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Abstract 

Background:  The object of this study was to develop a thermally and reactive oxygen species-responsive nanocar-
rier system for cancer therapy.

Results:  PPS-PNIPAm block copolymer was designed and synthesised using a combination of living anionic ring-
opening polymerization and atom transfer radical polymerization. The synthesized polymer formed micellar aggre-
gates in water and demonstrated dual responsiveness towards temperature and oxidants. Using doxorubicin (DOX) 
as a model drug, encapsulation and in vitro release of the drug molecules in PPS-PNIPAm nanocarriers confirmed the 
responsive release properties of such system. Cell uptake of the DOX loaded micelles was investigated with human 
breast cancer cell line (MCF-7). The results showed Dox-loaded micelles were able to be taken by the cells and mainly 
reside in the cytoplasma. In the stimulated cells with an elevated level of ROS, more released DOX was observed 
around the nuclei. In the cytotoxicity experiments, the Dox-loaded micelles demonstrated comparable efficacy to free 
DOX at higher concentrations, especially on ROS stimulated cells.

Conclusions:  These results demonstrated that PPS-PNIPAm nanocarriers possess the capability to respond two typi-
cal stimuli in inflammatory cells: temperature and oxidants and can be used in anticancer drug delivery.
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Background
Cancer nanomedicine has emerged as a promising 
approach to deliver anticancer therapeutics to tumors 
through enhanced permeability and retention (EPR) 
effect [1–4]. Among the various developed nanoscale 
drug delivery systems, stimuli-responsive drug deliv-
ery systems attracted ever-increasing attention in recent 
years owing to their “smart” capabilities to precisely 
deliver cargos to the desired cancer sites compared to the 
conventional passive targeting approaches, resulting in 

improved treatment and minimised systemic toxicity [5–
7]. In the midst of these stimuli responsive systems, oxi-
dation-responsive mechanisms are extremely attractive 
for selectively triggering the release of hydrophobic drug 
molecules from the nanocarriers due to often observed 
oxidants overproduction associated with a number of 
specific diseases [8–12].

In human body, oxidants such as reactive oxygen spe-
cies (ROS) or reactive nitrogen species (RNS) play key 
roles as either signalling molecules in a broad range of 
physiological processes including apoptosis, immunity, 
and so forth [13–16]. However, oxidative stress induced 
by ROS overproduction leads to a broad array of chemi-
cal biomolecule modification causing various diseases 
such as inflammatory disorders, diabetes and cancers 
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[17–20]. To date, nevertheless, there are relatively limited 
number of oxidation-responsive systems, in comparison 
e.g. to those responding stimuli such as acidic pH, reduc-
tive potential, light etc. [5, 21–23].

Poly(propylene sulfide) (PPS) is at the basis of some 
popular ROS-sensitive constructs [24]; this polymer, fea-
tures a thioether in each repeating unit, which enables its 
response to be based on a hydrophobic (thioether)-to-
hydrophilic (sulfoxide, sulfone) transition (Scheme  1a) 
[8, 25–28]. Correspondingly, nanocarriers featuring PPS 
as the hydrophobic domain have been explored as ROS- 
and inflammation-responsive systems [9, 25, 29].

In our study, such a concept has been advanced by 
combining PNIPAm [30, 31], a well-known thermally 
responsive polymer to the PPS block. This approach 
aims to create a diblock copolymer PPS-PNIPAm, that is 
responsive to two different stimuli: oxidants and higher 
temperature, which are typically found in inflamma-
tion and also in tumoural tissues [32, 33]. It is assumed 
the nanocarriers, with PPS cores and PNIPAm corona in 
water, could undergo a corona collapse at higher temper-
ature owing to the disruption of hydrogen bonding of the 
PNIPAm with the water molecules [34]. Such tempera-
ture-induced morphological change has been reported 

Scheme 1  Illustration of the stimuli-responsiveness of PPS-PNIPAm block copolymer. a Oxidation-responsiveness of PPS block and temperature-
responsiveness of PNIPAm block. b Self-assembling of PPS-PNIPAm micelles and loading with doxorubicin. The PNIPAm corona undergoes shrink-
age and collapse above its LCST and PPS core can be furtherly oxidised and release encapsulated DOX molecules. Such drug-loaded nanocarrier 
can be used in cancer cell delivery and release drug in ROS intracellular environment



Page 3 of 11Tang et al. J Nanobiotechnol  (2017) 15:39 

by using direct heating, microwave radiation or near 
infrared light as the source of stimuli [35–38]. Combin-
ing PNIPAm to PPS block would bring advantages to the 
previously reported PPS-PEG nanocarrier systems: (a) 
above the LCST of PNIPAm, the shrinkage of PNIPAm 
corona would favour the retention of such drug carriers 
in tumour sites through EPR effect due to reduced sizes 
of nanocarriers. (b) Furthermore, the shrunk hydrophilic 
corona would allow easier access of ROS to reach the 
hydrophobic PPS core, therefore enhance the oxidation-
responsiveness of the system (Scheme 1b).

In this study, PPS-PNIPAm block copolymers were 
synthesised by combining a living anionic ring opening 
polymerisation for PPS and an atom transfer radical pol-
ymerisation (ATRP) for PNIPAm [39, 40]. The prepara-
tion of polymeric micelles, the drug release upon applied 
stimuli, the uptake and efficacy of drug loaded micelles 
with MCF-7 cell lines were systemically investigated. 
Especially, we focused on the influence of ROS to the cel-
lular uptake, intracellular drug release and cytotoxicity of 
anticancer drug loaded PPS-PNIPAm micelles. The over-
all investigation revealed that the newly developed dually 
responsive polymeric drug delivery system is very prom-
ising for temperature and ROS overproduction related 
cancer treatment.

Methods
Materials
2-Mercaptotethanol (>99%), tris-n-butylphosphine 
(TBP), propylene sulfide (PS, 98%), 1,8-diazabicy-
clo [5.4.0] undec-7-ene (DBU, 98%), acetic anhydride 
(98.5%), ethyl bromide acetate (EBA, 98%), 2-bromo-
2-methylpropionylbromide (BrBiB, 98%), N-isopro-
pyl acrylamide (NIPAm, 98%), copper (I) bromide 
(CuBr,  >99.99%), N,N,N′,N″,N″-pentamethyl diethylen-
etriamine (PMDETA, >98%), doxorubicin hydrochloride 
(DOX·HCl), hydrogen peroxide (H2O2) were purchased 
from Sigma (St. Louis, USA). Cell Counting Kit-8 (CCK-
8), Reactive Oxygen Species (ROS) Assay Kit, Hoechst 
33258 were purchased from Beyotime Institute of Bio-
technology (Beijing, China).

Physico‑chemical characterisation
1H NMR spectra were obtained using a Bruker Avance 
400  MHz instrument (Switzerland). CDCl3 was used 
as the solvent. The mean particle size and ζ-potential 
of micellar aggregates were determined by dynamic 
light scattering (DLS) using a Malvern Zetasizer Nano 
ZS90 (Malvern, UK). DLS samples (micelles with/with-
out DOX-loaded) were prepared in water, and was fil-
tered using a 0.22  μm Nylon Syringe Filter prior to the 
measurements. The molecular weight distribution was 
determined by gel permeation chromatography (GPC) 

equipped with a 1260 Infinity Isocratic Pump and an RI 
detector (Agilent, US). DMF containing 0.1  mol% LiBr 
was the elute and the flow rate was 1.0 mL/min. Linear 
poly(methyl methacrylate) standards from Fluka were 
used for calibration. FT-IR spectra were recorded in ATR 
mode (Golden gate) on a Tensor 27 Bruker spectrometer 
(Germany). The particles were imaged using a Tecnai G2 
F20 TWIN transmission electron microscope operated 
at 200  kV and equipped with a field-emission gun (FEI, 
Netherland). The sample was placed onto a Quantifoil 
grid, followed by utilizing Vitrobot, and then flash frozen 
in liquid ethane. The images were recorded at magnifi-
cation of 14,500 and 25,000 with a 4 K * 4 K eagle CCD 
camera and defocus ranging from 2 to 3  μm. Confocal 
images of the samples were taken using the Leica TCS 
SP5 (Germany).

Polymer synthesis
PPS-Br ATRP macroinitiator PPS-OH polymer was syn-
thesized according to a previously reported method [9, 
41]. Degassed THF (5 mL) was transferred to the reactor 
and then TBP (5.0 equiv) was added dropwise. PPS-OH 
(0.29 mmol) was dissolved in 15 mL of anhydrous THF 
followed by addition of anhydrous triethylamine (55 μL, 
0.39  mmol) under nitrogen atmospheres. The reaction 
flask was then transferred into an ice-salt bath and 2-bro-
moisobutyryl bromide (0.17  mL, 1.3  mmol) was added 
drop wise. The reaction mixture was stirred for 24  h at 
room temperature. Finally, the solution was concentrated 
and precipitated in cold methanol. The precipitated PPS-
Br was centrifuged and dried under vacuum to constant 
weight with yield of 82%. 1H-NMR (CDCl3): 1.2–1.35 (t, 
3H, CH3CH2–), 1.35–1.45 (d, –CH3 in PPS chain), 1.9 (s, 
6H, –CH3), 2.55–2.75 (m, 1 diastereotopic H of –CH2– 
in PPS chain), 2.6 (t, 2H, OH–CH2–CH2–S–), 2.85–3.05 
(m, –CH– and 1 diastereotopic H of –CH2– in PPS 
chain), 3.3 (t, 2H, OH–CH2–CH2–S–), 3.7 (s, 1H,OH–), 
4.25–4.35 (m, 2H, CH3CH2–). FT-IR (KBr): 2960 (νas 
CH3), 2922 (νas CH2), 2868 (νs CH3 and νs CH2), 1736 (ν 
C=O ester), 1451 (CH2), 1373, 1275, 1225, 1175, 1102 (ν 
C–O–C) cm−1.

PPS-PNIPAm Bifunctional 2-bromopropionate PPS 
macroinitiator (0.64  mg, 0.33  mmol), NIPAm (1.49  g, 
13.2  mmol), THF (250  mL) and CuBr (104.1  mg, 
0.73  mmol) were dissolved in a two-neck flask and the 
mixture was degassed for 1 h. Then 580 μL of PMDETA 
was injected and the mixture was allowed to react for 
another 8 h at room temperature. The reaction was ter-
minated by exposing the reaction mixture to air. The 
solution was passed through a short aluminum oxide col-
umn to remove the catalyst complex. The polymer was 
obtained with 48% yield after precipitation in cold diethyl 
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ether, dialysis and vacuum drying. 1H-NMR (CDCl3): 
1.19 (m, –NHCH(CH3)2 in PNIPAm), 1.35–1.45 (d,  
–CH3 in PPS chain), 1.58–2.38 (m, –CH– and –CH2– in 
PNIPAm), 2.55–2.75 (m, 1 diastereotopicH of –CH2– in 
PPS chain), 2.85–3.05 (m, –CH– and 1 diastereotopic 
H of –CH2– in PPS chain), 5.8–7.0 (m, –NHCH(CH3)2 
in PNIPAm), 4.01 (m, –CH(CH3)2 in PNIPAm). FT-IR 
(KBr):1645 (amide I, ν C=O), 1546 (amide II, δ N–H), 
1387 (νs, –CH3), 1171 (ν C–C) cm−1.

Preparation of PPS‑PNIPAm micelles
PPS10-PNIPAm40 (4 mg) were dissolved in 1 mL of ace-
tone. Using an automatic syringe, the organic solution 
was slowly (0.1 mL/min) injected to 10 mL of deionised 
water with a magnetic stirring bar at room tempera-
ture. After stirring for 20  min, the organic solvent was 
removed by a rotary evaporator (80  mbar for 40  min, 
T =  25  °C). Finally, the dispersion was put in a dialysis 
tube (MWCO = 8000–14,000) and dialyzed against dis-
tilled water for 24 h.

Drug loading
Doxorubicin-loaded micelles were prepared as follows: 
10 mg of DOX·HCl was added into 20 mL of freshly pre-
pared PPS-PNIPAm micelles (1 mg/mL), then 1.5 molar 
equiv of triethylamine was added to the micellar disper-
sion and stirred at room temperature for 12  h to reach 
equilibrium. The unloaded free drug and the salt pro-
duced by neutralization reaction were removed using a 
dialysis tube (Mn 8000–14,000) against 3000 mL of pure 
water with stirring at room temperature. Pure water was 
replaced for every 5  h. Drug loading (DL) and encap-
sulation efficiency (EE) were calculated as follows: DL 
(w/w) =  (amount of loaded drug)/(amount of polymer), 
EE (wt%) =  (actual amount of loaded drug)/(theoretical 
amount of loaded drug).

In vitro drug release
The temperature and H2O2 responsive release of the 
DOX experiments were carried out using DOX-loaded 
micelles (1 mg/mL). Two millilitre of sample was placed 
in a glass bottle and 8.0  mL of pH 7.4 PBS buffer was 
added. Two aliquots of the resultant mixture was stirred 
slowly at 25 and 37 °C, respectively. The H2O2-triggered 
cargo release was achieved by adding the H2O2 (0.1%) 
to the DOX-loaded solution. An excitation beam of 
480 nm was directed into the solution to excite the flu-
orescent emission of the released DOX. The emission 
of fluorescence was measured at 540 nm at 1, 2, 4, 6, 8, 
10 h. The released percentage of DOX was calculated as 
(Ft − F0)/(Ff − F0) × 100%, where Ft represents the flu-
orescence reading of sample at time t, F0 represents the 
fluorescence reading of sample at time 0, Ff represents 

the fluorescence reading of the free DOX in PBS with 
the same DOX concentration as the DOX loaded sam-
ple. Release profiles were obtained by plotting the release 
percentage versus time.

ROS stimulation of different cells
Before verifying the influence of ROS on the uptake and 
release of the DOX with cells, intracellular ROS level 
was measured using a commercialized ROS assay kit in 
accordance with the manufacturer’s instructions (Beyo-
time Institute of Biotechnology, China). Briefly, after 
seeding the cells (L-02 and MCF-7 cell lines) in a 24-well 
plate at 3  ×  104 cells/well and incubated for 24  h in 
0.5 mL of DMEM medium with 10% PBS. Cells were pre-
treated with Rosup reagent (50  μg/mL) for 20  min and 
then incubated with DCFH-DA (10 mM) for 30 min and 
washed off. The cells were observed by an inversed fluo-
rescent microscope and imaged to check the fluorescence 
intensity which represented the amounts of intracellular 
ROS level.

In vitro cellular uptake
The in  vitro cellular uptake was performed on MCF-7 
cell line. The cells were seeded on glass coverslips in 
a 24-well plate at 3 ×  104 cells/well and incubated for 
24  h in 0.5  mL of DMEM medium with 10% PBS. The 
DOX-loaded micelles were added to each well and incu-
bated with the cells for 1, 2 and 4 h at 37 °C. To compare 
the effect of ROS to the uptake and intracellular DOX 
release, cells pre-treated with Rosup reagent (50 μg/mL) 
for 20  min were used as ROS-stimulated cells to evalu-
ate such effect. After incubation, the supernatant was 
carefully removed and then the cells were fixed with 4% 
formaldehyde for 20 min at room temperature. After 
the washing steps, the nuclei were stained with Hoechst 
33258 in PBS. The cells were observed with an inversed 
fluorescent microscope and a confocal laser scattering 
microscope (CLSM). The fluorescence intensity of each 
cell was processed and calculated by Photoshop software 
(Adobe, CA, USA).

Biocompatibility and efficacy studies
The biocompatibility of PPS-PNIPAm polymer was eval-
uated using the CCK-8 assay on MCF-7 and A549 cell 
lines. The cells were seeded in a 96-well plate (5 ×  104 
cells/well) for overnight, treated with various concen-
trations of polymers, were added to a DMEM medium 
containing 10% fetal bovine serum (FBS) in a humidi-
fied 37  °C incubator supplied with 5% carbon dioxide 
and incubated for 48  h. After removal of the culture 
media from cell culture plates, 100 μL of fresh culture 
media and 10 μL of CCK-8 kit solutions were immedi-
ately added and homogeneously mixed followed by 2  h 
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incubation. The optical density of each well at 450  nm 
was read by a microplate reader. Cells cultured in DMEM 
medium containing 10% FBS (without exposure to poly-
mers) were used as controls.

The cytotoxicity of DOX loaded PPS-PNIPAm micelles 
was evaluated using the same procedure. After seeded 
in the plate for overnight, MCF-7 cells were treated with 
various concentrations of DOX-loaded micelle samples 
instead of polymer dispersions.

Statistical analysis
All results are expressed as mean ± SEM. Prism software 
(GraphPad) was used for statistical analysis. Statistical 
comparisons were performed by unpaired Student’s t test 
when 2 groups of equal variance were compared and by 
One-way ANOVA with post hoc tests with the Bonfer-
roni correction when >2 groups were compared. Proba-
bility values <0.05 were considered statistically significant 
(NS: not significantly different, *p  <  0.05, **p  <  0.01, 
***p < 0.001).

Results and discussion
Synthesis and characterizations of PPS‑PNIPAm
PPS-PNIPAm block copolymers were synthesised by liv-
ing anionic ring-opening polymerization combined with 
an atom transform radical polymerization (ATRP) process 
as previously reported (Fig. 1a) [26]. PPS blocks with dif-
ferent polymerization degrees (PD) were synthesised fol-
lowed by conversion of the terminal hydroxyl group into 
a bromide group. The resulted functional PPS block poly-
mer was used as a macroinitiator to start an ATRP process 
of NIPAm, resulting in a small library of PPS-PNIPAm 
block copolymers. The synthesised polymers were char-
acterized with 1H-NMR, FT-IR and GPC (Fig.  1; Addi-
tional file  1: Table S1). A typical 1H-NMR spectrum of 
PPS10-PNIPAm40 showed the chemical shifts correspond-
ing to both PPS and P(NIPAm-co-DMAA) segments (c, d, 
e for PPS block, a, b, g and f for PNIPAm block, Fig. 1b). 
The molar ratio of PS and NIPAm monomers calculated 
by NMR was 9.6:42.2 (Additional file 1: Table S1), which 
agrees well with their theoretical molar ratio (10:40). 
FT-IR spectrum also showed the presence of both PPS 
and PNIPAm (Fig. 1c). Furthermore, the molecular weight 
distribution of the copolymers were determined by GPC 
measurement (Fig.  1d) and the values using poly(methyl 
methacrylate) as standard were listed in Additional file 1: 
Table S1. The narrow polydispersity indexes (Đ) of the 
polymers (1.09–1.18, Additional file  1: Table S1) further 
proved the success of the polymer synthesis.

Preparation and characterizations of polymeric micelles
Being amphiphilic of its nature, PPS-PNIPAm forms 
aggregates in aqueous solutions, presumably in nanoscales. 

Employed with a solvent–insolvent method, the poly-
mers can easily form micellar aggregates. The CAC val-
ues scaled with the overall hydrophilicity of the polymers, 
ranging from 0.021 mg/mL for the most hydrophobic P3 
to 0.0158 and 0.217  mg/mL for the most hydrophilic P2 
and P4 (Additional file  1: Figure S1). Since the size and 
morphology affect the nanocarriers during the circula-
tion and accumulation in the target sites, the micelles were 
further characterised by DLS and Cryo-TEM. Figure  2a 
shows PPS-PNIPAm formed micelles with sizes in the 
range of 70–110 nm, depending on the chain lengths of the 
polymers. For example, the average hydrodynamic size of 
PPS10-PNIPAm40 micelle was around 70 nm, compared to 
the larger particles (110 nm) formed by PPS20-PNIPAm60. 
Cryo-TEM clearly demonstrated the uniform spheri-
cal shapes of PPS10-PNIPAm40 micelles, whose observed 
diameters were consistent with the DLS results (Fig. 2b). 
Zeta-potential measurements showed the micelles bear a 
slightly negative surface charge of −6.98  mV (Additional 
file 1: Figure S3), which could allow its circulation in blood 
without overly captured by macrophageal and reticuloen-
dothelial system [42, 43]. Overall, the nanoscale system 
prepared by PPS-PNIPAm polymer possesses suitable size 
and surface charge allowing its circulation in blood and 
accumulation in tumoral site through EPR effect.

The biocompatibility of the polymer was tested on 
A549 and MCF-7 cell lines. The results showed negligi-
ble toxicities of the polymer with concentrations up to 
500 μg/mL (Fig. 3b).

Dual responsiveness of polymeric micelles
The polymeric micelles demonstrated dual respon-
siveness. Upon heating, the turbidity of PPS-PNIPAm 
micelles dispersion increased drastically when being 
heated to around 35° (Fig.  3a), allowing the determina-
tion of the LCST to be 35.9°–37.1°, depending on the 
different structures of the polymers (Additional file  1: 
Figure S2). The oxidation-responsiveness was demon-
strated by incubating the PPS10-PNIPAm40 micelles with 
5% hydrogen peroxide and monitoring the effects by 
DLS. As shown in the Fig. 3a, the scattering intensity of 
the sample decreased drastically over 2 h, which could be 
due to the dissolution of predominantly oxidized colloids 
and the reduced scattering intensity of partially oxidised 
particles [8, 9].

DOX loading and in vitro drug release
Doxorubicin was used as a model drug molecule to 
be encapsulated in the PPS10-PNIPAm40 micelles with 
moderate encapsulation efficiency and drug loading 
(Additional file  1: Figure S4). DOX-loaded PPS-PNI-
PAm micelles showed a size distribution centred at 
80 nm, slightly broader than the blank micelles (Fig. 4a). 
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Fig. 1  a Synthesis scheme of PPS-PNIPAm block copolymer and typical, b 1H-NMR, c FT-IR spectrum and d GPC traces of synthesised polymers
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Figure  4b showed the solid spherical shapes of DOX 
loaded micelles observed by Cryo-TEM. The DOX 
release from the drug loaded micelles could be eas-
ily monitored because the fluorescence of encapsulated 
DOX is partially quenched, and the fluorescence can 
be restored after the DOX is released into the medium 
(Additional file  1: Figure S5). As shown in Fig.  4c, in 
the absence of oxidants, the release of DOX from the 
micelles was negligible up to 24 h at 25 °C or under heat-
ing at 37 °C. On the other hand, in the presence of 0.1% 
H2O2, DOX-loaded micelles demonstrated significant 
release of DOX, with a 22% release at 2 h and 31% release 
at 10  h. Furthermore, the drug release of the sample in 
the presence of two stimuli (37  °C and 0.1% H2O2) was 
even faster than under oxidation only, with a 38% release 
at 2  h and 51% release at 10  h. This could be explained 
as that the shrunk PNIPAm corona under 37 °C allowed 
an easier access of H2O2 to the PPS core and enhanced 

oxidation-responsiveness, resulted in such synergistic 
release profile of the PPS-PNIPAm micelles under two 
stimuli.

Uptake of DOX‑loaded micelles
Cell internalisation experiments were performed to 
investigate the uptake of DOX-loaded micelles into 
MCF-7 cancer cells. Localisation of the drug molecules 
was observed via fluorescence microscopy and CLSM. As 
shown in Fig. 5a, the red fluorescence of DOX was weak 
after 1 h incubation and then gradually increased at 2 and 
4  h, indicating a time-dependent uptake of the micelles 
into cells. At a higher magnification (Fig. 6a), it is appar-
ent that at 4 h free DOX entered the cells and overlapped 
with stained nuclei, suggesting the binding of DOX to 
DNA in the nuclei (Fig. 6a, DOX). On the other hand, the 
DOX loaded micelles were taken up by cells and mainly 

Fig. 2  Characterization of PPS-PNIPAm micelles. a Size distribution of 
micelles formed with different block copolymers measured by DLS. b 
Cryo-TEM image of PPS10-PNIPAm40 micelles

Fig. 3  a Thermal responsiveness of PPS10-PNIPAm40 micelles charac-
terized by increased opacity upon heating; Oxidation-responsiveness 
characterized with decreased scattering intensity upon addition of 
oxidants. b Biocompatibility of the polymer tested on MCF-7 and 
A549 cancer cell lines with concentrations up to 1000 μg/mL
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Fig. 4  a Size distribution of PPS10-PNIPAm40 micelles before (red) 
and after (blue) drug loading. b Cryo-TEM image of DOX loaded 
PPS10-PNIPAm40 micelles. c In vitro release profile of DOX loaded 
micelles under different conditions: 25 °C (black), 37 °C (red), 
25 °C + 0.1% H2O2 (blue) and 37 °C + 0.1% H2O2 (green)

Fig. 5  a Uptake of DOX loaded micelles (DOX-M) on MCF-7 cells. The 
photos were taken with a fluorescent microscopy. Cells pre-treated to 
produce more ROS were incubated with drug loaded micelles (DOX-
M(S)). The nuclei were stained as blue, localization of DOX was red and 
their merged pictures were also showed. b Normalized fluorescence 
per cell analysed by Photoshop software (n = 3)
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remained in the cytoplasm (Fig. 6a, DOX-M). To further 
investigate the influence of ROS to the internalisation 
and intracellular release of the DOX, MCF-7 cells were 
treated with Rosup reagent (50  μg/mL) for 20  min to 
produce more ROS (Additional file  1: Figure S6) before 
incubation with samples. As shown in Fig. 5b, stimulated 
cells incubated with free DOX (DOX (s)) showed no sub-
stantial difference of internalisation to the non-stimu-
lated cells, although the stimulated cells incubated with 
DOX-M (Fig. 6a, DOX-M (s)) showed higher intensity of 
DOX around the nuclei, which is possibly due to the rela-
tively higher intracellular ROS concentration. However, 

the low intensity of nuclear DOX suggests that most of it 
might be not in a free form.

Cytotoxicity study of DOX loaded PPS‑PNIPAm micelles
The in  vitro cytotoxicity of the DOX-loaded micelle 
was evaluated by determining the MCF-7 cell viability 
with a CCK-8 assay. Notably, the cytotoxicity of free 
DOX increased along with the concentrations with a 
half lethal dose (IC50) of 1.8  μg/mL at incubation time 
of 48 h (Fig. 6b). Free DOX showed higher toxicity than 
its micellar form possibly due to its fast diffusion into 
cell nuclei to effect the growth of the cells, while encap-
sulated DOX will have to be effective after it is released 
from the micelles upon the oxidation of PPS domain. 
It is therefore necessary to investigate the influence of 
ROS to the cell viability. A mild 20  min ROS stimula-
tion was applied to the MCF-7 cancer cell, which itself 
does not influence the viability of the cells (Additional 
file 1: Figure S7). After 48 h of the incubation, the ROS 
stimulated cells demonstrated a significant difference 
of viability when treated with same concentrations of 
DOX-M, comparing to non-ROS stimulated cells. Par-
ticularly, the IC50 value was lowered from around 5 to 
about 2  μg/mL (Fig.  6b). This phenomenon was not 
observed on free DOX, indicating ROS generation only 
played a role when DOX was loaded in an oxidation-
sensitive carrier.

Conclusions
In conclusion, this study demonstrated a successful syn-
thesis of PPS-PNIPAm block copolymers by combining 
living anionic ring-opening polymerisation and ATRP. 
The obtained polymer was utilized to construct a dual 
stimuli-responsive drug delivery platform for enhanced 
treatment. Such a polymeric delivery system was able 
to efficiently respond to temperature and ROS overpro-
duction in cancer cells and correspondingly, release the 
encapsulated cargos inside cells with ROS generation 
in  vitro. This strategy provides new insights into the 
design of thermally and oxidation responsive polymeric 
vesicles for DOX loading and its delivery to ROS over-
production related cancer cells.
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Fig. 6  a CLSM images of the uptake of free DOX and DOX loaded 
micelles at 4 h. b The cytotoxicity of free DOX and DOX loaded 
micelles on MCF-7 cells

http://dx.doi.org/10.1186/s12951-017-0275-4


Page 10 of 11Tang et al. J Nanobiotechnol  (2017) 15:39 

Authors’ contributions
PH designed the experiment. MQT, PH, QZ, ZLW, QT collected the data, 
conducted the experiments and wrote the paper. XHY and YFW conducted 
the cell culture. PH and YH managed the work and reviewed the paper. NT 
reviewed the paper. All authors read and approved the final manuscript.

Author details
1 School of Pharmaceutical Sciences, Chongqing University, 55 South Dax-
uecheng Road, Chongqing 401331, China. 2 NorthWest Centre of Advanced 
Drug Delivery (NoWCADD), School of Pharmacy, and Centre for Tissue Injury 
and Repair, Institute of Inflammation and Repair, University of Manchester, 
Oxford Road, Manchester M13 9PT, UK. 3 First Affiliated Hospital of the Medical 
College, Shihezi University, Xinjiang 832008, People’s Republic of China. 

Acknowledgements
The authors thank Dr. Panlin Shao for his assistance in editing. The authors 
would like to thank Dr. Zhen Wang for his assistance with the NMR analysis 
and assignments.

Competing interests
The authors declare that they have no competing interests.

Availability of data and supporting materials
The datasets supporting the conclusions of this article are included within the 
article and its additional file.

Funding
This work was supported by the National Natural Science Foundation of China 
(Nos. 21572027 and 21372267), Fundamental Research Funds for the Central 
Universities (10611201CDJXY460001) and Startup Funds for Young Scientists 
in Chongqing University (0236011104411).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 19 December 2016   Accepted: 9 May 2017

References
	1.	 Nunez C, Capelo JL, Igrejas G, Alfonso A, Botana LM, Lodeiro C. An over-

view of the effective combination therapies for the treatment of breast 
cancer. Biomaterials. 2016;97:34–50.

	2.	 Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat 
Rev Clin Oncol. 2010;7:653–64.

	3.	 Wang AZ, Langer R, Farokhzad OC. Nanoparticle delivery of cancer drugs. 
Annu Rev Med. 2012;63(63):185–98.

	4.	 Fang J, Nakamura H, Maeda H. The EPR effect: unique features of tumor 
blood vessels for drug delivery, factors involved, and limitations and 
augmentation of the effect. Adv Drug Deliv Rev. 2011;63:136–51.

	5.	 Stuart MAC, Huck WTS, Genzer J, Mueller M, Ober C, Stamm M, Sukho-
rukov GB, Szleifer I, Tsukruk VV, Urban M, et al. Emerging applications of 
stimuli-responsive polymer materials. Nat Mater. 2010;9:101–13.

	6.	 Blum AP, Kammeyer JK, Rush AM, Callmann CE, Hahn ME, Gianneschi 
NC. Stimuli-responsive nanomaterials for biomedical applications. J Am 
Chem Soc. 2015;137:2140–54.

	7.	 Hruby M, Filippov SK, Stepanek P. Smart polymers in drug delivery systems 
on crossroads: which way deserves following? Eur Polym J. 2015;65:82–97.

	8.	 Napoli A, Valentini M, Tirelli N, Muller M, Hubbell JA. Oxidation-responsive 
polymeric vesicles. Nat Mater. 2004;3:183–9.

	9.	 Hu P, Tirelli N. Scavenging ROS: superoxide dismutase/catalase mimetics 
by the use of an oxidation-sensitive nanocarrier/enzyme conjugate. 
Bioconjug Chem. 2012;23:438–49.

	10.	 Li J, Ke W, Wang L, Huang M, Yin W, Zhang P, Chen Q, Ge Z. Self-
sufficing H2O2-responsive nanocarriers through tumor-specific H2O2 
production for synergistic oxidation-chemotherapy. J Control Release. 
2016;225:64–74.

	11.	 Xu QH, He CL, Xiao CS, Chen XS. Reactive oxygen species (ROS) 
responsive polymers for biomedical applications. Macromol Biosci. 
2016;16:635–46.

	12.	 Qiao ZY, Zhao WJ, Cong Y, Zhang D, Hu ZY, Duan ZY, Wang H. Self-assem-
bled ROS-sensitive polymer-peptide therapeutics incorporating built-in 
reporters for evaluation of treatment efficacy. Biomacromolecules. 
2016;17:1643–52.

	13.	 Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and 
signal transduction. Annu Rev Plant Biol. 2004;55:373–99.

	14.	 Valko M, Leibfritz D, Moncol J, Cronin MTD, Mazur M, Telser J. Free radicals 
and antioxidants in normal physiological functions and human disease. 
Int J Biochem Cell Biol. 2007;39:44–84.

	15.	 Thannickal VJ, Fanburg BL. Reactive oxygen species in cell signaling. Am J 
Physiol Lung Cell Mol Physiol. 2000;279:L1005–28.

	16.	 Trachootham D, Lu W, Ogasawara MA, Valle NRD, Huang P. Redox regula-
tion of cell survival. Antioxid Redox Signal. 2008;10:1343–74.

	17.	 Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals 
and antioxidants in oxidative stress-induced cancer. Chem Biol Interact. 
2006;160:1–40.

	18.	 Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circ 
Res. 2010;107:1058–70.

	19.	 Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 
inflammasome activation. Nature. 2011;469:221–5.

	20.	 Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative stress-acti-
vated signaling pathways mediators of insulin resistance and beta-cell 
dysfunction? Diabetes. 2003;52:1–8.

	21.	 Fleige E, Quadir MA, Haag R. Stimuli-responsive polymeric nanocarriers 
for the controlled transport of active compounds: concepts and applica-
tions. Adv Drug Deliv Rev. 2012;64:866–84.

	22.	 Cheng R, Meng F, Deng C, Klok H-A, Zhong Z. Dual and multi-stimuli 
responsive polymeric nanoparticles for programmed site-specific drug 
delivery. Biomaterials. 2013;34:3647–57.

	23.	 Gohy J-F, Zhao Y. Photo-responsive block copolymer micelles: design and 
behavior. Chem Soc Rev. 2013;42:7117–29.

	24.	 Napoli A, Tirelli N, Wehrli E, Hubbell JA. Lyotropic behavior in water of 
amphiphilic ABA triblock copolymers based on poly(propylene sulfide) 
and poly(ethylene glycol). Langmuir. 2002;18:8324–9.

	25.	 Poole KM, Nelson CE, Joshi RV, Martin JR, Gupta MK, Haws SLC, 
Kavanaugh TE, Skala MC, Duvall CL. ROS-responsive microspheres for on 
demand antioxidant therapy in a model of diabetic peripheral arterial 
disease. Biomaterials. 2015;41:166–75.

	26.	 Vo C-D, Cadman CJ, Donno R, Goos JACM, Tirelli N. Combination of 
episulfide ring-opening polymerization with ATRP for the prepara-
tion of amphiphilic block copolymers. Macromol Rapid Commun. 
2013;34:156–62.

	27.	 Jeanmaire D, Laliturai J, Almalik A, Carampin P, d’Arcy R, Lallana E, Evans 
R, Winpenny REP, Tirelli N. Chemical specificity in REDOX-responsive 
materials: the diverse effects of different reactive oxygen species (ROS) 
on polysulfide nanoparticles. Polym Chem. 2014;5:1393–404.

	28.	 d’Arcy R, Siani A, Lallana E, Tirelli N. Influence of primary structure on 
responsiveness. Oxidative, thermal, and thermo-oxidative responses in 
polysulfides. Macromolecules. 2015;48:8108–20.

	29.	 Khutoryanskiy VV, Tirelli N. Oxidation-responsiveness of nanomaterials for 
targeting inflammatory reactions. Pure Appl Chem. 2007;80:1703–18.

	30.	 Weissman JM, Sunkara HB, Tse AS, Asher SA. Thermally switchable perio-
dicities and diffraction from mesoscopically ordered materials. Science. 
1996;274:959–60.

	31.	 Zhang YJ, Furyk S, Bergbreiter DE, Cremer PS. Specific ion effects on the 
water solubility of macromolecules: PNIPAM and the Hofmeister series. J 
Am Chem Soc. 2005;127:14505–10.

	32.	 Coussens LM, Werb Z. Inflammation and cancer. Nature. 
2002;420:860–7.

	33.	 Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. 
Nature. 2008;454:436–44.

	34.	 Wang XH, Qiu XP, Wu C. Comparison of the coil-to-globule and the 
globule-to-coil transitions of a single poly(N-isopropylacrylamide) 
homopolymer chain in water. Macromolecules. 1998;31:2972–6.

	35.	 Budhlall BM, Marquez M, Velev OD. Microwave, photo- and ther-
mally responsive PNIPAm-gold nanoparticle microgels. Langmuir. 
2008;24:11959–66.



Page 11 of 11Tang et al. J Nanobiotechnol  (2017) 15:39 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

	36.	 Rivero RE, Molina MA, Rivarola CR, Barbero CA. Pressure and microwave 
sensors/actuators based on smart hydrogel/conductive polymer nano-
composite. Sens Actuators B-Chem. 2014;190:270–8.

	37.	 Shi K, Liu Z, Wei YY, Wang W, Ju XJ, Xie R, Chu LY. Near-infrared light-
responsive poly(N-isopropylacrylamide)/graphene oxide nanocom-
posite hydrogels with ultrahigh tensibility. ACS Appl Mater Interfaces. 
2015;7:27289–98.

	38.	 Wan H, Zhang Y, Liu ZY, Xu GJ, Huang G, Ji YS, Xiong ZC, Zhang QQ, Dong 
J, Zhang WB, Zou HF. Facile fabrication of a near-infrared responsive 
nanocarrier for spatiotemporally controlled chemo-photothermal syner-
gistic cancer therapy. Nanoscale. 2014;6:8743–53.

	39.	 Hu P, Tirelli N. Inter-micellar dynamics in block copolymer micelles: FRET 
experiments of macroamphiphile and payload exchange. React Funct 
Polym. 2011;71:303–14.

	40.	 Xia Y, Burke NAD, Stover HDH. End group effect on the thermal response 
of narrow-disperse poly(N-isopropylacrylamide) prepared by atom trans-
fer radical polymerization. Macromolecules. 2006;39:2275–83.

	41.	 Rehor A, Hubbell JA, Tirelli N. Oxidation-sensitive polymeric nanoparticles. 
Langmuir. 2005;21:411–7.

	42.	 Wang HX, Zuo ZQ, Du JZ, Wang YC, Sun R, Cao ZT, Ye XD, Wang JL, Leong 
KW, Wang J. Surface charge critically affects tumor penetration and thera-
peutic efficacy of cancer nanomedicines. Nano Today. 2016;11:133–44.

	43.	 Richardson JJ, Tardy BL, Ejima H, Guo JL, Cui JW, Liang K, Choi GH, Yoo 
PJ, De Geest BG, Caruso F. Thermally induced charge reversal of layer-
by-layer assembled single-component polymer films. ACS Appl Mater 
Interfaces. 2016;8:7449–55.


	Polymeric micelles with dual thermal and reactive oxygen species (ROS)-responsiveness for inflammatory cancer cell delivery
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Materials
	Physico-chemical characterisation
	Polymer synthesis
	Preparation of PPS-PNIPAm micelles
	Drug loading
	In vitro drug release
	ROS stimulation of different cells
	In vitro cellular uptake
	Biocompatibility and efficacy studies
	Statistical analysis

	Results and discussion
	Synthesis and characterizations of PPS-PNIPAm
	Preparation and characterizations of polymeric micelles
	Dual responsiveness of polymeric micelles
	DOX loading and in vitro drug release
	Uptake of DOX-loaded micelles
	Cytotoxicity study of DOX loaded PPS-PNIPAm micelles

	Conclusions
	Authors’ contributions
	References




