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Abstract

Goals: Destruction of the redox balance in tumor cells is of great significance for triggering their
apoptosis in clinical applications. We designed a pH sensitive multifunctional drug nanocarrier with
controllable release of ascorbic acid under hypoxic environment to induce tumor cells’ apoptosis via
enhancing reductive stress, thereby dealing minimum damage to normal tissues.

Methods: A core-shell nanostructure of CdTe quantum dots with mesoporous silica coating was
developed and functionalized with poly(2-vinylpyridine)-polyethylene glycol-folic acid, which achieves
cancer cells’ targeting delivery and reversibly pH controlled release of ascorbic acid both in vitro and in
vivo.

Results: The result demonstrated that ascorbic acid can indeed lead liver cancer cells’ death with the
increase of nicotinamide adenine dinucleotide phosphate, while normal cells not being affected. The
molecular mechanism of apoptosis induced by ascorbic acid was firstly elucidated at cellular levels, and
further confirmed via in vivo investigations.

Conclusion: For the first time we proposed the concept for applying reductive stress into cancer
treatments, which brings great advantage of toxicity free and less damage to normal tissues. In general,
this technique has taken an important step in the development of a targeted tumor treatment system,
providing perspectives for the design of medicines via reductive stress, and offers new insights into future

clinical mild-therapies.
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Introduction

Liver cancer, as one of the most common
malignant tumors, has brought severe challenges on
the clinical treatments due to their insensitivity to
chemotherapy and poor prognosis [1]. Up to date,
surgery, radiotherapy and chemotherapy are the most
common methods for curing cancer, but are still
limited by critical side effects [2]. In the past decade,
research interest has been focused on oxidative
damage to tumors, thereby leads to their apoptosis by
oxidative stress. However, it was recently proved that
oxidative stress also brings inevitable damage to
normal organs and tissues as well, which makes it

currently the insurmountable bottleneck in clinical
treatments [3-5]. Therefore, as tumor environment has

high levels of reducing components, such as
glutathione, nicotinamide adenine dinucleotide
phosphate (NADPH) and nitroreductas [6-11],

reductive stress, the other imbalance form in redox
balance [12, 13], is hypothesized to induce tumor cell
apoptosis by further enhance the redox imbalance
[14], while dealing less damage to normal cells [15-17].

In this regard, ascorbic acid (AA), an essential
nutrient for human growth and physiological health,
serves as an optimal reducing agent in human fluids
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[18, 19] for removing active oxygen groups and free
radicals [20-23]. Not like Vitamin E that works as an
antioxidant at the cellular level, low transmembrane
efficiency of AA critically limits its antioxidative
function within the cells [24]. In previous reports,
high-dose AA (4 g/kg) exhibits decent antitumor
efficiency, as it is firstly oxidized to dehydroascorbic
acid (DHA) for entering into the cell, and then rises
reactive oxygen species to trigger oxidative stress,
resulting in tumor cells” apoptosis [25]. However, how
to use the reducing environment of tumor cells to
further strengthen the degrees of reducing stress by
introducing AA into the cells, while resulting in
tumor cells’” apoptosis but normal cells not being
affected, is of great research significance [26-28].

Herein, a core-shell nanostructure of CdTe
quantum dots with mesoporous silica (MSN) coating
was synthesized [29-33], and functionalized with
poly(2-vinylpyridine)-polyethylene glycol-folic acid
(PPF) [34] for reversibly pH controlled releasing AA
in targeted liver cancer cells (Scheme 1). Since the
CdTe quantum dots’ fluorescence recovers after AA
released from the nanocarrier, the fluorescence
intensity change acts as a promising indicator for the
treatment. For the first time we discovered that
reductive stress under hypoxic conditions via AA
triggers HepG2 cells” apoptosis, exploring a possible
approach with advantages of cost-effective, low
toxicity and minimum side effect. Therefore, such
drug delivery method and new mechanism for
inducing cancer cells’ apoptosis are expected to
establish a theoretical system of "mild treatment" in
the future.

Results and Discussion

Preparation and Characterization of CTMP

The nanocarrier was synthesized following
typical previous literature with further modification
[35, 36], and characterized by transmission electronic
microscopy (TEM), UV-visible absorption
spectroscopy (UV-Vis) and fluorescence spectroscopy.
According to Figure 1A, the TEM image displays a
smooth spherical shape for the CdTe@MSN, and an
average size of 70 + 5 nm. After binding with PPF
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(Figure S1) to form the CdTe@MSN@PPF (CTMP), the
particle sizes increased to 90 + 8 nm, as the coating of
the polymers completely encapsulated the
CdTe@MSN (Figure 1B). Such kind of encapsulation
could prevent the leakage of the loaded drug, and also
increase the targeting effect of the nanocarriers to the
overexpressed folic acid receptor in tumor cell
membranes. The BET surface area analysis on the
CdTe@MSN nanoparticles and CTMP was carried out
to analyze the pore diameter change. As can be seen
from Figure S2, the pores in the CdTe@MSN
nanoparticles are mainly distributed in the mesopore
and macropore range (Figure S2A), which are
contributed by the mesoporous structure of MSN
coating. After PPF functionalization, the pores were
blocked by tuning the pH, thereby increasing the
number of micropores (Figure S2B). From the
fluorescence spectra (Figure 1C), the maximum
emission wavelength of the CdTe@MSN and CTMP
both were obtained at 548 nm. Compared with
CdTe@MSN, the blue shift of the maximum
absorption peak position (Figure S3) indicates that the
surface  state changed after the polymer
functionalization of PPF, which attributes to the
change of surface/volume ratio for the nanocarriers.
Therefore, we expect that the nanocarriers with
fluorescent properties will be an ideal candidate for
both in vitro labeling and in vivo deep tissue imaging.

Drug loading and release

AA was chosen as the drug for the investigation
of the uptake and release from CTMP-AA. The
loading capacity of AA on the CTMP was calculated
to be 47 £ 2 pg/mg according to the standard linear
calibration curve (Figure S4). Afterwards, the high
resolution mass spectrometry (HRMS) was used to
detect AA which released from CTMP-AA in sodium
citrate buffer solution (pH = 6.0), and the negative ion
peak of AA was obtained at 175.0254 (Figure S5),
which is consistent with the molecular formula of AA.
These results demonstrate that the as prepared
nanocarriers CTMP-AA prevent AA from being
oxidized to DHA before releasing, which is helpful for
the AA’s in vivo study.
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Scheme 1. Schematic illustration for the synthesis process of the nanocarrier CTMP-AA.
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Figure 1. The TEM images of (A) CdTe@MSN and (B) CTMP. (C) The fluorescence spectra of CdTe@MSN (Pink) and CTMP (Blue) (Aex = 488 nm). (D) Zeta potential of the
CTMP with various pH values from 2.0 to 7.4. (E) Percentage of AA released from CTMP-AA at different pH values within 24 h. (F) Fluorescence recovery of CTMP-AA with

time.

For the next step, zeta potential titration
experiments of the sample CTMP were carried out to
prove the change of charge state of the polymers on
the surface of CdTe@MSN (Figure 1D). The
protonation of nitrogen atoms in the pyridines of the
polymer structure under acidic conditions causes the
polymer chains to repel each other and enhance the
hydrophilicity to open the pores of the nanocarriers.
As the pH of the solution increases to 7.4, the zeta
potential of the nanocarrier gradually decreases from
a higher positive value (+25 mV) to a more negative
value (-5 mV), which corresponds to the
deprotonation of the nitrogen atom in the polymer
structure under basic conditions and enhanced
hydrophobicity. Such changes further cause the
crossover of the polymer chain and then close the
pores. The change of the hydrophilicity state of the
nanocarrier has a regulatory effect on the release of
the drug (Scheme 1). It can be seen from Figure 1E that
the release efficiency of the drug in the pH 6.0 buffer
solution reaches 65% within 24 hours, but drops to
15% in the buffer solution with pH = 7.4. Hence, the as

synthesized nanocarriers are proved to be pH
sensitive4 [37, 38], and own potential application in
controlled reversible drug release.

Fluorescence Measurements of CTMP-AA

To  further examine the nanocarriers’
fluorescence change, the maximum loading of AA
was tested and a significant quenching of CTMP-AA’s
was obtained (Figure S6). The fluorescence quenching
effect attributes to the charge change on the
nanocarriers’ surface after AA loaded. Moreover, after
the AA release, the fluorescence intensity of
CTMP-AA recovered by approximately 2.5 times
(Figure 1F), indicating that the interaction between
nanocarriers and AA occupies a fluorescent response,
which helps the nanocarriers’ localization.

The CTMP’s targeting ability towards HepG2
cells

To evaluate the targeting ability of the CTMP,
the nanocarrier was used to analyze the HepG2 cells
(human hepatocellular liver carcinoma cells) and
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HL-7702 cells (human hepatocyte cells). Typically,
HepG2 and HL-7702 cells were respectively incubated
with CTMP for 4 h, where the green fluorescence
intensity in HepG2 cells was much stronger than in
HL-7702 cells (Figure S7), demonstrating the
successful targeting of CTMP to HepG2 cells. Similar
results were also obtained from the flow cytometry
analysis (Figure S8) for verification. The fluorescence
recovery of CTMP-AA in HepG2 cells was verified
under the same concentration conditions, where cells
were incubated for different time (0, 2, 4, 6 & 8 h)
under hypoxia (1% O). As shown in Figure S9, the
fluorescence recovery of the nanocarrier display
significant change in the first 4 h, and then stays
almost unchanged afterwards. The internal
fluorescence intensity gradually increased with time,
representing that CTMP-AA keep releasing AA inside
of the cell. In addition, MTT assays were also used to
explore the toxicity of different CTMP’s
concentrations, and over 90% cell viabilities were
acquired to prove its great biocompatibility (Figure
S10). In this regard, CTMP has excellent fluorescence
imaging effect and can target HepG2 cells to improve
drug delivery efficiency.

Comparison of NAD(P)H change caused by
CTMP-AA

Recent studies found that AA can function as a
versatile reducing agent in biological applications.
NAD(P)H, as a reducing coenzyme in the process of
cell metabolism in vivo, is an important indicator for
characterizing intracellular reduction [39-41]. Hence,
in order to compare the difference of NAD(P)H
content caused by AA, the fluorescence signal
intensity change in HepG2 cells with the NAD(P)H
probe DCI-MQ was investigated [42]. Typically,
HepG2 cells were incubated with CTMP-AA under
hypoxia for different times variations (0, 2, 4, 6 and 8
h), and then the fluorescence intensity changes of
DCI-MQ were acquired and quantified (Figure 2).

A 0h 2h

Hoechst
33342

NAD(P)H

Merged

4 h 6 h 8h

Notably, as CTMP-AA releases more AA to
intracellular environment, the NAD(P)H content
increases as well, leading to a gradual fluorescence
enhancement till 6 h. Consequently, as the cell
morphology exhibiting blurred at 8 h, which proves
the release of AA further strengthen the degrees of
reducing stress.

The influence of CTMP-AA on HepG2 cells’
apoptosis

To further investigate the influence of CTMP-AA
on cancer cells’ apoptosis, the AnnexinV-FITC/PI
Apoptosis Kit was applied to examine cell survival by
flow cytometry. AnnexinV-FITC stained membrane
displays green fluorescence, and the fluorescence
intensity correlates with the pre-apoptotic state, while
PI staining displays orange fluorescence and its
imaging brightness correlates to the late stage of
apoptosis (Figure S11). Compared with the control
group at 0 h, the intracellular fluorescence intensity of
the cell image brightens with time, indicating that the
number of dead cells rises. The killing effect of
CTMP-AA on HepG2 cells increases with time and
maximizes at 8 h, which was considered as the most
unbalanced redox environment in the cells.

The HepG2 and HL-7702 cells were respectively
incubated with CTMP-AA, and then verified by MTT
experiment and apoptosis kits. The HL-7702's
survival rate under normoxia is higher than that of
HepG2 cells under hypoxia, demonstrating the
nanocarriers improve the efficiency of killing effect
and drug delivery through targeting the HepG2 cells
but avoid damaging normal cells (Figure S12).
Annexin V-FITC/PI kit was then used to study the
CTMP-AA’s influence on HepG2 cell’s apoptosis.
Same concentration of CTMP, free DHA, free AA and
CTMP-AA were respectively incubated with HepG2
cells for 8 h under hypoxia (1% Oz), and the apoptosis
rate of HepG2 cells was measured by flow cytometry
(Figure 3). Compared with the control group,
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Figure 2. (A) Confocal fluorescence images of NAD(P)H in HepG2 cells incubated with CTMP-AA under hypoxia (1% O:) for different times (0, 2, 4, 6 and 8 h). (B) The
quantitative fluorescence intensities of results in (A). The nucleus was stained with Hoechst 33342. Scale bars are 50 ym.
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CTMP-AA exhibits best curative effect. Notably, the
early and late apoptosis of the cells accounted for
17.2% and 23.5% respectively. Moreover, CTMP-AA
improves drug delivery efficiency and avoids
oxidation of free AA before it enters cells, thereby
better induces apoptosis than others.

In vivo study

After the in vitro performance study of the
CTMP-AA, it was then applied to the in vivo study via
HepG2 cells inoculated mice for examine its
therapeutic effect [43]. The mice were intravenously
administered with 25 mg/kg CIMP-AA and
fluorescence images were acquired after 24 h.
Compared to the control group, a higher level of
fluorescence intensity in the tumor tissues was
obtained for the treated mouse (Figure 4A & 4B),
indicating an excellent targeting effect during the
delivery. Remarkably, the accumulated fluorescence
mainly exhibit in the tumor site (Figure 4C & 4D),
designates that CTMP-AA can target the tumor site of
the nude mice. Moreover, the nanocarriers can also be
excreted through the liver and kidneys, and then
being metabolized to the outside of the body to avoid
the toxic side effect in the long run.

In order to better investigate the nanocarriers’
therapeutic effect, representative images of mice for
20 days treatment were taken (Figure 5A). According
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to the tumor volume of each treatment group,
CTMP-AA group displays a significant inhibition
effect on the tumor growth (Figure 5B), which is
caused by more delivered AA in CTMP to improve
the curing efficacy. Comparison of the dissected
tumors” weight in the mice of each treatment group
also reaches the same conclusion (Figure 5C & S13).
The mice in each group were stable in weight (Figure
5D), signifying that the treatment is safe in vivo.
Moreover, from the HE staining of tumors and major
organs in each treatment group (Figure S14), necrosis
of tumor was obtained from the CTMP-AA group,
which further verifies the curing effectiveness. In
addition, no obvious damage in all organs was found,
indicating CTMP-AA’s safety and biocompatibility.
At the cellular level, we have demonstrated that
CTMP-AA controlled release of AA leads to reductive
stress-induced apoptosis in HepG2 cells. With
hypoxic reducing environment, the tumor sites of
both mice in Figure S15 display fluorescence response
to the DCI-MQ probe. However, the CTMP-AA group
shows significantly higher intensity than the control
group, indicating a higher amount of NAD(P)H inside
of the tumor. Hence, it can be concluded that AA can
enter the tumor lesion area by CTMP, accumulate
reducing species and enhance the reductive stress,
thereby significantly inhibiting tumor growth.
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Figure 3. The flow cytometry analysis of cells apoptosis following treatments with different reagents: (A) NS buffer, (B) CTMP, (C) Free DHA, (D) Free AA and (E) CTMP-AA.
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Figure 4. In vivo fluorescent imaging of HepG2 tumor-bearing mice which were intravenously injected with CTMP-AA after 24 h: (A) the control groups: 50 UL normal saline;
(B) the treatment groups: 25 mg/kg. (C) and (D) Ex vivo fluorescence images of major organs and tumors corresponds to (A) and (B).
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Figure 5. Antitumor effect of CTMP-AA: (A) the representative images of mice following 20-days treatment for each treatment group; (B) quantitative results of the HepG2
relative tumor volumes. Tumor volumes were normalized to their initial size. (C) Quantitative results of the tumors’ weight: (I) Normal saline (NS) as the control group, (Il) Free
AA, (Ill) CTMP and (IV) CTMP-AA. (D) The mice weight changes for each treatment group. All data is shown as mean * S.D.; n = 5 per group.

developed and functionalized with PPF, which
achieves cancer cells’ targeting delivery and

In summary, a core-shell nanostructure of CdTe  reversibly pH controlled release of AA both in vitro
quantum dots with mesoporous silica coating was  and in vivo. In the hypoxia acidic environment, AA

Conclusions
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was found to enrich the reductive species, break the
redox balance in HepG2 cells and trigger the
reductive stress to induce the apoptotic signaling
pathway. The in vivo study further verified CTMP-AA
has a killing effect on tumor cells and inhibition of
tumor growth, thereby achieving therapeutic effects.
For the first time we proposed the concept for
applying reductive stress into cancer treatments,
which brings great advantage of toxicity free and less
damage to normal tissues. In general, this technique
has taken an important step in the development of a
targeted tumor treatment system, providing
perspectives for the design of medicines via reductive
stress, and offers new insights into future clinical
mild-therapies.

Experimental Section

Preparation of CdTe@MSN NPs

The CdTe@MSN NPs were synthesized
according to the base-catalysed sol-gel method
reported previously with further modifications.
Typically, 5 mg of CdTe quantum dots (QDs), 0.2 g
CTAB and 0.6 mL NaOH (2 M) solution were added
into 100 mL H>O under vigorous stirring to obtain the
aqueous solution. The mixture was homogenized at
40 °C for 3 h to produce a uniform dispersion, and
then TEOS (1 mL) and APS (0.2 mL) were introduced
dropwisely to the solution, followed by adjusting the
solution temperature to 80 °C. The mixture was
allowed to stir for 3 h to yield light yellow precipitates
(as synthesized CdTe@MSN-NH>). The solid product
was washed with ultrapure water and methanol (1:1),
and then dried in vacuum. To remove the surfactant
template (CTAB), 0.5 g as synthesized amino
modified mesoporous silica was refluxed for 24 hin a
solution of 3 mL of HCl (374%) and 50 mL of
methanol, followed by extensive washes with
ultrapure water and methanol. Finally, the
precipitates were dried for 24 h in vacuum at room
temperature.

Preparation of CTMP

The CTMP nanocarriers were obtained by the
amide bond formation via coupling the carboxyl
group of the PPF and the amino group from the
surface of CdTe@MSN. 10 mg EDC and 10 mg
sulfo-NHS and 14 mg PPF were added to 10 mL THF,
and the mixture was reacted for 30 min at room
temperature to activate the carboxylate groups.
CdTe@MSN (10 mg) was added and then kept stirring
the mixture at room temperature for 24 h in dark.
Afterwards the nanocarriers were washed 3 times by
centrifugation (14,000 rpm, 15 min) and re-dispersion
with a mixture of EtOH-water 1:1 (1 mL).

Confocal Fluorescence Imaging

HepG2 and HL-7702 cells were seeded in 20 mm
glass bottom dishes (5x104 cells/dish) and incubated
for 24 h, HepG2 and HL-7702 cells were respectively
incubated with CTMP (100 pg/mL) for 4 h. After the
nanoplatform incubation, the residual NPs were
removed by washing with PBS buffer for three times,
and the cell nucleis were stained with Hoechst 33342
before the CLSM imaging. The 405 nm excitation
wavelength for Hoechst 33342, and 488 nm excitation
wavelength for CTMP were employed.

CTMP-AA Induced HepG2 Cells’ Apoptosis

In order to investigate the influence of CTMP on
HepG2 cells” apoptosis, AnnexinV-FITC/PI apoptosis
kit was applied. The HepG2 cells were cultured in 30
mm cell culture dishes for 24 h and then divided into
4 groups, and cultured for 8 h with CTMP, DHA, AA,
CTMP-AA under hypoxia (1% O2) respectively. The
cells were trypsinized and collected by centrifugation
(1,000 rpm, 5 min), followed by washing twice with
PBS buffer solution. Consequently, 0.2 mL of Annexin
buffer and 5 pL of FITC were added for 20 min
incubation at room temperature. Finally, 300 pL of
Annexin buffer and 10 pL PI were added for collecting
cells that used for flow cytometry within 1 hour. The
data was analyzed by IDEAS image analysis software.
Another way applied to detect apoptosis is to
calculate the survival rate of HepG2 cells by MTT
assay.
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