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Abstract: A combination administration of chemical agents was highlighted to treat tumors.
Recently, tumor cell has been found to be different from normal cell in metabolic manner. Most
of cancer cells prefer aerobic glycolysis to mitochondrial oxidative phosphorylation (OXPHOS)
to satisfy energy and biomass synthesis requirement to survive, grow and proliferate, which
provides novel and potential therapeutic targets for chemotherapy. Here, 2-deoxy-D-glucose
(2-DG), a potent inhibitor of glucose metabolism, was used to inhibit glycolysis of tumor cells;
a-tocopheryl succinate (0-TOS), a water-insoluble vitamin E derivative, was chosen to sup-
press OXPHOS. Our data demonstrated that the combination treatment of 2-DG and a-TOS
could significantly promote the anti-tumor efficiency in vitro compared with administration of
the single drug. In order to maximize therapeutic activity and minimize negative side effects,
a co-delivery nanocarrier targeting folate receptor (FR) was developed to encapsulate 2-DG
and o-TOS simultaneously based on our previous work. Transmission electron microscope,
dynamic light scattering method and UV-visible spectrophotometers were used to investigate
morphology, size distribution and loading efficiency of the a-TOS-2-DG-loaded and FR-
targeted nanoparticles (TDF NPs). The TDF NPs were found to possess a layer-by-layer shape,
and the dynamic size was <100 nm. The final encapsulation efficiencies of o-TOS and 2-DG
in TDF NPs were 94.3%%1.3% and 61.7%%7.7% with respect to drug-loading capacities of
8.9%=20.8% and 13.2%+2.6%, respectively. Almost no o-TOS release was found within 80 h,
and release of 2-DG was sustained and slow within 72 h. The results of FR binding assay and
fluorescence biodistribution revealed that TDF NPs could target FR highly expressed on tumor
cell in vitro and in vivo. Further, in vivo anti-tumor experiments showed that TDF NPs had an
improved biological function with less toxicity. Thus, our work indicates that the co-delivery
TDF NPs have a great potential in tumor therapy.
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Introduction

The metabolic properties of cancer cells are different from those of normal cells. Most
of the malignant cancer cells prefer aerobic glycolysis to mitochondrial oxidative
phosphorylation (OXPHOS) to satisfy energy and biomass synthesis requirement
to survive, grow and proliferate."® During aerobic glycolysis, an abnormally high
rate of glucose uptake was implemented by tumor cells, and most incoming glucose
was then metabolized into lactate.” It was shown that glucose deprivation selectively
induces cell injury in transformed human cells via metabolic oxidative stress.®
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2-Deoxy-D-glucose (2-DG), an analog of glucose, was phos-
phorylated by hexokinase to 2-DG-phosphate (2-DG-6P)
that cannot undergo further glycolysis and thus was used to
mimic glucose deprivation and inhibit glycolysis in vivo.’
Accumulation of 2-DG or 2-DG-6P can cause ATP depletion,
cell cycle inhibition and cell death.!

If aerobic glycolysis is inhibited in cancer cells, the
function of mitochondrial OXPHOS could be restored to
compensate for reduced ATP.!! Thus, dual targeting of
mitochondrial and glycolytic pathways was suggested as
a promising anti-tumor strategy. At present, a group of
compounds targeting mitochondria to induce apoptosis and
suppress cancer, mitocans, have been defined.'? As shown as
an example, o-tocopheryl succinate (a-TOS), the vitamin E
derivative, exerts pro-apoptotic effects in a wide range of
tumors and is well tolerated by normal tissues." It targets
mitochondrial complex II to produce reactive oxygen spe-
cies (ROS) that then trigger apoptosis.'* More specifically,
ROS promote phosphorylation of the Mst1 kinase, resulting
in phosphorylation of the transcription factor FoxO1 that
translocates into the nucleus. This is followed by increased
expression of Noxa that diverts Mcl-1 from Bak, causing the
formation of pores in the mitochondrial outer membrane,
whereby promoting the apoptotic cascade downstream of
mitochondria.'>"'” Notably, at the molecular level, o-TOS
acts as a Bcl-2 homology domain 3 (BH3) mimetic, effec-
tively sensitizing cancer cells to other drugs. In vitro,
o-TOS showed significant anti-tumor effect. Interestingly,
in vivo, o-TOS can be easily converted into o-tocopherol
(0-TOH) that boosts tumor surveillance in the liver.'® The
main obstacle for the successful application of o-TOS-based
clinical treatments is the hydrophobic nature of this drug
that significantly reduces its bioavailability and therapeutic
activity.' In addition, the intravenous or intraperitoneal
administration of a-TOS in an organic phase or oil emul-
sion can cause important side effects, such as the formation
of aggregates as a result of drug mixing with blood plasma,
inflammation and embolization processes.*

In recent years, the drug-loaded polymeric nanopar-
ticles (NPs) offer bright promise for cancer therapy.*'* To
potentially maximize therapeutic activity while minimizing
negative side effects of 2-DG and o-TOS, an amphiphilic
nanocarrier targeting folate receptor (FR) was designed and
used in our study to deliver both chemoagents. It is well
known that FR was frequently overexpressed in malignant
tissue and cells, which provides unique opportunity to spe-
cifically target cancer cells by virtue of its high affinity for
folic acid and folate analogs.® Until now, FR targeting has

been exemplified using folate conjugates with a wide variety
of diagnostic and therapeutic probes.

In this study, we found that mitochondria-targeted drug
o-TOS synergizes with 2-DG to trigger various cancer cell
death in vitro; the amphiphilic nanocarrier targeting FR on
cancer cells and loaded with both showed enhanced anti-
tumor effects with less toxicity in vivo. Thus, our study
provided a multifunctional nanocarrier with improved anti-
tumor therapeutic effects and less toxicity.

Materials and methods

Materials

2-DG, o-TOS (PHR1029), coumarin-6, bovine serum albu-
min (BSA), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthi
azolyl-2)-2,5-diphenyltetrazolium bromide (MTT) and folate
acid (FA) were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). Soluble starch, N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxy
succinimide (NHS), N,N’-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), stearic acid, glycidylt-
rimethylammonium chloride (GTAC), potassium bromide
and DMSO-d, were purchased from Aladdin (Shanghai,
China). DiR dye was purchased from Caliper Life Sciences
(Waltham, MA, USA). Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) was purchased from
eBioscience (San Diego, CA, USA). McCoy’s SA Medium
and Dulbecco’s Modified Eagle’s Medium (DMEM) were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Matrigel was purchased from BD (Franklin Lakes, NJ,
USA). Besides these, other chemical reagents that were of
analytical grade were purchased from Sinopharm Chemical
Reagent Co., Ltd (Xi’an, China).

Methods

Cell lines and culture conditions

The research had ethical review board approval of the Fourth
Military Medical University. HT29 colon adenocarcinoma
cells were purchased from American Type Culture Collec-
tion (ATCC); HeLa cervical carcinoma cells and A549 lung
adenocarcinoma cells were routinely used in our laboratory.
Cells were cultured in McCoy’s SA Medium or DMEM with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific)
following the instructions from ATCC.

Synthesis of encapsulation materials

Synthesis procedure of cationic amphiphilic starch (CStSa,
also (+)StSa) was published in Biomaterials.*® Synthesis
procedure of BSA-FA followed the literature of Meng et al.?’
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Briefly, 80 mg of BSA, 40 mg of EDC, 35 mg of NHS and
50 mg of FA were added to DMSO, and the mixture was
stirred for 12 h in the dark at 25°C. Then, the sample was
centrifuged at 10,000 rpm for 30 min to remove the excess FA
and EDC/NHS. In this reaction, EDC and NHS were used to
form FA-NHS, which could conjugate with the amino group
of BSA. The product was assayed by '"H-nuclear magnetic
resonance ('H-NMR).

Preparation of 0.-TOS-2-DG-loaded and FR-targeted

nanoparticles (TDF NPs)

In the first step, we prepared a-TOS-loaded CStSa micelles. A
total of 3 mg of 0-TOS and 5 mg of CStSa were co-dissolved
in 500 uL of DMSO and then dropwise added to 7 mL of
distilled water under stirring. After stirring for 10 min, 5 mg
of 2-DG was added into the solution and kept under stirring
for 10 min. Then, 2 mL of BSA-FA solution (10 mg/mL) was
added into the mixture solution under stirring slowly. Finally,
TDF NP solution was transferred into a dialysis membrane
(3,500 Da molecular weight cut-off [MWCO]) and dialyzed
against distilled water for 2 h during which the medium was
replaced by clean water thrice, and at the end of the proce-
dure, the volume was set to 10 mL. TDF NPs were further
concentrated by treatment with PEG-8000, dialysis and
ultrasound redispersion. No drug-loaded NPs with BSA-FA
(F NPs) were also synthesized to be a control.

Characterization of TDF NPs

The hydrodynamic diameters and zeta potentials of the TDF
NPs were measured by Malvern Instruments (Nano-ZS90,
Malvern, UK). The morphology of TDF NPs was observed by
a transmission electron microscope (TEM) (H-800; Hitachi,
Tokyo, Japan). The solution of TDF NPs was dropped on a
copper grid that was coated with ultra-thin carbon support
film. When the grid dried, the samples were observed by
TEM. The formulas for the calculation of encapsulation
efficiency (EE) and drug loading (DL) of TDF NPs are
as follows:

C .
Encapsulation efficiency (%)= _dngreman o 100%

drug input

C e v
Drug loading,, (%) = —5% % 100%

NPs input

where the C was the concentration of o.-TOS or 2-DG

drug input

input before encapsulation, C was the concentration

drug remain

of o-TOS or 2-DG after lyophilization and C
total amount of NPs.

NPs input was the

In vitro drug release profiles of TDF NPs

Drug release from TDF NPs was measured by a dialysis
method; the experiment was conducted using dialysis mem-
brane (MWCO 3500) in phosphate-buffered saline (PBS)
(pH 7.4) under stirring at 30 rpm and 37°C for 72 h. The
amount of 2-DG in the sample solutions was determined
by spectrophotometry. As the control, the same amount of
2-DG- and a-TOS-loaded CStSa micelles (TD NPs without
FA-BSA compared with TDF NPs) and free 2-DG were
dispersed in PBS (pH 7.4), and drug release profiles were ana-
lyzed at the same condition. The amount of a-TOS is water
insoluble, and hence it would not release into the PBS.

In vitro anti-tumor activity assay

To demonstrate the anti-tumor activity, MTT assay, colony
formation assay and cell death were performed, respectively.
For MTT assay, 150 uL of HT29, HeLa and A549 cells were
seeded at 6x10*mL density per well in 96-well plates and
then treated with 2-DG or a-TOS, or a combination of 2-DG
or o-TOS, or TDF NPs. The dose was referred to the previous
report.2? For colony formation assay, HT29 or HeLa cells
were seeded at 300 cells per dish in 6 cm cell culture dishes
and treated with 2-DG and o-TOS for 6 h, then grew for
7—14 days, and the number of colonies formed was counted.
For cell death, annexin V-FITC/PI was used according to the
kit manual and analyzed on a flowcytometer Coulter Epics
XL/MCL (Beckman Coulter Inc, Brea, CA, USA).

In vivo biodistribution studies

All the animal experiments were approved by and performed
in accordance with the permitted guidelines of the Animal
Ethics Committee of the Fourth Military Medical University.
FR-positive HeLa cells (5x10° cells in 100 uL of medium)
were mixed with 100 uL of Matrigel and subcutaneously
injected into the right flank of 8-week-old healthy nude mice.
To monitor FR nanocarrier targeting to tumor, the dye DiR,
a near-infrared radiation (IR) fluorescent dye, was used to
encapsulate DiR-loaded FR-targeted NPs. Free DiR was used
as the control. Six tumor-bearing nude mice were randomly
divided into two groups, each mouse of one group was injected
intravenously with 100 pL of DiR-loaded FR-targeted NPs,
while each mouse of another group was injected intravenously
with 100 uL of DiR (2 mg/mL). Then, imaging was taken at
0.5 h, 24 h, 48 h and 72 h after injection with IVIS Lumina
II In Vivo Imaging System (Caliper Life Sciences).
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In vivo tumor suppression experiments

To investigate the anti-tumor efficacy of TPF NPs in vivo,
24 HeLa tumor-bearing mice were randomly divided into
four groups (n=6). The administration was started when
the tumor volume was ~50 mm?®. A total of 100 uL of TDF
NPs were intravenously injected at 3-day intervals for six
times, an equal volume (100 uL) of normal saline or blank
NPs were intravenously administrated as the controls, while
the last group was injected with 50 uL of 3 mM free 2-DG
intravenously and 50 uL of 30 uM o.-TOS in corn oil intra-
peritoneally, respectively. The body weight of mice and the
lengths of the longest tumor axis (a(t), mm) and the vertical
axis (b(t), mm) were measured every other day, and the
tumor volume (v(t), mm?®) was calculated using the following
equation: V =0.5x a x b% The mice were sacrificed on the
21th day after the first administration, and the tumor of each
mouse was weighed.

Histological assessment

The excised tumor and liver tissues were fixed with 4%
paraformaldehyde solution for 1 day and then embedded in
paraffin and cut into 5 mm thick sections. Hematoxylin and
eosin (HE) staining was performed, and hepatocyte or tumor
cell necrosis was observed to assess the liver toxicity and
anti-tumor effect under the microscope (OLYMPUS IX71;
Olympus Corporation, Tokyo, Japan).

Statistical analysis

The data on in vivo tumor suppression assay were given as
mean * SD of independent experiments. The normality of
body weight and tumor size was tested by Kolmogorov—
Smirnov test on SPSS Version 16.0 (SPSS Inc., Chicago,
IL, USA), then one-way analysis of variance (ANOVA)
or Student’s #-test was performed on Prism 5.0 software
to determine the difference among the samples (GraphPad
Software, Inc., La Jolla, CA, USA). P-values <0.05 were
considered as statistically significant.

Results
A synergistic anti-tumor effect of oi-TOS
and 2-DG in vitro

To determine the anti-tumor effect of o-TOS and 2-DG in
combination, we detected the inhibitory effects on cancer
cells, including colonic cancer HT29 cell highly favoring
glycolytic metabolism, cervix adenocarcinoma HeLa cell
preferring to OXPHOS and lung carcinoma A549 cell
in a dose- and time-dependent model. MTT assay could
reflect the growth of cancer cells by detecting live cells.

Considering that the maximum dose of outer encapsulated
2-DG was no >3.5 mM (data not shown), the dose of 3 mM
of 2-DG was used in our experiment. Based on 3 mM of
2-DG, 15 uM, 30 uM and 45 uM of a-TOS were combined
with 2-DG, respectively. Our results showed that 30 uM,
even 15 UM, of a-TOS alone could significantly inhibit the
growth of cancer cells in 48 h, and 3 mM of 2-DG by itself
also could lead to the inhibition of tumor cells. However,
the cell death was no <50% when administrated with single
drug. In contrast, a combined treatment of 15 uM of o-TOS
and 3 mM of 2-DG could remarkably reduce the survival
of cancer cells compared to treatment with a-TOS or 2-DG
alone. Expectedly, the survival of cancer cells dramatically
decreased with the increased doses of a-TOS to 30 uM or
45 uM (Figure 1A; *P<0.05), which indicated that the
combined treatment was dose-dependent. The MTT assay
also showed that 45 uM of a-TOS did not significantly
reduce the cell variability of HeLa cell compared to 30 uM
of a-TOS; meanwhile, the combination treatment of 30 uM
of -TOS and 3 mM of 2-DG induced >50% of cell death
in HT29 and A549. Thus, the combination dose of 30 uM of
o-TOS and 3 mM of 2-DG was used for drug-loaded dose
of nanocarrier next performed.

Further, time-dependent effects of the combined treat-
ment were detected in 24 h, 48 h and 72 h after administra-
tion. Figure 1B shows that the survival of tumor cells with
combined treatment decreased in 24 h; with the treatment
prolonged to 48 h, even 72 h, the survival continued to
decrease with a mild trend (Figure 1B; *P<0.05), indicat-
ing that the anti-tumor effects of combined treatment were
superior to that of single drug, and the inhibition to cancer
cells was also time-dependent. Even early in 12 h, our data
on flow cytometry showed that cell apoptosis and death were
induced by combination drug treatment. In HT29, HelLa
and A549 cells, the percentage of the early apoptosis and
late apoptosis in combination treatment group was higher
than that of single drug administration, especially for HeLa
cells (Figure 1C).

To further know the proliferation of a single cancer cell,
we performed a plate colony formation assay. Our results
demonstrated that the colony number was decreased when
o-TOS or 2-DG was treated alone, especially o-TOS, while
it remarkably reduced, even no colony was present on plate
when treatment of o-TOS and 2-DG was combined, which
showed that a low dose of a-TOS and 2-DG in combina-
tion mostly inhibited the proliferation of HT29 cancer cells
(Figure 1D). Taken together, our results showed that the
combined treatment of a-TOS and 2-DG could exhibit

submit your manuscript

5704

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove A multifunctional nanoparticle for tumor treatment

A HT29 B HT29
%
100 7 | -
—_ . = 100
o - o
R £
i
3 S 751
2 001 2
© © i
2 40 2 % -
2 2
; Z
= 20 - — 251
[} [}
(&) (&)
0 1 T T 0 T T T
a-TOS 15 30 4 15 30 45 0 24 48 72
2-DG - - - 1 3 6 3 3 3 Time (h)
Dose
HelLa HelLa
E
I *
_ 100 A N — 100
©° | * o
£ 80 - IS
5 8 75
U o
X 604 = S
5 2 501 .
> =
2= 40 4 e}
g ©
=}
] Z 25
= 20 A 3
[}
3 (&)
0 ] L] L] L] T 0 T T T
a-TOS 15 30 45 - - - 15 30 45 0 24 48 72
2DG - - - 1 3 6 3 3 3 Time (h)
Dose
A549 A549
*
100 7 I *
—_ : = 100
o o
— i I * S
= 80 T = =
o ) o 75 -
o e, o
2 60 - ﬁ 2
— ll.l. a |
S 4. S %
2 2
; ;
= 20 = 25
/] /]
o (&)
0 Ll T T l. 0 T T T
a-TOS 15 30 45 - 15 30 45 0 24 48 72
206 - - - 1 3 6 3 3 3 Time (h)
Dose
| O o-70s (M) [ 20G (M) [l o-TOS (uM) +2-DG (mM) | | @ 0-TOS 8 2-DG - 0-TOS+2-DG
Figure | (Continued)
International Journal of Nanomedicine 2017:12 submit your manuscript 5705

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Lei et al Dove
C HT29 HeLa
10° 4 10° 4 10° 4 10° 4
o1 [e2 81 [e2 Ts1 [e2 81 2%
1 34% | 69% 1 37 [136% |15 [37% 1 J31% [65%
AT E v A A
10' 1004 107+ 107+
3 o - o o
100 7 54‘ 10 ; B4 10 E B4 10 B4
9 69% 170008 3.6% 98 1.3% 1% (S
100 100 102 10 1 100 102 100 1 100 102 100 10 100 102 100 100 100 102 100 10 100 10r 100
Control o-TOS Control o-TOS Control o-TOS
e o B1 B2 o iB1 B2 ~ o iB1 B2 R iB1 e R B1 B2 o B1 B2
n- .4.4% 11.3% 14.2%12.9% n' 13.2% |4.1% 8.3% m 28% |7.2% 12.6% | 13.5%
107 102 4 102 4 10% 4 10% 4 107 5
o - 100 104 o] 1014
10 f = L e vy 10 ” 10 e 10 10
B 3.4% W7 2% S0 3 7% 1 84% o% Al 98
16“ 1(‘)‘ 1‘07 10° 16" 10' 162 10 1bn 1‘01 162 10 16“ 10" 1‘02 10° 10° 10" 102 10° 10° 10" 102 10°
2-DG a-TOS +2-DG 2-DG a-TOS +2-DG 2-DG a-TOS +2-DG
> > >
Annexin V Annexin V Annexin V

0-TOS (uM)

0 15

30

Figure | A synergistic anti-tumor effect of a-TOS and 2-DG was observed in vitro.

2-DG (mM)

0-TOS (uM) +2-DG (mM)

e

30+3 45+3

15+3

Notes: HT29, Hela and A549 tumor cells were treated with a-TOS, 2-DG alone or a-TOS plus 2-DG. The dose-dependent growth of tumor cells was tested by MTT
assay in (A) and time-dependent growth in (B). The death of tumor cells was confirmed by flow cytometry in (C), and the proliferation of tumor cells was detected by clone
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treatment alone.

Abbreviations: o-TOS, o-tocopheryl succinate; 2-DG, 2-deoxy-D-glucose; MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide; Pl, propidium iodide.

significantly superior anti-tumor effects on cancer cells to
treatment of o-TOS or 2-DG alone, indicating that the treat-
ment in combination by lower doses or shorter time could
have a comparable anti-tumor effect.

Preparation and characterization
of TDF NPs

In order to overcome the administration of liposoluble agent
o-TOS and further reduce the potential toxicity of 2-DG,
tumor-targeting nanocarriers were designed. With consider-
ation of the advantages of FR and its ligand as a targeting deliv-
ery system, we synthesized BSA-grafted FA and then covered
them onto dual drug-loaded micelles, which absorbed 2-DG
on surface and encapsulated o-TOS in the core, to prepare
targeting dual drug nanocarriers (Scheme 1). FR is frequently
overexpressed on the vast majority of cancer tissues such as
ovarian, colorectal and breast cancer, while its expression is
limited in healthy tissues and organs. The ligand, folic acid, is
small, stable over a broad range of temperatures and pH values,
inexpensive, and non-immunogenic, and it retains its ability
to bind to the FR after conjugation with drugs or diagnostic
markers. After folate attaches to its receptors located within
caveolae, it is internalized through the endocytotic pathway.
As the pH of the endosome approaches five, the BSA-FA was
decomposed and the drug released. Figure S1 shows that folate
was correctly grafted on BSA. The concentrations of drugs in

TDF NPs were adjustable in limited range. Dialysis membrane
(3,500 Da MWCO) and PEG-8000 were used in enrichment
of drugs. After dewatering, ultrasound was employed for
redispersion. Finally, the actual usage dose of a-TOS and
2-DG could match the concentrations of free drugs. Table 1
displays the EE and drug loading capacity (DLC) of TDF NPs.
The data were comparable to those drawn from other reports,
which were shown to efficiently prevent a burst release of
NPs. Indeed, dispersion of free 2-DG and 2-DG- and o-TOS-
loaded CStSa micelles without BSA-FA (TD NPs) into the
outer dialysis chamber showed different speeds (Figure 2A).
Within 5 h, free 2-DG completely dispersed into outer dialysis
solutions; within 24 h, 80% of 2-DG was released from TD
NPs into outer solutions. While within 48 h, 50% of 2-DG was
released from TDF NPs into outer solutions, indicating that
TDF NPs covered by BSA-FA have the potential to control
drug burst release. For TDF NPs, almost no o-TOS release
was found within 80 h, and release of 2-DG was sustained
and slow within 72 h.

Further, we detected the magnifications of TDF NPs
through TEM. Figure 2B and C shows that the NPs have a
clear spherical shape with a core—shell structure and the size
was smaller than 100 nm.

The TDF NPs were owing to the electrostatic interaction
between negative BSA-FA and positive o-TOS-loaded CStSa
micelles. The zeta potential of o-TOS-loaded CStSa micelles
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Scheme | Schematic representation of the assembling process of TDF NPs.
Note: The process of TDF NP synthesis was schematically represented.
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Abbreviations: a-TOS, o-tocopheryl succinate; 2-DG, 2-deoxy-D-glucose; TDF NPs, 0-TOS-2-DG-loaded and folate receptor-targeted nanoparticles; (+StSa), cationic

amphiphilic starch; BSA, bovine serum albumin; FA, folate acid; FR, folate receptor.

and TDF NPs was +28.2+2.9 mV and —22.3+2.1 mV, respec-
tively (Figure 2D). The change of zeta potential in samples
showed that TDF NPs comprised TD NPs and BSA-FA, and
BSA-FA was covered on the surface of TD NPs factually.

In vitro anti-tumor effect of TDF NPs

To detect the anti-tumor activity of TDF NPs, HT29, HeLa
and A549 cells mentioned earlier were tested. The results of
MTT assay demonstrated that drug-loaded TDF NPs have
remarkable inhibition to the growth of HeLa cells, while
no significant suppression to that of HT29 and A549 cells,
compared with F NPs without drug loading (Figure 3A).
Notably, we found that only F NPs slightly promoted the
growth of HeLa cells, which indicated that the nanocarrier
was less cytotoxic to tumor cells, as expected low or no cyto-
toxicity to normal cells. Further detection of FR expression
on these tumor cells, we found that HeLa cells expressed
highest level of FR, whereas low or undetectable expression

Table | Summary of TDF NPs EE and DLC

Drug EE DLC
o-TOS 94.3%*1.3% 8.9%+0.83%
2-DG 61.7%+7.7% 13.2%+2.6%

Note: Values stated as mean + SD.
Abbreviations: 0-TOS, o-tocopheryl succinate; 2-DG, 2-deoxy-D-glucose; TDF NPs,
0-TOS-2-DG-loaded and folate receptor-targeted nanoparticles; EE, encapsulation
efficiency; DLC, drug-loading capacity.

in HT29 and A549 cells (Figure S2). The data on FR expres-
sion level was consistent with previous reports.*® Our results
indicated that a-TOS- and 2-DG-encapsulated TDF NP
was effective against tumor cells, and the suppression to
tumor cells was dependent on FR-mediated endocytosis. To
further confirm the tumor-specific cellular uptake of TDF
NPs, HeLa cells were incubated with or without 1% FA
after coumarin 6-labeled F NPs were added, then cellular
uptake behavior was observed using fluorescent microscopy.
Figure 3B exhibits the behavior pattern of HeLa cells after
incubating with coumarin 6-labeled F NPs with or without
FA for 2 h. Strong green fluorescence was observed in the
cytoplasm of HeLa cells incubated without FA, while few
fluorescence was seen in the cytoplasm of HeLa cells and
most appeared in the proximal outer membrane region when
FA was added. It seemed that FA added into medium bound
to F NPs, thus preventing the occurrence of endocytosis
mediated by the binding of F NPs to FR on the surface of
HeLa cells.

In vivo distribution of TDF NPs

Further, in vivo the distribution of TDF NPs was studied
using near infrared (NIR) fluorescence imaging. In order
to facilitate the observation of biodistribution of TDF NPs
in vivo, DiR dye was encapsulated by CSaSt to generate
DiR-loaded nanoparticles (D-NPs), which comprised CSaSt,
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Figure 2 The synthesis and characterization of TDF NPs.
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Notes: Drug release from TDF NPs was measured by a dialysis method in (A); (B) TEM image, (C) size distribution and (D) zeta potential of TDF NPs.
Abbreviations: a-TOS, o-tocopheryl succinate; 2-DG, 2-deoxy-D-glucose; TDF NPs, 0-TOS-2-DG-loaded and folate receptor-targeted nanoparticles; TEM, transmission
electron microscope; TD NPs, 2-DG- and o-TOS-loaded CStSa micelles without FA-BSA grated.

BSA-FA and DiR. Then, D-NPs (test group) and free DiR
(control group) were injected i.v. into HeLa tumor-bearing
nude mice, respectively. The red fluorescence became
gradually strong in the tumor-bearing right hindlimb
from 0.5 h until 24 h after the injection of D-NPs and was
extremely remarkable to 72 h, while no apparent fluores-
cence accumulated on the tumor of mouse until 24 h after
injection with free-DiR (Figure 4), which suggested the
tumor-specific distribution of TDF NPs. Besides, consid-
erable fluorescence was only seen around the spleen of
mouse test group, which may be caused by phagocytosis of
immune cells such as macrophage. Notably, the fluorescence
intensity was reduced faster in control group than in test
group within 48 h, indicating a slower clearance of TDF
NPs in the body. All the earlier results demonstrated that
TDF NPs could specifically load drug to FR-positive tumors
and prolong the retention in the body, thus improving the
anti-tumor efficiency of loaded drugs and reducing the risk
of systemic toxicity.

In vivo tumor suppression effect
of TDF NPs

Finally, we studied the tumor suppression effect of TDF
NPs in vivo. The weight loss, tumor volume and histologic
section of tumor and liver could fully reflect the efficiency
and toxicity of treatment to mouse. In Figure 5A, the body
weight of TDF NP-treated group grew slowly, suggest-
ing the efficiency of TDF NPs treatment, while that of
PBS-treated group lost significantly in the late phase of
treatment, indicating the occurrence of cancer cachexia
for PBS-treated group. Meanwhile, TDF NP-treated
group showed a lowest growth of tumor size compared
to groups treated with PBS, F NPs and a-TOS plus 2-DG
(Figure 5B). All the tumors were excised and scaled with a
ruler (Figure 5C). For PBS group, four mice died before the
end point for the cancer cachexia. As expected, the tumor
volume of TDF NPs group was remarkably smaller than F
NPs, suggesting that the combination treatment took a good
anti-tumor effect. Meanwhile, the anti-tumor effect of TDF
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NPs was better than the non-nano group, indicating that
the two drug-loaded NPs had an effective biological func-
tion in vivo. HE staining of pathological sections of tumor
demonstrated notable necrosis and fewest tumor cells
infiltration in TDF NPs group. In addition, the liver tissue
of TDF NPs group showed less damage than that of free
a-TOS plus 2-DG group (Figure 5D). All these data suggest
an effective tumor suppression and less liver cytotoxicity
of TDF NPs.

Tumor size (mm?)
N w B (&) [e2]
o o o o o
o o o o o

Discussion

In this study, we synthesized a novel anti-tumor nano-
medicine, TDF NPs, which was proved to be effective and
less cytotoxic compared to free drug 2-DG or o-TOS, thus
providing a promising cancer treatment. Several reports
showed that metabolic profiles of cancer cells divert signifi-
cantly from those of non-neoplastic cells; thus, tumors rely
on these metabolic alterations for growth, metastasis and
survival, the atypical pathways might be potential targets of
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Figure 5 In vivo tumor suppression effects of TDF NPs.

Tumor

Notes: (A) The body weight curves of tumor-bearing mice treated with PBS, nanocontrol, TDF NPs and a combination of a-TOS and 2-DG, respectively; (B) the tumor
growth curves, (C) tumors and (D) pathological section images of the tumor and liver tissue. Circles indicated necrosis region, and rectangle indicated the 10x10 zoom region.
*P<0.05 compared with PBS or F NPs treatment (nanocontrol). The 4x 10 magnification scale bar 500 um; 10x10 magnification scale bar 200 pm.

Abbreviations: TDF NPs, a-TOS-2-DG-loaded and folate receptor-targeted nanoparticles; F NPs, BSA-FA grafted nanoparticles without drug loaded; PBS, phosphate

buffer saline; o.-TOS, a-tocopheryl succinate; 2-DG, 2-deoxy-D-glucose.

antineoplastic drugs. The glucose metabolism in cancerous
cells is remarkably different from that in their normal coun-
terparts. Proliferating cancer cells prefer to obtain ATP via
aerobic glycolysis rather than OXPHOS even in the presence
of ample oxygen. We thus use 2-DG, non-metabolizable
glucose analog, which targets glucose metabolism to deplete
cancer cells of energy. Our results showed that 3 mM of
2-DG alone could inhibit the growth and proliferation of
cancer cells in vitro. Previous work showed that the ratio
of 3 mM of 2-DG to glucose in the culture media was 1:3.3
and the ratio proved to inhibit glycolysis. Our results were

consistent with previous cell culture studies.?® However, the
suppression effect of 2-DG by itself was limited since 6 mM
of 2-DG did not significantly increase the inhibition ratio.
Previous studies showed that 2-DG combined with other
therapeutic agents or radiotherapy could exhibit a synergistic
anticancer effect.

Since OXPHOS is another pathway to contribute to
energy production in cancers, targeting mitochondrial
metabolism has been proposed for cancer therapy. a-TOS,
the vitamin E analogs, showed great promise for future
clinical applications as a potential anticancer agent. However,
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the low solubility in physiological media limited the
use of o-TOS. By designing an amphiphilic nanocarrier
encapsulating o-TOS and 2-DG, we overcome poor bioavail-
ability of a-TOS, thus dramatically improving the anti-tumor
effect of 2-DG treatment alone. In our study, both a-TOS
and 2-DG, when administered as single agents, were limited
to inhibit the proliferation of HT29, HeLa and A549 tumor
cells, and when administered in combination, their effect
on such tumor growth was synergistic, thus resulting in
significant cell death, as demonstrated in vitro by MTT and
Annexin V/PI staining. The advantage of combined admin-
istration was proved by other such studies. Goldberg et al*!
combined Ras inhibitor farnesylthiosalicylic acid (FTS) and
2-DG to treat pancreatic tumors, Cheong et al*? used 2-DG
and metformin to treat breast tumor, Zhang et al** combined
a-TOS and doxorubicin to treat gastric cancer and so on.
Co-delivery nanocarrier means two or more therapeutic
drugs are co-encapsulated into one nanocarrier. Many
reports have proved that it is an efficient tool to simultaneous
administration of multiple therapeutics, including cytotoxic
agents, chemosensitizers, small interfering RNA (siRNA)
and anti-angiogenic agents.* In our previous work, we have
designed and synthesized PgS and CSaSt micelles.?*** For
CSaSt micelles, we successfully encapsulated insoluble
apogossypolone and soluble doxorubicin into one nanocarrier
targeting hyaluronic acid receptor CD44. Further, the EE and
DL were measured; the drug-loaded NP was characterized
by IR spectra, TEM and drug release assay. As expected,
the dual drug nanocarriers showed remarkable accumula-
tion in tumor region and promoted the anti-tumor efficacy.
Notably, in vivo acute toxicity experiment showed that LD,
of drug-loaded NP was remarkably lower compared with
the combination group (apogossypolone and doxorubicin
administrated simultaneously without encapsulation into one
nanocarrier). All these work indicated that we have estab-
lished a safe and effective nanocarrier system. For a-TOS
and 2-DG, the main problem is to set a proper dose ratio of
0-TOS and 2-DG for FR-positive HeLa cells. Dong et al*
tested for the sensitivity of several tumor cells to o-TOS
and found IC, value varied greatly for various tumor cells.
We also found the difference of live cell percentage among
HT29, HeLa and A549 cells when treated with o-TOS.
Compared with HT29 cells, HeLa cells had a slightly lower
IC,, value (Table S1). Based on the data of our experiment,
a combination dose of 30 uM of a-TOS and 3 mM of 2-DG
was determined, which was suitable for HeLa cells. For
breast carcinomas and Ras overexpression-induced tumor,
the in vivo dose of o-TOS varied from 6 UM to 15 uM. 2%

Thus, for different tumors, an optimized in vivo dose of TDF
NPs should be explored.

For FR highly expressed HeLa cells, the TDF NPs
showed a significant anti-tumor effect compared with the
combination of the two free drugs (Figure 5C and D).
Although the combination of the two free drugs did not
show significant toxicity to mice (Figure 5A and D), it did
not lead to a parallel anti-tumor effect to the TDF NPs.
In turn, the combination of the two free drugs needs to
increase dose to show the notable anti-tumor effect, which
may cause significant toxicity in vivo. Thus, the TDF NPs
showed a great potential in tumor therapy.

Conclusion

In this study, we targeted the tumor cell metabolism pathway
to inhibit their growth and proliferation with the combination
of two chemical agents o-TOS and 2-DG. Our results showed
that in vitro o-TOS and 2-DG had a synergistic anti-tumor
effect on tumor cells, especially on HeLa cells; TDF NPs
encapsulating o-TOS and 2-DG also had a significant inhibi-
tion to the growth of FR highly expressed tumor cells. In vivo
TDF NPs could target to FR-positive tumor and displayed a
remarkable anti-tumor effect with less toxicity to liver.
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Supplementary materials
Synthesis and characterization of
encapsulation materials and bovine

serum albumin (BSA)-folate acid (FA)

Synthesis procedure of cationic amphiphilic starch was pub-
lished in Biomaterials.' Synthesis procedure of BSA-FA fol-
lowed literature of Meng et al.? Briefly, 80 mg of BSA, 40 mg
of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC), 35 mg of N-hydroxysuccinimide (NHS) and
50mg of FA were added to dimethyl sulfoxide (DMSO), and the
mixture was stirred for 12 h in the dark at 25°C. Then, the

C—

sample was centrifuged at 10,000 rpm for 30 min to remove
the excess FA and EDC/NHS. In this reaction, EDC and
NHS were used to form FA-NHS, which could conjugate
with amino group of BSA. The product was assayed by
"H-nuclear magnetic resonance (‘H-NMR).

The tumor cell lines and their folate
receptor (FR) expression

RNA extraction, complementary DNA (cDNA) reverse
transcription and real-time polymerase chain reaction (PCR)
were performed according to our previous work.?

BSA-FA

10 8 6

4 2 0

Chemcal shift (ppm)

Figure S| The 'H-NMR result of BSA-FA.

Note: As shown by the 'H-NMR spectra of BSA-FA dissolved in DMSO-d,, peaks assignment for the BSA and FA were straightforward, where the peaks at 6.5-8.5 ppm

from FA.
Abbreviations: BSA, bovine serum albumin; FA, folate acid; ppm, parts per million.

HT29

Folate
receptor

B-actin

Figure S2 FR expression in HT29, Hela and A549 tumor cell lines.
Abbreviation: FR, folate receptor.

Table SI LC, values of a-TOS for apoptosis in tumor cell lines

HelLa A549

Cell type o-TOS
HT29 3716
Hela 30+4
A549 3545

Notes: Tumor cell lines were treated at ~60% confluency. The IC, values were derived from viability curves using the MTT viability assay and are expressed in uM.

Abbreviations: o-TOS, o-tocopheryl succinate; LCSO, lethal concentration 50.
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3. FengF, Jiang Y, Lu H, et al. Rab27A mediated by NF-xB promotes the
stemness of colon cancer cells via up-regulation of cytokine secretion.
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