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Slow drug release at the tumor tissue and poor tumor penetration are two big challenges for the successful ap-
plication of nanosystems in tumor therapy. Here, we report that a high concentration of the natural reducing
agent vitamin C (VC) triggers rapid extracellular PTX release from PTX-loaded shell-sheddable PEG-SS-PCL mi-
celles (SSM) in tumors in vivo. An in vivo tolerance study showed that VC at a blood concentration of 40 mM
had little toxicity to nudemice. Notably, SSM rapidly disassembled and released the payloads (Cy5 or PTX) in re-
sponse to 40mMVC. In vivo near-infrared imaging of tumor-bearing mice showed that with post-injection of VC
to establish a blood concentration of 40 mM, Cy5 was quickly released from the micelles and diffused deep into
the tumor tissue. Biodistribution studies revealed that 6 h after the injection of PTX-loaded micelles the highest
tumor accumulation was reached, which was set as the injection time for VC. The antitumor efficacy of a combi-
nation therapy of PTX-loaded micelles and VC was evaluated in both MCF-7 and U87MG tumor models. In both
tumor models, single injections of VC didn't show any antitumor effect, while sequential administration of PTX-
loaded SSM and VC exhibited significantly higher tumor inhibition effects and better survival rates as compared
to single treatment with PTX-loaded micelles, demonstrating that exogenous administration of VC effectively
triggered the release of PTX from SSM in vivo. The combination of reduction-sensitive nanomedicineswith exog-
enous VC appears a promising approach to achieve potent treatment of malignant tumors.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, stimuli-responsive nanoparticles have gained con-
siderable attention as they enable rapid drug release at the target site
[1–3]. A large body of stimuli-responsive nanoparticles has been de-
signed to become activated inside the tumor cells using the lower pH
in early endosomes and lysosomes [4] and higher reducing potential
in the cytoplasm [5,6].

In addition to controlled drug release, tumor penetration is another
big challenge for anticancer nanomedicines [7,8]. The nanomedicines
after arriving at the tumor site cannot penetrate deep into the tumor tis-
sues, because of their large size, high tumor density and interstitial fluid
pressure [9,10]. Consequently, most of the nanomedicines are only
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located at the margin of the tumors where abundant blood vessels
exist. This largely limits the antitumor efficacy of nanomedicines that
are designed to release drugs inside the tumor cells. In the past years,
different efforts have been undertaken to improve the tumor penetra-
tion of nanomedicines [11–16]. One of the appealing approaches is to
release cytostatic agents in the tumor extracellular space. For example,
super pH-sensitive nanosystems were designed to rapidly release drug
in response to the slightly acidic pH (pH 6.5–6.8) of the extracellular
matrix of the tumor [17–20]. Some nanosystems were developed to re-
spond to enzymes (e.g.matrixmetalloproteinases, hyaluronidase, furin)
in the tumor extracellular matrix [21,22]. Besides the internal stimuli in
the tumor microenvironment, external stimuli-sensitive nanosystems
have also been studied to achieve accelerated local drug release [23–
28]. In this case, dedicated equipment is required andmany tumors can-
not be easily accessed. Another interesting method is to artificially cre-
ate or enhance a specific condition by administration of an exogenous
agent [29–31]. Lam et al. reported that boronate cross-linked micelles
accomplished triggered PTX release and enhanced cytotoxicity to
SKOV-3 ovarian cancer cells in the presence of 100 mMmannitol [29].
Kuai et al. reported that post-injection of L-cysteine (a reducing agent)
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Scheme 1. Illustration of VC-triggered micelle destabilization and drug release. (A) VC triggers destabilization and PTX release from PTX-loaded SSM by cleaving the interconnecting
disulfide bonds; (B) Post-injection of exogenous VC after tumor accumulation of SSM in vivo leads to micelle disassembly, rapid extracellular PTX release, and deep tumor penetration.
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24 h after administration of liposomes with cell-penetrating TAT
peptide shielded by a cleavable long PEG to C26 tumor-bearing mice
promoted the uptake of liposomes [30]. N-acetylcysteine (NAC) ap-
proved by the FDA for mucolytic therapy and for the treatment of
acetoaminophen overdose, was used to enhance the reducing level of
the tumor tissue and trigger the release of PTX from disulfide cross-
linked micelles, leading to improved treatment of SKOV-3 ovarian can-
cer-bearing mice [31].

In this paper, we report on PTX-loaded redox-sensitive shell-
sheddable micelles (SSM) in combination with post-injection of exoge-
nous vitamin C (VC) for triggered rapid release of PTX in the tumor and
Fig. 1. (A) Size distribution of blank SSM. (B) Size change of SSM in response to 40mMVC in tim
40 mM VC in PB (10 mM, pH 7.4) in time. (D) VC-triggered PTX release from PTX-loaded SSM
enhanced drug tumor penetration, resulting in a superior antitumor ef-
fect (Scheme 1). It has been reported that VC as a natural antioxidant, is
able to reduce disulfide bonds [32,33]. Moreover, compared to other re-
ducing agents like NAC and L-cysteine, VC showed a longer circulating
time and has been safely used in clinical trials at a high dose [34,35].
We hypothesized that when shell-sheddable micelles accumulate at
the tumor site sufficiently, post-injection of a relatively high dose of
VC intravenously will trigger micelle destabilization and rapid local re-
lease of PTX, leading to a high therapeutic efficacy. Notably, VC may
also be considered as a pro-oxidant which may be toxic to cancer cells
[36]. Here, we investigated the effect of exogenous VC on the drug
e (10mMPB, pH7.4). (C) Fluorescence excitation spectra of Cy5-loaded SSM in response to
. Data are presented as mean ± SD (n = 3).
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release of PTX-loaded SSM in vitro and therapeutic efficacy of PTX-load-
ed SSM in MCF-7 breast tumor and U87MG glioma models in vivo.

2. Materials and methods

2.1. Materials

Poly(ethylene glycol) monomethyl ether (MeO-PEG, Mn =
5.0 kg/mol, Fluka) was dried by azeotropic distillation from anhydrous
toluene. Dichloromethane (DCM) was purified using the solvent purifi-
cation system (Innovative Technology, USA). Sodium ascorbate (VC,
99%, J&K), paclitaxel (PTX, N99%, Beijing Zhongshuo Pharmaceutical
Technology Development Co., Ltd., Beijing, China), glutathione (GSH,
N98%, Amresco, USA), Cy5 (Mycomebio Biomedical Science and Tech-
nology Center, Beijing, China), dibutyltin dilaurate (DBTDL, 97.5%,
J&K), N, N-dimethylformamide (DMF, anhydrous, N99.7%, Alfa Aesar),
diethyl ether, n-hexane, formaldehyde (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China), methanol, acetonitrile (HPLC grade, Sigma,
USA), 2 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma, USA), trypsin (Jinuo Biomedical Technology, Hangzhou,
Zhejiang, China), pentobarbital sodium (Solarbio Science &Technology,
Beijing, China), and 96-well plates (Thermo Fisher Scientific, USA)
were used as received. Cystamine diisocyanate (CDI) and poly(ε-
caprolactone), PCL, Mn (1H NMR) = 2.9 kg/mol, PDI (GPC) = 1.3,
were synthesized according to our previous reports [37,38]. Free PTX
Fig. 2. VC tolerance in vitro and in vivo. (A) Cytotoxicity of VC against L929 fibroblasts, U87M
concentrations of VC for 1 h. After removing the medium, the cells were cultured in fresh m
changes of nude mice over a period of 18 days after repeated administration (day 0, 3, 6,
means ± SD (n = 5). (C) Histological analysis of liver, heart, spleen, lung and kidney sections
by a Leica microscope at 400× magnification. Bar: 50 μm.
(6 mg/mL) was prepared by dissolving PTX in a 1:1 mixture of
Cremophor EL and ethanol.

2.2. Cell experiments and animal studies

The human U87MG glioma,MCF-7 breast cancer cells andmurine fi-
broblast L929 cells were purchased from the cell bank of the Chinese
Academy of Sciences (Shanghai, China). U87MG and MCF-7 cells were
maintained in DMEM medium (HyClone, Logan, Utah, USA) supple-
mented with 1% penicillin, 1% streptomycin (Jinuo Biomedical Technol-
ogy, Hangzhou, Zhejiang, China), and 10% fetal bovine serum (FBS,
Gibco, Invitrogen, USA). The cells were cultured as a monolayer in a hu-
midified atmosphere containing 5% CO2 at 37 °C.

Female Balb/c nude mice of 4–6 weeks age (18–22 g) were pur-
chased from the model animal research center of Nanjing University
(Nanjing, China). Mice were housed at 25 °C and 55% humidity under
natural light/dark conditions and allowed free access to standard food
and water. All animal procedures were performed following the proto-
col approved by the Animal Study Committee of Soochow University
(agreement number: 120, date: 12-January-2015).

2.3. VC tolerance in vitro and in vivo

The cytotoxicity of VC toMCF-7, U87 and L929 cells was determined
by theMTT assay [39]. Briefly, U87MG,MCF-7 or L929 cells were seeded
G glioma cells and MCF-7 breast cancer cells. The cells were incubated with different
edium for another 47 h. Data are presented as mean ± SD (n = 4). (B) Body weight

9, 12) of 20, 40, 50 or 60 mM VC (initial blood concentration). Data are presented as
excised from Balb/C nude mice at 18 days after VC treatment. The images were obtained
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at a density of 8 × 103, 5 × 103 cells/well and 5 × 103 cells/well, respec-
tively, in 96-well plates and incubated for 24 h. The prescribed amounts
of VC in 10 μL of PBS were added. The cells were incubated for 1 h, the
medium was removed and replaced with fresh medium, and the cells
were incubated for another 47 h. Subsequently, 20 μL ofMTT stock solu-
tion (5mg/mL) was added to each well. The cells were further cultured
for 4 h at 37 °C in the dark. The medium was discarded and 150 μL of
DMSO was added to dissolve the blue formazan crystals. Cell viability
was assessed by the absorbance at 492 nm of the DMSO solution mea-
sured on a microplate reader (Multiskan FC, Thermo). The data were
expressed as the percentages of viable cells compared to the survival
of a control group (untreated cells).

To investigate the VC tolerance in vivo, different doses of VC in PB
buffer (237mg/kg, 474mg/kg, 593mg/kg and 711mg/kg), correspond-
ing with an initial VC concentration in blood of 20, 40, 50, and 60 mM,
respectively, were injected into nude mice (200 μL per 20 g, 5 mice for
each group) on day 0, 3, 6, 9, and 12. The body weight change of the
treated mice was monitored until day 18. At the end of the treatment,
onemouse of each group was sacrificed, and themain organs including
liver, heart, spleen, lung andkidneywere excised. The tissueswere fixed
with 4% formalin solution and embedded in paraffin. The sliced organ
tissues (thickness: 4 mm) mounted on glass slides were stained by he-
matoxylin and eosin (H&E) and observed with a digital microscope
(Leica QWin, Germany).
Fig. 3. (A) In vivo imaging of Cy5-loaded SSM in MCF-7 tumor bearing mice. VC was injected in
SSM. (B) Cy5 distribution inMCF-7 tumor tissues observed by confocal microscopy 12 h after in
to A, group b). Dashed lines indicate the tumor boundary. Bar: 30 μm.
2.4. Preparation of PTX or Cy5-loaded PEG-SS-PCL micelles (SSM)

The synthetic route for PEG-SS-PCL polymer has been shown in Fig.
S2. PTX-loaded reduction-sensitive SSM was prepared by directly
injecting a mixture of 100 μL of PEG-SS-PCL in DMF (10 mg/mL) and
11 μL of PTX in DMF (10 mg/mL) into 0.9 mL of phosphate buffer (PB,
10 mM, pH 7.4) and standing at room temperature for 2 h to form a ho-
mogeneous dispersion, followed by extensive dialysis against PB for
12 h at room temperature. Cy5-loaded SSM was prepared in a similar
way except using 4 μL of Cy5 (5 mg/mL in DMF) instead of the PTX so-
lution. DLC and DLE were calculated according to the following formu-
lae:

DLC wt%ð Þ ¼ weight of loaded drug=total weight of polymer and loaded drugð Þ
�100

DLE %ð Þ ¼ weight of loaded drug=weight of drug in feed� 100

2.5. Serum stability and VC triggered destabilization of SSM

The stability of SSM (1 mg/mL) in the presence of 10% FBS with
20 μM GSH was evaluated by DLS (Malvern Instruments). Briefly, a
PEG-SS-PCL micellar dispersion was gently bubbled with nitrogen gas
to group b mice (initial blood concentration 40 mM) 8 h after the injection of Cy5-loaded
jection of Cy5-loaded SSM (left: without VC treatment, right: with VC treatment according



Fig. 4. In vivo biodistribution of PTX-loaded SSM (A) and free PTX (B) inMCF-7 tumor-bearing nudemice (5mg PTXequiv./kg) at 2, 6 and 12h post injection. Data are presented asmean±
SD (n = 3).
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for 10 min and a solution of GSH in PB buffer (pH was adjusted to 7.4
with sodium hydroxide) was quickly added (final GSH concentration:
20 μM). Then the sample cuvette was quickly sealed and maintained
at 37 °C in a shaking bath (200 rpm). At desired time intervals, the
size distributions were determined by DLS.

The destabilization of SSM (1mg/mL) in response to 20 or 40mMVC
in PB buffer (10 mM, pH 6.8 or 7.4) was investigated by DLS. Briefly, a
PEG-SS-PCL micellar dispersion was gently bubbled with nitrogen gas
for 10 min, VC was quickly added (final VC concentration: 20 mM or
40 mM) and the dispersion was placed in a shaking bath (200 rpm) at
37 °C in the dark. At different time intervals, the micellar size distribu-
tion was measured using DLS.

2.6. VC triggered Cy5 or PTX release

The in vitro release of Cy5 from Cy5-loaded micelles in the presence
of 40 mM VC in PB buffer was investigated by determination of the
Fig. 5. In vivo antitumor efficacy of PTX-loaded SSM with post-injection after 6 h of VC (leadin
mice. PTX-loaded SSM, free PTX, VC (leading to initial blood concentrations of 40 mM VC) an
Tumor volume changes in time. Data are presented as mean ± SD (n = 6). (B) Photographs o
of nude mice following different treatments within 24 days. (D) Survival rates of mice in d
*p b 0.05, **p b 0.01, ***p b 0.001.
fluorescence of Cy5 released from micelles at different time points.
Briefly, Cy5-loaded PEG-SS-PCL micelles (1 mg/mL, Cy5 concentration:
10 μg/mL) was gently bubbled with nitrogen gas for 10 min, VC was
quickly added (final VC concentration: 40 mM) and the sample cuvette
was quickly sealed and placed in a shaking bath (200 rpm) at 37 °C in
the dark. At different time intervals, the Cy5 fluorescencewasmeasured
using a fluorescence spectrometer (Thermo Scientific).

The in vitro release of PTX frommicelles was studied using a dialysis
tube (Spectra/Pore,MWCO12,000) at 37 °C in PB (10mM,pH6.8 or 7.4)
containing 0.1% (v/v) Tween 80 either in the presence or absence of VC.
To acquire sink conditions, drug release studies were performed with
0.5 mL of micelle dispersion (1.0 mg/mL) dialyzing against 25 mL of
PB buffer with or without VC (20 or 40 mM). At desired time intervals,
5 mL of release medium was taken out and replenished with an equal
volume of fresh medium. The amount of PTX released was determined
by HPLC (Shimadzu LC20AD, Japan) with UV detection at 227 nm
using a mixture of acetonitrile and water (v/v = 1/1) as the mobile
g to initial blood concentrations of either 20 or 40 mM VC) in MCF-7 tumor-bearing nude
d PBS were used as controls. The drug was given on day 0, 3, 6, 9, 12 (5 mg PTX/kg). (A)
f tumors collected from different treatment groups on day 24. (C) Body weight changes
ifferent treatment groups within 60 days. Data are presented as means ± SD (n = 5).
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phase. Column: Sepax GP-C18 (150 mm × 4.6 mm, 5 μm), flow rate:
1.0 mL/min; injection volume: 20 μL, retention time: 6.3 min.

2.7. In vivo imaging

MCF-7 breast tumor-bearing mice were established as described
previously [40]. Briefly, about 1× 107MCF-7 cells in 50 μL PBSwere sub-
cutaneously injected into the left hind flank of the mice. Tumors were
allowed to grow to an average volume of about 100 mm3 in diameter
before the experiment. To investigate the tumor accumulation and VC
triggered Cy5 release in vivo, 200 μL Cy5-loaded SSM were injected in
the tumor-bearing mice (3 mice for each group) via the tail vein at a
Cy5 dose of 250 μg/kg. At 8 h, VC solution (474 mg/kg, 200 μL per
20 g) in PB (10 mM, pH 7.4) leading to an initial VC concentration in
blood of 40 mM was injected intravenously to one group of mice, and
the other control group was injected with 0.2 mL of PBS (10 mM,
pH 7.4). At prescribed time points (2 h, 6 h, 8 h, 10 h, 12 h), the mice
were anesthetized with 1% pentobarbital sodium, and whole body fluo-
rescence images were acquired using the Lumina II® imaging system
(Caliper Life Sciences) with Ex = 633 nm and Em= 668 nm. After im-
aging, mice were sacrificed and tumor tissues were taken out and fixed
with 4% formalin for 48 h. Then 7 mm sections were cut and studied by
confocal laser scanningmicroscopy (CLSM, Leica TCS SP5, Wetzlar, Ger-
many). The excitation wavelength was set at 633 nm and the emission
filter was set at 660 ± 20 nm, and images were obtained using a 63×
oil-immersion lens.
Fig. 6. Sections of liver, heart, kidney and tumor tissue excised fromMCF-7 human breast tumo
repeated treatment over a period of 24 days with PTX-loaded SSMwith post injections of VC af
(initial blood concentration 40mM) (II), PTX-loaded SSM (III), free PTX (IV), VC (initial blood co
400× magnification. Green arrows indicate areas of damage in the liver. Bar: 50 μm.
2.8. Biodistribution

To quantify the amount of PTX delivered to the tumor and different
organs, MCF-7 tumor-bearingmice (3mice for each group) following 2,
6 and 12 h i.v. injection with PTX-loaded SSM or free PTX (5 mg PTX
equiv./kg) were sacrificed. The tumor and organs including heart,
liver, spleen, lung, and kidney were collected, washed with cold PBS,
weighed, and homogenized in 1 mL of methanol. The samples were in-
cubated at −20 °C overnight. After vortexing and centrifugation at
17,226 ×g for 15 min, the supernatant was transferred to a 1.5 mL cen-
trifuge tube and methanol was removed by evaporation. Subsequently,
750 μL of methanol was added and after vortexing and centrifugation at
30,065 ×g rpm for 15 min, the PTX level in the supernatant was deter-
mined byHPLC (Shimadzu LC20AD, Japan)with UV detection at 227 nm
using a mixture of acetonitrile and water (v/v = 1/1) as the mobile
phase. Column: Sepax GP-C18 (150 mm × 4.6 mm, 5 μm), flow rate:
1.0 mL/min; injection volume: 20 μL, retention time: 6.3 min. The con-
centration of PTXwas calculated according to a standard curve (Fig. S1).

2.9. In vivo antitumor efficacy

Nude mice bearing MCF-7 breast cancer or U87MG glioma xeno-
grafts were used to evaluate the therapeutic efficacy of PTX-loaded
SSM with post-injection of either 20 or 40 mM VC. Briefly, about
1 × 107 MCF-7 or U87MG cells in 50 μL PBS were subcutaneously
injected into the left hind flank of the mice. The treatments were
r-bearing mice stained by H&E and tumor tissue sections also stained by TUNEL following
ter 6 h (initial blood concentration 20mM) (I), PTX-loaded SSMwith post-injections of VC
ncentration) 40mM (V), and PBS (VI). The imageswere obtained by a Leicamicroscope at
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initiated when the tumor reached a volume of 30–40 mm3. The day
starting the treatment was designated as day 0. On day 0, the mice
were randomly divided into six groups of 6 mice and injected intrave-
nously via the tail vein with the following six formulations, i.e. PTX-
loaded SSM, PTX-loaded SSM with post-injection at 6 h of VC, leading
to initial VC blood concentrations of either 20 or 40 mM, free VC (initial
blood concentration of 40 mM), free PTX (PTX dosage: 5 mg/kg) and
PBS. The treatment was repeated every 3 days for a total of 5 injections.
The tumor sizes were measured by calipers and the volume was calcu-
lated according to the formula V=0.5 × L ×W×H,wherein L,W andH
are the tumor dimensions at the longest, widest and highest direction.
Mice in each groupwere considered to be deadwhen the tumor volume
increased to 1000 mm3 during treatment. At the end of the treatment,
one mouse of each group was sacrificed, and the tumor, liver, heart
and kidney were excised. The tissues were fixed with 4% formalin solu-
tion and embedded in paraffin. The sliced organ tissues (thickness:
4 mm) mounted on glass slides were stained by hematoxylin and
eosin (H&E) and tumor tissues were further stained with terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) andfinal-
ly observed with a digital microscope (Leica QWin, Germany).

2.10. Statistical analysis

All data are presented as the mean ± standard deviation (SD). One
way analysis of variance (ANOVA) with post-hoc tests with the
Bonferroni correction was used for comparison between individual
groups. *p b 0.05, **p b 0.01, ***p b 0.001.

3. Results and discussion

3.1. VC-triggered drug release from PEG-SS-PCL micelles

Redox-sensitive shell-sheddable micelles have shown significantly
enhanced in vitro antitumor activity as compared to their reduction-in-
sensitive counterparts, as a result of accelerated drug release inside the
tumor cells triggered by intracellular glutathione [38,41–43]. Our recent
Fig. 7. In vivo antitumor efficacy of PTX-loaded SSMwith post-injection after 6 h of VC (initial blo
SSM, free PTX, VC (initial blood concentration of 40mM) and PBSwere used as controls. The dru
presented as mean ± SD (n= 6). (B) Photographs of tumors collected from different treatmen
within 24 days. (D) Survival rates of mice in different treatment groups within 60 days. Data a
studies demonstrate that DOX-loaded shell-sheddable PEG-SS-PCL mi-
celles (SSM) exhibit a relatively moderate inhibition of subcutaneous
U87MG glioma in vivo, likely due to poor tumor cell uptake and tumor
penetration [44]. The tumor inhibition of DOX-loaded SSM though im-
proved by installing cRGD ligand remains suboptimal. In this study,
we were set to explore means to trigger extracellular, other than intra-
cellular, drug release fromSSM in the tumor, whichmight not only facil-
itate tumor cell uptake of drug but also greatly enhance drug tumor
penetration. It has been reported that drug released in the tumor has a
better tumor penetration than the nano-therapeutics [45]. Vitamin C
(VC), which plays an important physiological role in cells as a reducing
agent and antioxidant, free radical scavenger, and enzyme cofactor [46],
was employed to artificially increase the reducing potential in the
tumor.

Here, we modified the synthesis of PEG-SS-PCL block copolymer by
using cystamine diisocyanate (CDI) as a coupling agent (Fig. S2). 1H
NMR (Fig. S3) shows that PEG-SS-PCL had an Mn of 5–2.9 kg/mol. GPC
revealed a molecular weight distribution with a moderate Mw/Mn of
1.25 (Fig. S4). PEG-SS-PCL formed small-sized micelles (56 nm, Table
S1) as determined by DLS (Fig. 1A). It has been reported that the con-
centration of GSH in the blood circulation and in extracellular matrices
is approximately 2–20 μM [6]. We chose 10% FBS containing 20 μM
GSH at pH 7.4 or 6.8 to mimic the in vivo blood environment and the
slightly acidic tumor extracellular matrix, respectively. As anticipated,
SSM was relatively stable under this condition, both at pH 7.4 or 6.8,
probably due to the steric protection of the PEG shell [44] (Fig. S5).
The size of SSM increased, however, from60 to 120 nm following 4 h in-
cubationwith 40mMVC (Fig. 1B), indicating that VC effectively triggers
rapid disassembly of SSM. A possible mechanism of the cleavage of the
disulfide links is the reduction by the abundant reactive ascorbate radi-
cals (AH·) generated by VC [47] (Fig. S6). Apparently the redox poten-
tial of the disulfide groups is higher than that of VC [48]. To study
whether VC can trigger drug release from SSM, Cy5 and PTXwere load-
ed into SSM. It is known that Cy5 fluorescence is partly self-quenched
when Cy5 is loaded into the micellar core due to the homo Förster res-
onance energy transfer (homo-FRET) effect [49]. Fig. 1C shows that Cy5
od concentrations of either 20 or 40mM) inU87MG tumor-bearing nudemice. PTX-loaded
gwas given on day 0, 3, 6, 9, 12 (5mg PTX/kg). (A) Tumor volume changes in time. Data are
t groups on day 24. (C) Body weight changes of nude mice following different treatments
re presented as means ± SD (n = 5). *p b 0.05, **p b 0.01, ***p b 0.001.
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fluorescence gradually increased with increasing VC incubation time,
indicating that release of Cy5 is facilitated by VC. PTX could be easily
loaded into SSM with a DLC of 7.8 wt% at a theoretical DLC of 10 wt%
(Table S1). Fig. 1D shows that ca. 20% PTX was released from SSM in
PB (10mM, pH 7.4) over 48 h. PTX release was significantly accelerated
by VC. For example, 62.9% and 85.0% of PTX was released from SSM in
24 h in the presence of 20 and 40 mM VC, respectively. Considering
that tumor tissues have a slightly acidic microenvironment, micelle de-
stabilization and PTX release was also investigated at pH 6.8 to evaluate
the effect of pHonVC cleavage of disulfide bonds. Itwas noticed that the
size of SSM quickly increased in the presence of VC at pH 6.8 (Fig. S7 A)
and the PTX release profile at pH 6.8 (Fig. S7 B) was similar to that at
pH 7.4, indicating that VC can effectively cleave disulfide bonds and trig-
ger release of payloads from SSMboth at pH 7.4 and at pH 6.8 (pH of the
tumor microenvironment).

3.2. VC tolerance in vitro and in vivo

To investigate the cytotoxicity of VC against normal cells and tumor
cells, MTT assays were performed with L929 fibroblasts, MCF-7 breast
tumor cells andU87MG glioma cells. Fig. 2A showed that VC induced lit-
tle cytotoxicity to L929 fibroblasts (normal cells) even at a concentra-
tion of 40 mM. Notably, VC showed pronounced cytotoxicity to MCF-7
breast cancer cells at concentrations higher than 10mM. In comparison,
Fig. 8.H&E-stained liver, heart, kidney and tumor sections and TUNEL stained tumor slices excise
20 mM VC (I), PTX-loaded SSM plus 40 mM VC (II), PTX-loaded SSM (III), free PTX (IV), 4
magnification. Yellow arrows indicate areas of necrosis and apoptosis in the liver. Bar: 50 μm.
less cytotoxicity was observed in U87MG cells under otherwise the
same conditions. It has been reported that different cells have different
sensitivities to VC [36]. The high concentrations of VC generate ascor-
bate radicals and extracellular production of H2O2. Variation in VC sen-
sitivity among cancer cellsmay be related to the complex networks that
H2O2 acts on combined with the range of functional mutations intrinsic
to each cancer cell line [36]. To investigate the in vivo tolerance of VC,
nude mice were intravenously injected with VC (initial blood concen-
trations ranging from 20, 40, 50 to 60 mM) on day 0, 3, 6, 9 and 12, re-
spectively. According to the data of a phase II clinical trial, the dose of VC
was 1.5 g/kg in patientswith cancer. The peak plasma vitamin C concen-
trationwas about 32mM in a patientwith bodyweight of 70 kg (VCwas
infused at a constant rate over a period of 120min) [50]. In our study, VC
was given tomice by tail-vein injection. In thisway the highest blood VC
concentration was reached immediately after the VC injection. There-
fore we set the highest dose of VC (60 mM) to about twice of that in
humans to evaluate the in vivo tolerance of VC. Fig. 2B indicates that
VC can be well tolerated by mice even at a high VC concentration of
60 mM. H&E staining showed no significant damage of the main organs
up to 50 mMVC (Fig. 2C). However, 60 mMVC caused renal edema ev-
idenced by light staining and increased tissue interstitial gaps, probably
due to clearance of VC mainly by excretion from the kidneys. Conse-
quently, we chose 40 mM VC as the initial blood concentration for the
in vivo studies.
d fromU87MG tumor-bearingmice following 24 day treatmentwith PTX-loaded SSMplus
0 mM VC (V), and PBS (VI). The images were obtained by a Leica microscope at 400×
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3.3. Tumor accumulation and VC-triggered Cy5 release of Cy5-loaded SSM

Cy5-loaded SSM was employed to investigate tumor accumulation
and VC-triggered drug release from SSM in MCF-7 tumor bearing
mice. Near infrared (NIR) imaging showed that Cy5-loaded SSM accu-
mulated at the tumor site due to the EPR effect (Fig. 3A). Cy5 fluores-
cence reached a maximum at 6 h. VC was intravenously injected
(initial blood concentration of 40 mM) into the mice 8 h after injection
of Cy5-loaded SSM. Interestingly, mice treated with VC displayed obvi-
ously increased Cy5 fluorescence intensity at the tumor at 4 h post-in-
jection of VC, which was much stronger than for mice without
treatment with VC (Fig. 3A). The quantitative analysis (Fig. S8) also
showed that the fluorescence intensity at the tumor site of the VC treat-
ed group was about 5.4-fold higher than that of the control group at
12 h. The increased Cy5 fluorescence intensity is most likely a result
from fast Cy5 release triggered by exogenous VC. It is reported that VC
accumulates in solid tumors to concentrations higher than those in
the surrounding normal tissue after intravenous administration, proba-
bly becauseVC, as a hexose derivative, wasmainly transported into cells
in the form of dehydroascorbic acid by glucose transporters (GLUT)
[51], which are overexpressed on tumor cells due to their increased glu-
cosemetabolism [52]. It has also been reported that after parenteral ad-
ministration of VC at millimolar levels to rats, ascorbate radical
formation took place in the extracellular fluids but not in blood [47]. It
is anticipated that the reduction of the disulfide bonds of the polymer
used, micellar destabilization and subsequent release of the payload
are induced by the concurrent oxidation of VC. We further studied the
Cy5 fluorescence in tumor tissue using confocal microscopy. Notably,
tumor Cy5 fluorescence in mice without VC treatment was very weak,
while strong Cy5 fluorescence throughout the whole tumor tissue was
discerned in mice treated with VC (Fig. 3B). As is commonly known
tumor penetration of nano-systems is very limited due to their large
size and the heterogeneity of tumor tissue [7]. It appears that in our
study, i.v. injection of VC can significantly accelerate drug release from
SSM in the tumor area and the released drug can then easily penetrate
the tumor. A similar phenomenon was also reported by Manzoor et al.
who showed that by applying local heat to trigger DOX release from
thermally sensitive liposomes at the tumor site, significantly enhanced
drug penetration was observed [45].

In our design, VC will be injected at the time when the tumor accu-
mulation of PTX-loaded SSM reaches the highest level.We quantitative-
ly studied the biodistribution of PTX-loaded SSM in MCF-7 tumor-
bearing mice at three different time points. The results showed that
tumor accumulation of PTX-loaded SSM (Fig. 4A) was significantly
higher than that of free PTX (Fig. 4B). Notably, tumor accumulation of
PTX-loaded SSM reached 7.3%ID/g at 6 h,whichwas significantly higher
than that at 2 and 12 h. Hence, 6 h post-injection of PTX-loaded SSM
seems an optimal time point to inject VC.

3.4. Antitumor efficacy of PTX-loaded SSM enhanced by post-injection of VC

To study the effect of VC on antitumor efficacy of PTX-loaded SSM,
we have established MCF-7 breast and U87 glioma subcutaneous
tumor models. The PTX-loaded SSM, with or without post-administra-
tion of VC (after 6 h) and controls were administered five times over a
period of 24 days by intravenous injections according to the scheme of
Fig. 5A. Interestingly, post-injection of VC significantly enhanced the
tumor inhibitory effect of PTX-loaded SSM inMCF-7 breast tumor-bear-
ing mice (Fig. 5A). Post-injection of VC (initial blood concentration of
40 mM) showed better tumor inhibition than post-injection of VC (ini-
tial blood concentration of 20 mM). In contrast, injection of VC (initial
blood concentration 40mM)without pre-administration of PTX-loaded
SSM didn't have any antitumor effect, though 40 mM VC exhibited a
high cytotoxicity towards MCF-7 cells in vitro. The sensitivity of MCF 7
tumor cells to VC may have been changed in the complex tumor envi-
ronment in vivo [53]. The photographs of tumors excised on day 24
corroborated that PTX-loaded SSM in combination with 40 mM VC
had the smallest tumor size (Fig. 5B). Importantly, both a single VC in-
jection and the combination therapy with PTX-loaded micelles caused
no decrease in body weight of nude mice (Fig. 5C), indicating that
they have little adverse effects. The survival curves showed that post-in-
jection of VC prolonged the survival time of nude mice (Fig. 5D). H&E
staining indicated that PTX-loaded SSM with post-injection of VC had
little side effects to the liver, heart and spleenwhile the free PTX treated
group exhibited hepatic damage (Fig. 6, green arrows). Itwas noted that
PTX-loaded SSM in combination with VC resulted in extensive necrosis
in the tumor tissues observed from H&E staining. To further study pos-
sible apoptosis of the tumor tissue, the TUNEL assaywas performed. Im-
ages showed that tumor tissue frommice treated with PTX-loaded SSM
in combination with 40 mM VC had the highest number of TUNEL pos-
itive cells (brown, Fig. 6 II), while that treated with VC alone showed no
brown areas, indicating that the apoptosis of tumor tissue was induced
by released PTX triggered by VC.

We further verified the effect of VC in U87 glioma subcutaneous
tumor-bearingmice, following a similar scheme as for theMCF-7 breast
tumor-bearingmice. Notably, the combination of PTX-loaded SSMwith
either 20 or 40 mM VC showed complete growth inhibition of U87 gli-
oma (Fig. 7A). 40 mM VC alone had no suppression of tumor growth.
Fig. 7B confirms that PTX-loaded SSM combined with VC resulted in
the smallest tumor size among all treatment groups. Little body weight
change was observed for mice treated with PTX-loaded SSM plus VC,
PTX-loaded SSM, or 40 mM VC alone (Fig. 7C), further supporting that
the combined therapy is well tolerated by mice. Strikingly, all the mice
treated with PTX-loaded SSM plus VC, either 20 or 40 mM, survived
over an experimental period of 60 days (Fig. 7D). In contrast, mice treat-
ed with PTX-loaded SSM and free PTX had short median survival times
of 42 and 36 days, respectively. Fig. 8 further corroborates that PTX-
loaded SSM plus VC caused little damage to the main organs while sig-
nificant necrosis (H&E staining) and apoptosis (TUNEL assay, brownnu-
clei) in the tumor tissuewas observed. Free PTX showed toxicity tomice
evidenced by some damage in the liver (Fig. 8, yellow arrows). It is clear
from the results with both MCF-7 breast and U87 glioma tumor models
that 40 mM VC has no tumor inhibition effect while it can significantly
improve the antitumor efficacy of PTX-loaded SSM. The enhanced anti-
tumor effect of PTX-loaded SSM plus VC is most likely due to triggered
PTX release in the tumor, which facilitates not only tumor cell uptake
but also deep tumor penetration. VC is a natural antioxidant and has a
high tolerance in mice. Notably, VC possesses several advantages as
compared to other reducing agents including NAC. Firstly, vitamin C
has a low protein binding rate and circulates mainly in a reduced free
form after intravenous injection [54]. In comparison, NAC binds exten-
sively to plasma and tissue proteins after administration due to the
high activity of its thiol group, greatly limiting the amount of free circu-
latingNAC [35,55]. The plasma half-life of VC after intravenous injection
is about 2 h [34], while that of NAC is 6–40min [35]. In addition, preclin-
ical studies have shown that high-dose intravenous VC is well tolerated
in patients with advanced cancer, indicating its safety in clinical use [34,
50,56]. The combination of reduction-sensitive SSM with VC has ap-
peared as a promising approach to achieve potent treatment of malig-
nant tumors.

4. Conclusion

Wehave demonstrated that i.v. post-injection after 6 h of exogenous
vitamin C to reach an initial blood concentration of 40mM, significantly
boosts the antitumor efficacy of paclitaxel-loaded reduction-responsive
shell-sheddable PEG-SS-PCL micelles in subcutaneous human U87MG
glioma and MCF-7 breast cancer-bearing nude mice. This enhanced an-
titumor effect is likely due to fast extracellular PTX release in the tumor
triggered by vitamin C, which facilitates not only uptake of PTX by the
tumor cells but also deep penetration of PTX in the tumor. Our results
show that vitamin C is a new, safe and useful trigger for effective
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external activation of reduction-sensitive nanotherapeutics. The combi-
nation of reduction-sensitive nanomedicines with administration of ex-
ogenous VC appears a promising approach to achieve potent treatment
of malignant tumors.
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