MA
The pNBC-modified MAs (pNBC-AA-MA) were synthesized by
esterification of HEMA and pNBC-amino acids according to a litera-
ture.52 In a typical procedure, pNBC-Phe-OH (0.9 g, 3 mmol) and
HEMA (0.3 g, 2.5 mmol) were dissolved in dry THF (15 mL) under
Ar atmosphere. A solution of DCC (0.66 g, 3.75 mmol) and DMAP
(56 mg, 0.5 mmol) in dry THF (15 mL) was added dropwise to the
solution under stirring at 0 �C, and the reaction was allowed to
proceed for 1 h at 0 �C and for 24 h at room temperature. After the
insoluble N,N0-dicyclohexylurea was filtrated, the filtrates were
concentrated, and then dissolved in dichloromethane (DCM). The
solution was washed with saturated NaHCO3 and brine solution,
and dried over anhydrous Na2SO4. After the solvent was removed
by rotary evaporation, the crude product was purified by silica gel
column chromatography using hexane/ethyl acetate/DCM (8:2:1,
v/v/v) as the mobile phase to get a white solid compound
pNBC-Phe-HEMA (0.78 g, 74%). 1H NMR [Fig. S3 (Supporting
Information), 400 MHz, CDCl3]: δ = 8.19 (d, NO2C6H4, 2H), 7.44
(d, NO2C6H4, 2H), 7.28–7.10 (m, C6H5, 5H), 6.12 and 5.59
(s, C CH2, 2H), 5.27 (d, OCONHCH, 1H), 5.18 (m, NO2C6H4CH2, 2H),
4.68 (m, COCHNH, 1H), 4.49–4.29 (m, OCH2CH2O, 4H), 3.25–3.02
(m, C6H5CH2, 2H), 1.94 ppm (s, C CCH3, 3H). TOF MS (MALDI):
calcd. for [M(C23H24N2O8) + Na]+:m/z = 479.15; found: 479.16.

Similarly, pNBC-Val-HEMA was prepared from HEMA and pNBC-
Val-OH (yield: 93%). 1H NMR [Fig. S4 (Supporting Information),
400 MHz, CDCl3]: δ = 8.22 (d, NO2C6H4, 2H), 7.52 (d, NO2C6H4,
2H), 6.12 and 5.59 (s, C CH2, 2H), 5.33 (s, OCONHCH, 1H), 5.20
(s, NO2C6H4CH2, 2H), 4.52–4.28 (m, OCH2CH2O and COCHNH, 5H),
2.18 (m, (CH3)2CH, 1H), 1.94 (s, C CCH3, 3H), 0.99 [m, (CH3)2CH,
6H]. TOF MS (MALDI): calcd. for [M(C19H24N2O8) + Na]+: m/
z = 431.15; found: 431.

Synthesis of mPEG45-CPADB Macro-RAFT Agent
PEG-based macro-RAFT agent was prepared by the esterification
of mPEG45-OH and CPADB in the presence of DCC and DMAP.53 In
a typical procedure, mPEG45-OH (1 g, 0.5 mmol) was dissolved in
anhydrous toluene (10 mL), and then azeotropic distillation was
carried out to remove most of the solvent. CPADB (0.3 g, 1 mmol)
and dry DCM (20 mL) were added. After cooling to 0 �C, DCC
(0.23 g, 1 mmol) and DMAP (12 mg, 0.1 mmol) in DCM (20 mL)
was added dropwise over 1 h. The reaction mixture was stirred at
room temperature for 24 h. After removing insoluble salts by fil-
tration, the filtrates were concentrated, and then precipitated into
an excess of cold diethyl ether. The dissolution-precipitation cycle
was repeated twice. The mPEG45-CPADB macro-RAFT agent was
dried overnight under vacuum at room temperature and obtained
as a red powder (1 g, 88%). 1H NMR (400 MHz, CDCl3): δ = 7.89
(d, C6H5, 2H), 7.56 (t, C6H5, 1H), 7.42 (t, C6H5, 2H), 4.27 (t, COOCH2,
2H), 3.83–3.46 (m, OCH2CH2O, 202H), 3.38 (m, CH3O, 3H),
2.72–2.23 (m, CH2CH2COO, 4 H), 1.93 [m, SC(CN)CH3, 3H].

Synthesis of mPEG45-b-P(pNBC-AA-MA) Block Copolymers
by RAFT Polymerization
A typical procedure to synthesize the block copolymer from
mPEG45-CPADB macro-RAFT agent was described as follows.
pNBC-Phe-HEMA (0.2 g, 0.44 mmol), mPEG45-CPADB (0.01 g,
0.044 mmol), and ACPA (3.07 mg, 0.01 mmol) were dissolved in
DMF (1.6 mL) in a flask. The flask was degassed by three freeze–
pump–thaw cycles. The block copolymerization was carried out at
80 �C for 24 h. The polymerization was stopped by cooling the
solution in ice water and exposing to air. The reaction solutionwas
concentrated, and then CH2Cl2 was added. The block polymer,
mPEG45-b-P(pNBC-Phe-HEMA)n, was precipitated into an excess
of cold ethanol, centrifuged, and dried overnight under vacuum at
room temperature.

Preparation of Block Copolymer Assemblies
Typically, 10.0 mg of a block copolymer was dissolved in 2 mL of
THF, and deionized water (6 mL) was added dropwise into the
solution under stirring within 30 min. The solution was trans-
ferred to a dialysis bag [molecular weight cutoff (MWCO)
= 12 kDa], and dialyzed against deionized water for 48 h. The
deionizedwaterwas replaced every 4 h.

Measurement of Critical Aggregation Concentration by
Fluorescence Spectroscopy
Pyrene was used as a fluorescence probe to determine the critical
aggregation concentration (CAC) of the block copolymers. A pre-
determined amount of pyrene in acetone solution was added to
volumetric flasks, and acetone was then evaporated completely. A
series of the aqueous solutions of block polymer with different
concentrations were added to the flasks, and the concentration of
pyrene in each flask was fixed at 1.0 × 10−7 mol L−1. The solution
was in equilibrium for 30 min at room temperature. The excitation
spectra of all solutions were recorded at 25 �C (λem = 390 nm).
The intensity ratios at bands 333 and 338 nm (I338/I333) of all
solutions were measured. The CAC was obtained from the inter-
section of two tangent plots of intensity ratio I338/I333 versus the
logarithm of polymer concentration.
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Reduction Responsiveness of Block Copolymer
Assemblies
The reduction of the block copolymers was tested with a chemi-
cal reducing agent, Na2S2O4. In brief, Na2S2O4 (50-fold molar
excess to the number of p-nitrobenzyl group) was added to the
aqueous solution of block copolymer assemblies (1 mg mL−1) at
pH 6.0 and 7.4, respectively. The solution was stirred at 37 �C,
and the samples were taken at specified intervals and analyzed
by UV–vis and DLS. After 24 h, the solution was dialyzed against
the deionized water for 2 days. The reduced block copolymer
was recovered by lyophilization and characterized by 1H NMR.

Preparation of NR-Loaded Nanoparticles
Typically, block copolymer (10 mg) and NR (0.1 mg) were dis-
solved in 2 mL of THF. Then, 6 mL of deionized water was added
dropwise for 30 min under stirring. The solution was stirred for
another 6 h at room temperature, and the organic solvent was
removed by dialysis (MWCO = 12 kDa) against deionized water
for 48 h in the dark to obtain the NR-loadedmicelles.

Release of NR
The release of NR from block copolymer nanoparticles was stud-
ied at pH 7.4 (phosphate buffer solution, 50 mM) and 6.0 (ace-
tate buffer solution, 50 mM), respectively. In a typical
experiment, Na2S2O4 (50-fold molar excess to the number of p-
nitrobenzyl group) was added to the solution of NR-loaded
nanoparticles, and the solution was stirred at 37 �C. A fluores-
cence spectrophotometer was used to monitor the release of NR
from the nanoparticles with time. Fluorescence emission spectra
were recorded at λex = 550 nm. As a control, the release of NR
without Na2S2O4 was also monitored under the same conditions.

RESULTS AND DISCUSSION

Synthesis of Block Copolymers Containing Pendent
p-Nitrobenzyl Carbamate Triggers
Many designs for fluorescent probes54 and bioreductive drugs18,55

have explored p-nitrobenzyl carbamates (pNBCs) as triggers, which
can act as a substrate for mitochondrial NTR-mediated reduction

in hypoxic tumor. NTR reduces nitroaromatic moiety in pNBC
to electron-donating hydroxylamine or amine species, followed by
a cascade 1,6-elimination and decarboxylation reactions, and
simultaneous release of amine-based effector. In this article,
reduction-responsive block copolymers were prepared by direct
RAFT polymerization of methacrylate (MA) modified with pNBC
moiety via an amino acid-derived linker from L-phenylalanine or
L-valine. We started with the synthesis of pNBC-caged amino acids
(pNBC-AA) by the coupling reaction of p-nitrobenzyl chloroformate
with L-Phe-OH and L-Val-OH, respectively, and then performed the
esterification reactions of HEMA and pNBC-AAs to yield MA mono-
mers, pNBC-Phe-MA, and pNBC-Val-MA, containing carbamate func-
tionality and reduction-active capping trigger. The chemical
structures of pNBC-Phe-MA and pNBC-Val-MA were confirmed by
1H NMR and MS analyses. The RAFT polymerization of pNBC-Phe-
MA or pNBC-Val-MA was carried out in DMF at 80 �C using
PEG45-based macro-RAFT agent, affording amphiphilic diblock
copolymers PEG45-b-P(pNBC-Phe-MA)n and PEG45-b-P(pNBC-Val-
MA)n (Scheme 1). These diblock copolymers displayed unimodal
molecular weight and narrow polydispersities (Fig. 1). 1H NMR
spectroscopy was used to characterize the chemical structures of
PEG45-b-P(pNBC-Phe-MA)n and PEG45-b-P(pNBC-Val-MA)n (Fig. 2).
The signals corresponding to p-nitrobenzyl moieties appear at δ
8.14 (Peak a), 7.58 (Peak b), and 5.02 ppm (Peak c), and the charac-
teristic signals of PEG are observed at δ 3.3 (CH3O) and 3.5 ppm
(OCH2CH2O). The number-average polymerization degree (DPn) of
NBC-AA-MAunitswas calculated by the integration ratio of PEG sig-
nals at δ 3.5 ppm (Peaks j, k, and l) andmethylene groups (Peak c, δ
5.02 ppm) in the pNBC-AA-MA units. A series of PEG45-b-P(pNBC-
Phe-MA)n and PEG45-b-P(pNBC-Val-MA)n block copolymers with
various hydrophobic block lengths were readily prepared by tuning
the feeding ratios of monomer tomacro-RAFT agent. The structural
parameters of these block copolymers are summarized in Table 1.

Self-Assembly Behavior in Aqueous Solution
The obtained PEG45-b-P(pNBC-Phe-MA)n and PEG45-b-P(pNBC-Val-
MA)n diblock copolymers are expected to self-assemble in the aque-
ous solution due to their amphiphilic nature. Using pyrene as a

SCHEME 1 Synthetic routes for the preparation of pNBC-AA-MA monomers and reduction-responsive PEG45-b-P(pNBC-AA-MA)n

diblock copolymers.
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hydrophobic fluorescence probe, the fluorescence spectroscopy
was utilized to investigate the formation of self-assemblies from
PEG45-b-P(pNBC-Phe-MA)n and PEG45-b-P(pNBC-Val-MA)n in the
aqueous solution. It was reported that the concentration depen-
dence of the I338/I333 ratios of the (0, 0) band of pyrene was very
sensitive to CAC.56 The intensity ratio of I338/I333 was plotted
against the concentration of the block copolymers. As shown in

Figure 3, the I338/I333 ratio remained almost constant at low concen-
trations, and increased sharply once the copolymer concentration
reached the CAC, indicating the formation of self-assemblies and the
encapsulation of pyrene in the hydrophobic environment. From the
sigmoidal shape curves, the CAC values were determined and
shown in Figure 3. As the length of P(pNBC-Phe-MA) block increases
from 11 to 26, the CAC values of PEG45-b-P(pNBC-Phe-MA)n block

FIGURE 1 GPC traces of (A) PEG45-b-P(pNBC-Phe-MA)n and (B) PEG45-b-P(pNBC-Val-MA)n block copolymers. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 2 1H NMR spectra of block copolymer PF1 (A) and block copolymer PV1 (B) in d6-DMSO. [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Block Copolymerization of pNBC-AA-MA with mPEG45-CPADB Macro-RAFT Agent

Entry Block Copolymer [M]/[CTA]/[I] (mol mol−1 mol−1) DPn,NMR
a Mn,GPC

b (kDa) PDIb

PF1 PEG45-b-P(pNBC-Phe-MA)11 40/4/1 11 6.5 1.13

PF2 PEG45-b-P(pNBC-Phe-MA)17 80/4/1 17 7.5 1.15

PF3 PEG45-b-P(pNBC-Phe-MA)31 120/4/1 31 9.6 1.19

PV1 PEG45-b-P(pNBC-Val-MA)13 40/4/1 13 7.0 1.13

PV2 PEG45-b-P(pNBC-Val-MA)19 90/4/1 19 9.1 1.25

PV3 PEG45-b-P(pNBC-Val-MA)26 120/4/1 26 11.6 1.21

a Calculated by 1H NMR. b Determined by GPC using THF as the eluent.
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copolymers change from 10 to 3 mg L−1. For PV1–PV3 block copol-
ymers, the CAC values decrease from 28 to 18 mg L−1 with the

increasing of hydrophobic block length (Fig. S5, Supporting Informa-
tion). It is also noted that the CAC values of PV block copolymers are
higher than those of PF block copolymers with similar hydrophobic
block length, which is ascribed to the high hydrophobicity of phenyl
groups and the π–π stacking interactions between phenyl rings.51,57

The hydrodynamic size of the self-assemblies was analyzed by DLS.
Figure 4(A) compares the squared electric field correlation func-
tions, g1

2(t), versus time, where the mean decay time is related to
the average size of the self-assemblies. It is found that the self-
assembled nanoparticles relaxed gradually slow with the increas-
ing of hydrophobic block length, indicating the average size of
assemblies became larger and larger. The DLS curves revealed the
average hydrodynamic diameters, <Dh>, of the PF1, PF2, and PF3
copolymer assemblies were 70, 120, and 170 nm [Fig. 4(B)],
respectively. TEM images demonstrate PF1 and PF2 copolymers
self-assembled into micellar nanoparticles in the aqueous media
[Fig. 4(C,D)]. For PF3 copolymer, a vesicle structure is observed
[Fig. 4(E)]. Moreover, static lighting scattering measurement rev-
ealed that the ratio (<Rg>/<Rh>) of mean square radius of gyration,
<Rg>, and hydrodynamic radius, <Rh>, was close to 1 for PF3 copol-
ymer, further confirming the formation of hollow structures. The
formation of vesicles can be attributed to the longer hydrophobic
block of PF3 copolymer that leads to the increased packing parame-
ter as compared to those of PF1 and PF2.58 For PV1–PV3 block

FIGURE 3 Dependence of the intensity ratio I338/I333 from

excitation spectra of pyrene on the concentrations of PF1, PF2,

and PF3 block copolymers (λem = 390 nm). [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 (A) Correlation functions, (B) DLS curves of self-assembled aggregates of PF1, PF3, and PF3, and (C–E) TEM images of self-

assembled aggregates of PF1 (C), PF2 (D), and PF3 (E). [Color figure can be viewed at wileyonlinelibrary.com]
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copolymers, DLS results also demonstrated the size of the assem-
blies increased with the hydrophobic block length. The <Dh> of the
self-assemblies formed by PV1, PV2, and PV3 were 80, 180, and
280 nm, respectively (Fig. S6, Supporting Information). A similar
self-assembly morphology was observed by TEM. PV1 and PV2
copolymers formed micellar nanoparticles, while PV3 with longer
hydrophobic block self-assembled into vesicles.

Reduction Responsiveness of Assemblies
Since these block copolymers contain pendent pNBC capping moi-
eties, the assemblies are expected to be reduction responsive. Tak-
ing PF1 micelles as a prototype, we studied the reactivity of PF1
micelles toward a chemical reductant, Na2S2O4. The reaction was
monitored by UV–vis spectroscopy. In the presence of Na2S2O4,
the characteristic absorbance peak of pNBC moieties centered at
λ275 nm40 progressively decreased with time (Fig. S7, Supporting
Information), which is ascribed to the decomposition of pNBCmoi-
eties upon reduction by Na2S2O4. The reduction of aryl nitro to
amine initiates a cascade 1,6-elimination and decarboxylation
reactions to liberate primary amine groups of amino acid-derived
linkers [Fig. 5(A)]. We also traced the reaction of PF2, PF3, and
PV1–PV3 nanoparticles with Na2S2O4 to investigate the effects of
hydrophobic block length and linker structure on reduction sensi-
tivity of the assemblies. Figure 5(B) shows the variation of absor-
bance at λ275 nmwith time. It is found that the absorbance of PF1
micelles varies more quickly than other samples within 3 h, indi-
cating PF1 micelles is more sensitive to the reduction. As the
hydrophobic block length increases, both PF and PV assemblies
become less sensitive to reduction as proven by a little change in
the absorbance with time. For PV assemblies, the absorbance at
λ275 nm changes more slowly than that of the assemblies formed

by the PF block copolymer with a similar length of hydrophobic
block, implying the PV assemblies are less responsive to reduction
than the PF assemblies.

With an increase in the hydrophobic block length, the assemblies
become larger and larger, making Na2S2O4 less accessible to the
pNBC moieties in the hydrophobic domain of the assemblies.
Therefore, the small assemblies formed by the block copolymer
with short hydrophobic length are more sensitive to reduction. In
the presence of Na2S2O4, nitroaromatic moiety in pNBC is reduced
to electron-donating hydroxylamine or amine species, followed by
a cascade 1,6-elimination and decarboxylation reactions, and
release of amine-based leaving group. Nucleofugacity governs the
last step of self-immolation, that is, the release of a leaving group.59

Due to the conjugation effect of phenyl group which can increase
the nucleofugacity of the amine unit, the release rate of aminemoie-
ties in PF is faster than that in PV (Fig. S8, Supporting Information).

The solution of reduced PF1 micelles was dialyzed against H2O
after 24 h reaction with Na2S2O4, and then fluorescamine (FA) was
added to the purified solution. The emission spectrum of FA was
recorded at λex = 390 nm. As shown in Figure 5(C), the mixture of
PF1 micelles and FA was nonfluorescent; however, the mixture of
the reduced PF1 micelles and FA displayed a strong emission at
λ480 nm, which was caused by amine-induced emission turn-on of
FA.48,49 This result confirms the generation of free primary amine
groups on block copolymer after reactingwithNa2S2O4.

We used 1H NMR to analyze the structure of the reduced block
copolymers. After 24 h reaction with Na2S2O4, the reduced block
polymers were recovered by lyophilization after thorough dialysis
against water, and characterized by 1H NMR. The 1H NMR spectra

FIGURE 5 (A) The proposed mechanism showing reduction-responsive decomposition of block copolymer triggered by Na2S2O4.

(B) Variation of UV absorbance at λ275 nm of self-assemblies with time in the presence of Na2S2O4 (37
�C, pH 7.4). (C) Fluorescence analysis

of original PF1micelles and reducedPF1micelles in the presence of FA (λex = 390 nm) [Colorfigure canbe viewed atwileyonlinelibrary.com]
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of reduced PF1 and reduced PV1 block copolymers are shown in
Figure 6. It is found that the intensities of the signals corres-
ponding to pNBCmoieties at δ 8.10, 7.50, and 5.09 ppmdecreased,
compared with 1H NMR spectra shown in Figure 2. The decompo-
sition degrees of various block copolymers were estimated based
on the integration ratio of the signals at 4.0 ppm and the signal
of pNBC moieties at 8.10 ppm. The data shown in Figure 6 reveal
that half of pNBC moieties on PF1 are eliminated after 24 h reac-
tion, and the nanoparticles are less sensitive to reduction with
increasing the hydrophobic block length. For PV copolymers, less
pNBC moieties decomposed in comparison with PF copolymers,

indicating that PV copolymers containing valine-derived linkers
aremore stable against reduction than PF copolymers.

We further traced the reduction-induced change in the hydrody-
namic diameter of PF1 micelles by DLS. As shown in Figure 7,
the micelles swelled rapidly within 30 min, and the <Dh> increased
from 70 to 350 nm. Subsequently, the <Dh> progressively decreased
from 350 to 40 nm within 2 h. It was also observed that the ini-
tial transparent solution became turbid within 30 min, and then
slowly changed to transparent again after 2 h. In the presence
of Na2S2O4, the reduction of nitro group in p-nitrobenzyl to
amine triggers the self-immolative decaging reaction to liberate
primary amine group of the amino acid-derived linker
(Scheme 2), which will increase the hydrophilicity of P(pNBC-
Phe-MA)11 segment. The PF1 micelles swell as the hydrophobic
block becomes a little hydrophilic due to the liberation of pri-
mary amine groups of the linkers. As more and more amine
groups were liberated, the swollen micelles gradually dissoci-
ated into smaller micelles due to the increasing hydrophilicity.
TEM image also revealed smaller micelles with a size of about
20–30 nm after 24 h reaction with Na2S2O4, which agreed with
the DLS result.

Reduction-Triggered Release of NR-Loaded Micelles
NR is a hydrophobic fluorescent probe whose quantum yield
decreases with the increase in polarity of its microenvironment. To
better understand the reduction profile of the block copolymer
assemblies in aqueous solution, NR was encapsulated into PF
(PF1–PF3) and PV (PV1–PV3) assemblies, and the fluorescence of
the NR-loaded nanoparticle solutions was monitored against time.
We investigated the release behaviors of NR from the nanoparticles
in the buffer solutions at pH 7.4 (phosphate buffer solution) and
6.0 (acetate buffer solution), respectively (Fig. 8). There was no
much difference in the release of NR under acidic and neutral con-
ditions in the absence of Na2S2O4, and the fluorescence intensity of

FIGURE 6 1H NMR spectra of reduced PF1 (A) and reduced PV1

(B) block copolymers in d6-DMSO. [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 7 (A) DLS curves of PF1 micelles and (B) photos of PF1 micelle solution at specified intervals during the reaction with

Na2S2O4 at pH 7.4. (C) TEM images of the reduced PF1 micelles after 24 h reaction with Na2S2O4. [Color figure can be viewed at

wileyonlinelibrary.com]
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NRdecreased slightlywith time, reachingmore than 90%of the ini-
tial intensity after 4 h for all nanoparticles. Upon the addition of
Na2S2O4, the release of NR from all nanoparticles became faster,
displaying a reduction-responsive profile. It is also found NR
releases much more rapidly at pH 6.0 than at pH 7.4, thus demon-
strating the incorporation of amino acid-derived linkers endows
these block copolymer nanoparticles with pH-responsiveness upon
reduction. For example, the fluorescence intensity of NR-loaded
PF1 nanoparticle solution decreased to 72% of the initial intensity
within 10 min at pH 7.4 in the presence of Na2S2O4, and gradually
decreased to 62% after 4 h. Furthermore, NR released from PF1
nanoparticles much more rapidly at pH 6.0, and the fluorescence
intensity changed sharply to 30% of the initial intensity within

10 min and reached to 7% after 4 h. Since the reduction of
p-nitrobenzyl triggered by Na2S2O4 initiates the liberation of free
amine groups of phenylalanine-derived linkers, the cores of
NR-loaded PF1 nanoparticles become more and more hydrophilic
as more and more amine groups protonate in acidic environment,
resulting in accelerating the release of NR from the disrupted
nanoparticles.

The UV–vis and 1H NMR results indicate that PV assemblies are less
responsive to reduction than PF assemblies, which is also confirmed
by the release of NR. As shown in Figure 8, NR releases faster from
PF nanoparticles than fromPV nanoparticles formed by the PV block
copolymer with a similar length of hydrophobic block. For example,

SCHEME 2 Schematic illustration for the self-assembly of PF1 block copolymer into reduction-responsive micelles and response to a

simulated redox stress. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Time dependence of the relative emission intensity of NR fluorescence in PF and PV assemblies with or without Na2S2O4

at (A) pH 7.4 and (B) pH 6.0. Copolymer concentration: 0.1 mg mL−1; NR concentration: 0.7 μg mL−1; 37 �C. [Color figure can be

viewed at wileyonlinelibrary.com]
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only 14%of NRwas released from PV1 nanoparticles within 10 min
and 34% was released after 4 h at pH 7.4, while the PF1 nano-
particles released28%ofNRwithin 10 min and38%after 4 hunder
the same conditions. This difference becomes pronounced at pH 6.0.
PV1 nanoparticles released 23% of NRwithin 10 min and 56% after
4 h. For PF1 nanoparticles, approximately 70% of NR was released
within 10 min and 91%was released after 4 h. The larger difference
can be due to the increasing number of protonated amine groups of
reduced PF1 at pH 6.0. As the hydrophobic block length of PF and
PV copolymers increases, the release of NR from nanoparticles
becomes slower due to the less reduction sensitivity of larger
nanoparticles, which is in agreement with the results from the
UV–vis studies. The decomposition of pNBC moieties leads to
unmask the primary amine groups of the linkers, thus converting the
reduction-responsive block copolymer to pH-responsive copolymer.
The simultaneous application of reduction and pH stimuli induces a
rapid disruption of nanoparticles. Therefore, the release of NR from
these reduction-responsive block nanoparticles can bemodulated by
altering the structure of amino acid-derived linker, the length of
stimuli-responsive polymer segment and the pHofmilieu.

CONCLUSIONS

In summary, methacrylate monomers from pNBC-caged phenylala-
nine and valine were utilized to prepare amphiphilic block copoly-
mers consisting of hydrophilic PEG block and hydrophobic block
containing pendent reduction-trigger-caped amino acid-derived
linkers. In the aqueous solution, the block copolymers self-
assembled into spherical micelles and vesicles as the length of
hydrophobic block increased. Upon reduced by a chemical reduc-
tant, Na2S2O4, the pNBC moieties were decomposed through a cas-
cade 1,6-elimination and decarboxylation reactions to liberate free
primary amine groups of the linkers, resulting in the disruption of
assemblies. The reduction rate of assemblies decreased as the
hydrophobic block length became longer. It was also found that the
assemblies of the block copolymers containing valine-derived
linkers were less responsive to reduction, compared with those of
the block copolymers containing phenylalanine-derived linkers.
With NR as a model hydrophobic drug, the NR-loaded
nanoparticles exhibited reduction-triggered release behavior in the
presence of Na2S2O4. Moreover, the decomposition of pNBC moie-
ties also converted the reduction-responsive block copolymer into
pH-responsive copolymer. Due to the protonation of the unmasked
amines of the linkers under mildly acidic conditions, the release of
NR was accelerated by simultaneous application of reduction and
pH stimuli. Since the pNBC trigger can allow potential NTR
-mediated reduction, the incorporation of pNBCmoieties into poly-
mers as the reduction-trigger will extend the redox-sensitive func-
tionality from GSH-responsive disulfide to other biomolecule-
responsive polymeric assemblies. Further investigation on the
reduction responsiveness of these pNBC containing block copoly-
mers in NTR andNADH tumormicroenvironment is underway.
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