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Background: Doxorubicin (DOX) is an anthracycline antibiotic that inhibits the growth of
several solid and hematologic malignant tumors. Increasing the targeting ability of DOX and
reducing the multi-drug resistance (MDR) of tumor cells to DOX are major aims for
researchers.

Purpose: In this study, to increase therapeutic efficiency, reduce the side effects and the
MDR of tumor cells to DOX, D-alpha-tocopheryl polyethylene glycol 2000 succinate
monoester (TPGS2000)-DOX prodrug micelles were developed by grafting DOX to
TPGS2000 via an amide bond that release DOX in the slightly acidic conditions in tumor
tissue.

Materials and Methods: The TPGS2000-DOX micelles were constructed using polyethy-
lene glycol 12-hydroxy stearate (Solutol HS15) as the carrier. The in vitro drug release
profile and dilution stability of the nanomicelles were determined. The in vitro cytotoxicity
and distribution of the nanomicelles in the tumor cells were also investigated. Moreover, we
explored the therapeutic outcomes using the MCF-7/ADR tumor-bearing murine model.
Results: The average particle size was approximately 30 nm with a narrow distribution,
which was conducive for solid tumor accumulation. The results of in vivo imaging and
in vitro cellular uptake assays demonstrated that the TPGS2000-DOX micelles increased the
tumor-targeting ability and cellular uptake of DOX. The anticancer potential of TPGS2000-
DOX micelles was higher than that of DOX, as revealed by in vitro cytotoxic assays with
MCF-7/ADR cells and in vivo antitumor assays with MCF-7 tumor-bearing nude mice.
Conclusion: TPGS2000-DOX prodrug micelles reverse the MDR of tumor cells, achieve
passive targeting by forming nanomicelles, and subsequently enhance the efficacy and reduce
the toxicity of DOX.

Keywords: doxorubicin, D-alpha-tocopheryl polyethylene glycol 2000 succinate monoester,
breast cancer, multi-drug resistance, polymer prodrug nanomedicine

Introduction

Cancer is a serious threat to human health and compromises the quality of life of
affected individuals. Breast cancer is the most common type of cancer among
women, affecting one in eight women on average.' It is a malignant tumor that
originates from healthy mammary gland cells.” Chemotherapy has become the
standard treatment for malignant tumors.” Doxorubicin (DOX) is an anthracycline
antibiotic that inhibits the growth of several solid and hematologic malignant
tumors and is presently one of the most effective antitumor drugs. However,
DOX has numerous disadvantages, including a short half-life, cardiotoxicity, multi-
drug resistance (MDR), and prolonged administration period.*®
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To increase therapeutic efficiency, reduce the side
effects and the MDR of tumor cells to DOX, researchers
have focused on nanometer drug delivery systems
(NDDSs), including liposomes, nanoparticles, micelles,
e NDDSs,

micelles have emerged as a research hotspot in recent

and dendrimers. Among these polymer
years to reverse MDR.'” Polymer micelles of small particle
sizes and narrow distribution ranges achieve passive target-
ing by the enhanced permeability and retention effect
(EPR).'®!'? The hydrophilic shell in the core-shell structure
of polymer micelles can escape recognition by the reticu-
loendothelial system, thereby prolonging the duration of

circulation of the drug.*

Additionally, these micelles
allow hydrophobic drugs to enter the core, which increases
drug solubility and reduces the side effects of the drug.
Furthermore, the P-glycoprotein (P-gp)-induced MDR of
tumor cells can be reversibly transformed by polymer
micelles prepared using amphiphilic block polymer surfac-
tants, including D-alpha-tocopheryl polyethylene glycol
succinate (TPGS), pluronic, and polyesters.”' >® However,
traditional NDDSs generally carry drugs by physical
embedding. The drugs easily leak from the carrier into the
blood following intravenous injection, which leads to pre-
mature metabolism of the drug, decreasing the concentra-
tion of the drug at the tumor site.

To enhance the stability of NDDSs and prevent the
premature release of drugs, several researchers have com-
bined drugs and carriers via covalent bonds using various
cross-linking methods. Using appropriate strategies,
researchers have developed nano-preparations that utilize
the differences between the in vivo environment and tumor
environment to specifically release drugs at the tumor
site.??® The combination of macromolecular precursor
drugs and nano-drug delivery systems is a major topic of
research. It has been reported that TPGS can be combined
with mitoxantrone and gemcitabine to form prodrugs that
can assemble into micelles in water.”’ These polymer
micelle prodrugs have the characteristics of both prodrugs
and micelles. The polymer-drug conjugates can alter the
biodistribution of the drug, increase its therapeutic effects,
and reduce its side effects.**"!

TPGS, a water-soluble derivative of naturally occur-
ring vitamin E, comprises a lipophilic alkyl tail and hydro-
philic polar head. TPGS, which is an effective emulsifier
owing to its bulky structure and large surface area,
enhances the emulsification effect, drug encapsulation effi-
ciency, and therapeutic effects. Thus, TPGS is useful to

prepare nanoparticle formulations of anticancer drugs.** >

Furthermore, TPGS can inhibit the drug efflux of P-gp by
competitively inhibiting substrate binding, altering mem-
brane fluidity, and inhibiting the ATPase activity of the
outflow pump.***' In a previous study, DOX was coupled
with TPGS1000 to develop the TPGS-CH=N-DOX
prodrug.*? The study demonstrated that the resulting
micelles have enhanced long-term stability in the physio-
logical environment, improved tumor accumulation
mediated by the EPR effect, and apparent cytotoxicity in
DOX-resistant MCF-7/ADR cancer cells,
mediated via the P-gp inhibitory activity of TPGS.

In this
TPGS2000 via an acid-sensitive amide bond to design
a TPGS2000-DOX prodrug that can release DOX in the

slightly acidic conditions in tumor tissue. TPGS2000-

which is

study, we chemically grafted DOX to

DOX was assembled into nanomicelles using Solutol
HS15 (Figure 1A). We aimed to achieve passive targeting
via the ERP effect of the TPGS2000-DOX nanomicelles
and reversing the MDR of tumor cells by TPGS2000. We
also determined the in vitro drug release profile and dilu-
tion stability of the nanomicelles. The in vitro cytotoxicity
and distribution of the nanomicelles in the tumor cells
DOX-sensitive MCF-7
human breast cancer cell line and DOX-resistant MCF-7
(MCF-7/ADR) cells. The therapeutic outcomes were
further studied using the MCF-7/ADR tumor-bearing mur-
ine model.

were investigated using the

Materials and Methods

Materials

Chemicals

DOX-HCI was purchased from Dalian Meilun Biological
Technology Co., Ltd. (Dalian, China). TPGS2000 was synthe-
sized in our laboratory using Vitamin E succinate (VES) and
polyethylene glycol (PEG) 2000 and 1-ethyl-3-(3-dimethyl
aminopropyl)-1-carbodiimide hydrochloride (EDCD),
4-dimethylpyridine (DMAP), and N-hydroxysuccinimide
(NHS) were purchased from Shanghai Covalent Chemistry
(Shanghai, China). Succinic anhydride (SA) was procured
from Aladdin Reagent Co., Ltd. (Shanghai, China). Solutol
HS15 was purchased from BASF Corporation (Ludwigshafen,
Germany). Triethylamine (TEA), methylene chloride, chloro-
form, 1,4-dioxane, and anhydrous ethers were procured from
Shanghai Ling Feng Chemical Reagent Co., Ltd. (Shanghai,
China). RPMI 1640 medium (with penicillin-streptomycin),
trypsin, and phosphate-buffered saline (PBS) buffer were pur-
chased from Genome Biomedical Technology Co., Ltd.
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Figure | (A) The schematic illustration of TPGS2000-DOX micelles. (B) Synthetic pathways in formation of TPGS2000-DOX.

(Hangzhou, China). Fetal bovine serum (FBS) was procured
from Gibco (NY, USA) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was purchased from
Sigma (USA). All other reagents were of analytical grade or
higher purity.

Cell Lines and Experimental Animals
A549 and MCF-7 cells were obtained from the Cell Bank
of the Chinese Academy of Sciences. MCF-7/ADR cells

were purchased from Nanjing Keygen Biotechnology Co.,
Ltd. (Nanjing, China). These cells were cultured with
RPMI 1640 medium supplemented with 10% FBS, peni-
cillin (100 U/mL), and streptomycin (100 U/mL) at 37 °C
in an atmosphere of 5% CO,.

Specific pathogen-free BALB/c female nude mice, aged
4-6 weeks and weighing 18-22 g, were purchased from
Shanghai Silaike Experimental Animal Co., Ltd. (Shanghai,
China). All animal studies were approved by the Animal Care
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and Ethics Committee of Zhejiang Technology University
(Permit Number: 20180301019). All animal experiments
complied with the Guide for Care and Use of Laboratory
Animals by the Institute of Laboratory Animal Research.

Synthesis of TPGS2000-DOX

TPGS2000 is synthesized by esterification of VES and
PEG2000. The reaction process was that 5.3 g VES,
3.8 g EDCI and 1.2 g DMAP were mixed and stirred in
anhydrous DCM for 1 h in an ice bath. Then 20
g PEG2000 was added and reacted at 30 °C for 48
hours under nitrogen protection. The reaction product
was purified by silica gel column chromatography and
eluted with chloroform/methanol (20:1) to obtain TPGS
2000. TPGS2000 was activated by SA via a ring-
opening reaction in the presence of DMAP to obtain
the CTPGS reagent.”’ Then, 1 g of CTPGS was
allowed to react with 457.2 mg of EDCI and
268.8 mg of NHS in DMF at 0 °C under nitrogen
protection for 12 h. Subsequently, 236 mg of
DOX-HCI and 200 puL of TEA were allowed to react
in DMF at 25 °C under nitrogen protection for 1 h to
remove the hydrochloride. The two solutions were
mixed and reacted for 48 h at 25 °C under nitrogen
protection. The product was initially dialyzed in DMF
for 24 h to remove the unconjugated DOX and dialyzed
again with distilled water to remove excess reagents
(MWCO = 2000 Da). The solution was freeze-dried to
obtain 721 mg of red powder. The synthetic pathway
was shown in Figure 1B.

Preparation of TPGS2000-DOX Micelles

TPGS2000-DOX micelles were prepared by the thin-
film hydration method. Briefly, the TPGS2000-DOX
conjugate and Solutol HS15 were dissolved together in
ethanol. A rotary evaporator (BUCHI, Switzerland) was
used to evaporate the ethanol to form a thin film of
TPGS2000-DOX and HSI15. Nitrogen gas was subse-
quently blown over the thin film for 30 min to remove
the residual reagents. The film was hydrated with deio-
nized water and stirred for 1 h at 60 °C to obtain
a micellar solution. Finally, the micellar solution was
centrifuged at 10,000 rpm for 10 min and filtered using
cellulose acetate filters (pore size 0.22 pm) to remove
the precipitate and obtain the TPGS2000-DOX micellar

solution.

Characterization of TPGS2000-DOX

Micelles

Morphology and Size

The particle size and zeta potential of the TPGS2000-DOX
micelles were analyzed using Malvern Zetasizer Instruments
(DelsaNano, Beckman Coulter). The shape and surface mor-
phology of the micelles were observed using a transmission
electron microscope (TEM; Japan) following negative stain-
ing with a 2% solution of phosphotungstic acid.

In vitro Drug Release Behavior

The dialysis bag diffusion method was employed to study
the in vitro DOX release behavior of the TPGS2000-DOX
micelles. Briefly, 3 mL of the micelles was sealed into
a dialysis bag (MWCO = 2000 Da) and dialyzed with
50 mL of PBS (pH 5.0 or pH 7.4). The experiment was
conducted at 37 °C with rotating at 100 rpm. Then, 3 mL of
the release medium samples were withdrawn after 0.5, 1, 2,
4, 8, 12, 24, 48, and 72 h and replenished with the same
volume of fresh medium. Each measurement was obtained
in triplicate. The samples were finally analyzed by
a fluorophotometer at Aex of 468 nm and Aem of 597 nm.

Cellular Studies

Cytotoxicity

In vitro cytotoxicity assays were performed with A549,
MCEF-7, and MCF-7/ADR cells, to compare the cytotoxi-
city of the various DOX formulations, using the standard
MTT assay. Briefly, A549, MCF-7, and MCF-7/ADR cells
were seeded into 96-well microplates individually at
a density of 5x10* viable cells/well and incubated over-
night with RPMI 1640 culture medium to facilitate cell
adherence. The cells were incubated with a series of DOX
formulations at different concentrations for 48 h. Then, 20
pL of 5 mg/mL MTT in PBS solution was added to each
well, following which the cells were incubated for an
additional 4 h. Cells that had been cultured under the
same conditions but in the absence of DOX represented
the blank control. Following incubation, the MTT solution
was replaced with 150 uLL of dimethyl sulfoxide and sha-
ken for 10 min to dissolve the crystals. The absorbance of
the cell solution was finally measured at 490 nm using
a microplate reader (Bio-Rad iMark, USA). The cell sur-
vival rate is graphically represented by a histogram.

In vitro Cellular Uptake
The cellular uptake was evaluated by flow cytometry and
confocal laser scanning microscopy (CLSM). DOX was
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detected at an excitation wavelength of 488 nm and an
emission wavelength of 593 nm. The MCF-7 and MCF-
7/ADR cells were seeded into 6-well plates at a density
of 2x10° cells/well and incubated overnight at 37 °C to
facilitate adherence. The culture medium was subse-
quently removed and the cells were washed twice with
serum-free RPMI 1640 medium. The MCF-7 and MCF-
7/ADR cells were treated with different formulations of
DOX containing 2 pg/mL or 4 pg/mL DOX. Following
incubation for 1 h or 4 h, the culture medium was
removed and the cells were rinsed twice or thrice with
PBS (pH = 7.4, 4 °C). After trypsinization, the cells were
collected by centrifugation at 1,200 rpm for 5 min. The
cellular uptake was finally determined using a flow cyt-
ometer (Becton Dickinson, USA).

Cellular Distribution

The MCF-7 and MCF-7/ADR cells were seeded into
6-well plates at a density of 3x10° cells/well and incubated
overnight at 37 °C in an incubator with an atmosphere of
5% CO, to facilitate cell adherence. The cells were rinsed
twice with a serum-free RPMI 1640 culture medium and
stabilized for 30 min in the incubator. After removing the
culture medium, the cells were treated with 5 pg/mL DOX
or the TPGS2000-DOX micelles. Following incubation for
4 h, the cells were rinsed twice or thrice with PBS (pH =
7.4, 4 °C) and incubated and stained with 4',6-diamidino-
2-phenylindole (DAPI) (50 pL, 500 ng/mL) for 5 min. The
cells were then washed and fixed with 4% paraformalde-
hyde for 20 min. The stationary liquid was finally removed
and the cells were observed by CLSM.

Determination of Apoptosis

The MCF-7/ADR cells were seeded into 6-well plates at
a density of 2x10° cells/well and incubated overnight at 37
°C in a humidified atmosphere containing 5% CO,. The
cells were subsequently treated with 0.744 pg/mL, 3.72
pg/mL, and 18.6 pg/mL of DOX or 0.2906 ng/mL, 1.453
pg/mL, and 7.265 pug/mL of DOX-loaded micelles for 48
h. After washing twice with ice-cold PBS, the cells were
detached using trypsin and resuspended at a density of
5x10° cells/mL. The cell suspensions were kept in the
dark during fluorescein isothiocyanate (FITC)-Annexin
V and 7-AAD staining for 15 min at 37 °C. Apoptosis
was finally determined by flow cytometry. Based on the
fluorescence intensity of FITC-Annexin V and 7-amino-

actinomycin D (7-AAD), the cells were divided into four

quadrants, representing living cells, early apoptotic cells,
late apoptotic cells, and necrotic cells.

Cell Cycle Assay

The MCF-7/ADR cells were grown in 6-well plates at
a density of 2x10° cells/well and treated with different
concentrations of DOX or DOX-loaded micelles for 48
h. The cells were subsequently collected and washed twice
with ice-cold PBS. After fixing with 70% (v/v) cold etha-
nol, the cells were stored at 4 °C for 1 h. The cell suspen-
sions were centrifuged before propidium iodide (PI)
staining to remove the ethanol solution. The cell pellets
were re-suspended in 1.0 mL of PI staining solution com-
prising 10 mg/mL PI and 100 mg/mL RNase A and incu-
bated at 37 °C in an incubator for 30 min before analysis
by flow cytometry.

In vivo Antitumor Effects

Female nude mice (4-6 weeks) were selected to establish
MCF-7 breast cancer xenograft models for investigating
the potential in vivo anticancer effects of the TPGS2000-
DOX micelles. 1x10% MCF-7 cells suspended in 200 pL
PBS were subcutaneously injected at the left flank of each
nude mouse. When the tumor volume (V) reached 100—
150 mm® (V =0.5 x length x width?), the mice were
randomly assigned into one of three groups (n = 6 per
group): DOX, and TPGS2000-DOX micelle
(equivalent dose of DOX, 10 mg/kg). The corresponding

saline,

treatments were administered to each group by tail vein
injection on days 1, 3, 5, 7, and 9. The tumor volumes and
body weights were measured daily until day 21. The mice
were euthanized at the end of the experiment and their
tumor weights were recorded.

In vivo Imaging

When the tumor volumes reached 100-150 mm?, the
MCF-7 tumor-bearing nude mice were randomly divided
into two groups (n = 3 per group). The anesthetized nude
mice were then individually administered DOX or the
solution of DOX-loaded micelles by tail vein injection at
a dose equivalent to 10 mg/kg DOX. The nude mice were
optically visualized using an IVIS Lumina XRMS Series
IIT imaging system (PerkinElmer, USA) at 0.5, 1, 2, 4, 6,
8, 12, and 24 h. After 24 h, the mice were sacrificed and
the tumors and organs, including the heart, liver, spleen,
lungs, and kidneys, were dissected. The in vivo biodistri-
bution, which was related to the fluorescence intensity,
was determined by in vitro imaging.
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Statistical Analyses

All data are presented as the mean + standard deviation (SD).
The t-test was performed to compare two groups, whereas
multiple groups were compared by one-way analysis of var-
iance (ANOVA). P values < 0.05 were statistically significant.

Results
Synthesis and Characterization of the

TPGS2000-DOX Conjugate

To prepare the TPGS2000-DOX micelle, the TPGS2000-
DOX conjugate was first synthesized by linking TPGS2000
and DOX via an amide bond. In this study, the formation of
the conjugate structures was confirmed by hydrogen nuclear
magnetic resonance spectroscopy (1H-NMR), Fourier-
transform infrared spectroscopy (FT-IR), and mass spectro-
scopy. As shown in Figure 2D and E, the hydrogen spectrum

of CTPGS had multi-peak signals in 6H 2.58~2.72, which
was the hydrogen signal of succinic anhydride. In addition, it
could be found from the mass spectrum that CTPGS had
an m/z 2200~3200, which was 100 lager than TPGS2000,
which also proved that the succinic aside and TPGS2000
were successfully conjugated. The hydrogen spectrum of the
synthesized TPGS2000-DOX conjugate had several charac-
teristic signals of DOX, namely, the H 7.90 (d, 2H), 7.64
(d, 1H), 5.50 (s, 1H), and 3.99 (s, H) signals. Additionally,
the synthesized conjugate had the characteristic PEG 6H
3.51 (brs, 176H, OCH,CH,0) peak, indicating that DOX
had been successfully linked to TPGS2000 (Figure 2A). The
FT-IR spectrum of the TPGS2000-DOX conjugate showed
characteristic peaks of an amide-linked structure at
16552 cm ' and 1578.3 ecm ' (Figure 2B). The results
confirmed that DOX was successfully linked to the car-
boxylic group (-COOH) of TPGS2000 via the formation of
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Figure 2 (A) IH-NMR spectrum of TPGS2000-DOX conjugate. (B) FT-IR spectrum of TPGS2000-DOX. (C) Mass spectrum of TPGS2000-DOX. (D) IH-NMR spectrum of

CTPGS. (E) Mass spectrum of CTPGS.
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an amide bond. Furthermore, the analysis of the mass spec-
tra showed that the molecular weight distribution of the
TPGS2000-DOX conjugate ranged between 2400 and
3800 Da, with an average relative molecular mass of
approximately 3131.1868 Da (Figure 2C). The data obtained
by the chemical analyses were in good agreement with the
theoretical values, which indicates that the coupling of DOX
to TGPS2000 was successful.

Preparation and Characterization of

TPGS2000-DOX Micelles

TPGS2000-DOX has poor water solubility and cannot spon-
taneously form micelles. In this study, the low toxicity surfac-
tant, Solutol HS15, was used to prepare the TPGS2000-DOX
mixed nanomicelles using the thin-film dispersion method.
The size of the particles and the results obtained from the zeta
potentiometer analyzer are depicted in Figure 3A and B. The
particle size of the drug-loaded micelles was 24.9 + 0.72 nm
and the polydispersity index was 0.259. The zeta potential of
the micelles was —2.86 + 0.12 mV.

The results of the morphological characterization by
TEM (Figure 3C) revealed that the prepared micelles were
generally spherical, with a uniform size distribution. The
drug-loaded micelles appeared to be small and had

a narrow size distribution.

In vitro Drug Release

The conditions of drug release in the blood circulation and
the intracellular compartment of the tumor cells were simu-
lated in the in vitro drug release experiments. The drug
release of the TPGS2000-DOX micelles was determined
using buffer solutions at pH 7.4 and pH 5.0 (Figure 3D).
Under the condition of physiological environment pH 7.4,
after 96 h, the cumulative release of DOX in micelles is only
20%, indicating that micelles have a slow-release effect and
can exist stably in blood circulation. In the pH 5.0 system,
red precipitation was observed gradually. As time went by,
the precipitation increased, indicating that the micelles could
not exist stably for a long time in the pH 5.0 system, and
were destroyed to release DOX. The release of DOX could
be attributed to the fact that the amide bonds break easily in
an acidic condition.

Cellular Uptake of DOX-Loaded Micelles
The cellular uptake of DOX and TPGS2000-DOX micelles
was studied using MCF-7 and MCF-7/ADR cells. The rela-
tive fluorescence intensity of DOX uptake was studied qua-
litatively and quantitatively by flow cytometry and CLSM.

Flow cytometry was used to quantitatively evaluate the
cellular uptake of DOX and TPGS2000-DOX micelles
(Figure 4A and B). Following incubation with MCEF-7
cells for 1 h, the fluorescence intensity of DOX was lower

A
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Figure 3 (A) Zeta potential distribution of TPGS2000-DOX micelles. (B) Size distribution of TPGS2000-DOX micelles. (C) Transmission electron micrographs of
TPGS2000-DOX micelles. (D) Drug release of TPGS2000-DOX micelles at pH = 7.4 and pH = 5.0.
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than that of the TPGS2000-DOX micelles (P < 0.01). In
contrast, the fluorescence intensity of DOX was significantly
higher than that of the TPGS2000-DOX micelles following
incubation with MCF-7 cells for 4 h (P<0.05). The fluores-
cence intensity of the DOX group was approximately 1.11-
fold higher than that of the TPGS2000-DOX group follow-
ing incubation with MCF-7/ADR cells for 1 h (P < 0.05).
When incubated with MCF-7/ADR cells for 4 h, there was
no significant difference in the fluorescence intensity
between the DOX group and the TPGS2000-DOX group.
The alterations in fluorescence intensity could have been
induced by the efflux of DOX by P-gp.

To further explore the mechanism of internalization of
the drug-loaded micelles, all cells were stained blue with
DAPI and studied by CLSM. In MCF-7 cells, the intracel-
lular red fluorescence of the DOX group was high in the
DOX channel and the overlapping channels showed dis-
tinct purple fluorescence following 4 h of incubation. This
indicated that DOX was distributed in the entire intracel-
lular compartment and primarily localized in the nucleus.
However, the TPGS2000-DOX micelles were primarily
localized in the cytoplasmic compartment, under the
same conditions. In the MCF-7/ADR cells, strong red

fluorescence was observed on the cell membrane of the

A

MCEF-7 cells

Incubation time: 1 h Incubation time: 4 h

MCF-7/ADR cells

MCF-7 cells W m0s0000X s
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DOX

TPGS2000-DOX micelles

MCEF-7

MCEF-7/ADR

Figure 4 In vitro cell uptake studies. (A) CLSM micro images. (B) Flow cytometry analyses (*P < 0.05; ***P < 0.01). (C) The mean fluorescence intensity for cell
internalization of free DOX and TPGS2000-DOX micelles after incubation with MCF-7 and MCF-7/ADR cells for 4h.
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DOX group (Figure 4C). It showed that DOX is mainly
located on the cell membrane after being effluxed. And in
the TPGS2000-DOX micelles, there was no obvious red
fluorescence on the cell membrane in the DOX channel,
and the overlapping channel showed that the micelles were
mainly located in the cytoplasm and were not recognized
and discharged by P-gp.

In vitro Cytotoxicity

The in vitro cytotoxicity of the TPGS2000-DOX micelles,
TPGS2000-DOX conjugates, DOX, and the blank micelle
carriers was determined (Figure 5A—C). The results
demonstrated that these substances had inhibitory effects
on the growth of the MCF-7, MCF-7/ADR, and A549 cell
lines.

The cytotoxicity of the TPGS2000-DOX micelles was
higher than that of DOX and conjugated DOX, over
a concentration range of 5 to 20 pg/mL, in the MCF-7 (P
< 0.05) and A549 cell lines (P < 0.01) (Figure 5A and C).
Although the blank carrier control showed some inhibitory
effects, the inhibitory effect of the TPGS2000-DOX
micelles was significantly greater than that of the blank
carrier (concentration of 0.01 to 10 ug/mL: P < 0.01, the
concentration of 20 pg/mL: P < 0.05). As shown in
Figure 5, the changes in the concentration of blank micelle
carrier from 1 pg/mL to 5 pg/mL (concentration of DOX
equivalent) had led to a significant reduction in cell viabi-
lity. The micelle vectors used to prepare the TPGS2000-
DOX micelles significantly showed cell cytotoxicity,
which might be due to the concentration of vectors,
which caused the change of cell osmosis pressure. The
TPGS2000-DOX conjugates were less cytotoxic than
TPGS2000-DOX micelles because they were administered
in the form of a mixed suspension. This led to the con-
jugates being mostly deposited at the bottom of the plate,
which made intracellular entry difficult and subsequently
resulted in reduced cytotoxicity.

The resistance of the MCF-7/ADR cell line to DOX
was considerably apparent, and cell viability was approxi-
mately 50% even when the concentration of DOX was
nearly 80 pg/mL (Figure 5B). However, the TPGS2000-
DOX micelles were more cytotoxic than DOX, at the same
concentration (concentration of 0.1 pg/mL: P < 0.05, con-
centration of 1 to 80 pg/mL: P < 0.01). Furthermore, the
cytotoxicity of the TPGS2000-DOX conjugates to the
ADR cell line was significantly lower than that of the
DOX (P < 0.01). This could be presumably attributed to
the slow rate of release of DOX, and the efficacy of DOX
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Figure 5 The in vitro cell toxicity of DOX-Sol, TPGS2000-DOX conjugates,
TPGS2000-DOX micelles and blank carriers against MCF-7 (A), MCF-7/ADR (B)
and A549 cells (C).

was further reduced owing to efflux by P-gp. In general,
although the DOX-loaded micelles are less toxic to cancer
cells than DOX, they have better selectivity to protect
normal cells from DOX-induced damage.

The half-maximal inhibitory concentration (IC50)
values of the different formulations of DOX and the
blank micelle carriers were calculated to determine the
in vitro antitumor effect in Table 1. The IC50 value of
DOX was lower than that of TPGS2000-DOX micelles in
normal MCF-7 and A549 cell lines. One possible reason
for this observation was that the TPGS2000-DOX micelles
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Table | IC50 Values of Different DOX Formulations and Blank
Carriers Against A549, MCF-7 and MCF-7/ADR

Formulations 1Cso (ng/mL)

A549 | MCF-7 | MCF-7/ADR
DOX-Sol 0.088 0.043 61.55
TPGS2000-DOX conjugates 5.6 10.46 226.41
TPGS2000-DOX micelles 0.755 0.36 1.721

Table 2 The Resistant Index and the Reversal Factor of
TPGS2000-DOX Micelles

Formulation RI RF

DOX-Sol
TPGS2000-DOX micelles

1431.4

4.78 35.76

primarily entered the cells via endocytosis, which was
slower than the passive diffusion of DOX. However, the
release rate of the prototype drug, DOX, from the DOX-
loaded micelles was slow owing to the mechanism by
which DOX was linked during loading. The effective
intracellular concentration of the DOX-loaded micelles
remained relatively low. The IC50 of the TPGS2000-
DOX micelles was significantly lower than that of DOX
in the MCF-7/ADR cells. These results, combined with the
results provided in Table 2, revealed that the drug resis-
tance index of the TPGS2000-DOX micelles to MCF-7/
ADR cells was 4.78, and the reverse drug resistance factor
of DOX was 35.76. This indicated that the DOX-loaded
micelles effectively reversed the MDR of tumor cells to
DOX. Additionally, the IC50 value of the blank micelle
carriers was low, which was consistent with the results of
the cellular activity inhibition assays.

TPGS2000-DOX Micelles Induced
Apoptosis

The percentages of living cells, early apoptotic cells, late
apoptotic cells, and necrotic cells following treatment with
different concentrations of DOX and TPGS2000-DOX
micelles were different (Figure 6A and B). The results
demonstrated that, as the concentration of DOX and DOX-
loaded micelles increased, the sum of the percentages of
apoptotic and necrotic cells increased accordingly. These
observations, together with the inhibitory activity of DOX
on MCF-7/ADR cells, indicated that the cytotoxic effect of
DOX and DOX-loaded micelles on MCF-7 cells was pri-
marily caused by the induction of apoptosis and necrosis.

Additionally, owing to the high expression of P-gp in
MCEF-7/ADR cells, the TPGS2000-DOX micelles had
a greater effect on the induction of apoptosis than DOX
(P < 0.01). Moreover, the increase in the rate of apoptosis
induced by the TPGS2000-DOX micelles was primarily
attributed to late apoptosis. This indicated that the
TPGS2000-DOX micelles induced the forward transition
from early apoptosis to late apoptosis. As early apoptosis
is reversible and late apoptosis is irreversible, it is bene-
ficial to induce apoptosis in tumor cells by promoting the
transition from early apoptosis to late apoptosis. The effect
was greater when DOX was modified by TGPS and loaded
into micelles.

Effect on Cell Cycle Arrest

The results of cell cycle analysis by flow cytometry are
depicted in Figure 6C. The population distribution of cells
in the G0/G1, S, and G2/M phases of the cell cycle was
(35.08 £3.21) %, (17.26 £ 1.75) %, and (47.66 £ 3.53) %,
respectively, in the control group. When these cells were
treated with the maximum concentration of DOX, the
proportion of cells in the GO/G1 phase decreased signifi-
cantly ((35.08 + 3.21) % to (26.51 £ 3.60) %, P < 0.05),
whereas that in the G2/M phase increased concomitantly
((47.66 + 3.53) % to (5691 = 2.95) %, P < 0.05). In
contrast, when the MCF-7/ADR cells were treated with
the maximum concentration of DOX-loaded micelles, the
GO0/G1 phase was significantly arrested compared with that
in the control ((35.08 + 3.21) % vs (60.46 + 2.74) %, P <
0.01). These results demonstrated that the proliferation of
MCF-7/ADR resistant cells was significantly inhibited at
different stages in the groups that were treated with DOX
and TPGS2000-DOX micelles. The MCF-7/ADR cells
that had been treated with DOX were arrested at the G2/
M phase, which indicated that DOX promoted cell differ-
entiation and induced DNA damage in the differentiation
phase of the cell cycle. The TPGS2000-DOX micelles
prevented the cells from entering the S phases of the cell
cycle, where DNA is replicated and the quantity of DNA
is doubled. This subsequently resulted in the slower
growth rate and decreased proliferative activity of the
MCF-7/ADR tumor cells.

In vivo Antitumor Effects

The therapeutic efficacy of the TPGS2000-DOX micelles
following intravenous administration was evaluated in
nude mice bearing subcutaneous MCF-7 xenografts. The
body weights of the saline group and the group that was
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Figure 6 (A) Apoptosis induction detected by flow cytometry with FITC-Annexin V conjugated with 7ADD staining. (B) Graphical representation of apoptosis in MCF-7/

ADR cells. (C) Cell cycle distribution.

treated with the TPGS2000-DOX micelles remained rela-
tively stable (P > 0.1) (Figure 7A). However, the body-
weight of the nude mice that were treated with DOX
reduced abruptly. Additionally, the quality of the fur was
poor and not glossy during treatment, which could be
attributed to the severe toxicity and side effects of DOX.
The tumor volumes were altered in each group during
treatment (Figure 7B). The tumor volumes in the saline
control group increased rapidly, whereas tumor growth
was inhibited in the other two groups. The average tumor
volumes of the groups that were treated with DOX and
TPGS2000-DOX micelles were 78.03% and 66.56%

(78.03% vs 66.56%, P < 0.05), respectively, at the end of
experimentation compared with those of the saline group.
The tumor inhibition rates of DOX group (the average
tumor weight was 0.84 g) and TPGS2000-DOX micelles
(the average tumor weight was 0.65 g) were 27.60% and
43.88% (27.60% vs 43.88%, P < 0.01), respectively. The
actual tumor photograph was seen in Figure 7C. The
results suggested that the TPGS2000-DOX micelles effec-
tively reduced drug toxicity and significantly improved the
antitumor activity.

Hematoxylin and eosin staining images of the tissue
sections showed that the number of tumor cells and
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Figure 7 The body weight (A) and the tumor volume (B) change of the mice treated with Saline, free DOX and TPGS2000 -DOX micelles over time (*P < 0.05). (C)
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tumor histology were significantly altered following
treatment. The histological images revealed that the
tumor cells in the saline group proliferated more
actively than those in the DOX and TPGS2000-DOX
groups (Figure 7D). The area of apoptotic and necrotic
cells in the tumor sections of the groups that were
treated with DOX and TPGS2000-DOX micelles was

markedly greater than that of the saline group and was
particularly pronounced in the group that was treated
with the TPGS2000-DOX micelles. These results were
consistent with those of the tumor suppression studies.
The results of histological analyses further confirmed
that the TPGS2000-DOX micelles could improve the
antitumor activity of the drug.
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In vivo and in vitro Fluorescence Imaging
An in vivo fluorescence imaging system was used to study
the in vivo distribution of DOX and TPGS2000-DOX
micelles and the in vitro retention of tissues. In the group
that received DOX, fluorescence was observed at the
tumor site after 30 min of injection and was distributed
throughout the body of the nude mice 8 h after injection
(Figure 7E). It was also observed that the fluorescence
intensity altered irregularly over time and DOX was either
easily dispersed to the other tissues or excreted following
metabolism, which confirmed that the tumor-targeting
activity of DOX was weak. The fluorescence of the
TPGS2000-DOX micelles was localized at the tumor site
2 h after injection and the intensity reached a peak of 4
h after injection. This phenomenon was attributed to the
fact that nano-sized micelles can easily permeate into
leaky blood vessels and are retained in the tumor site via
the EPR effect.” As TPGS2000-DOX micelles are gra-
dually metabolized, the intensity of fluorescence decreases
at a corresponding rate. The results of in vivo fluorescence
imaging demonstrated that the tumor localization of the
TPGS2000-DOX micelles was more pronounced than that
of DOX, indicating a certain degree of tumor-targeting of
the TPGS2000-DOX micelles.

To further investigate the distribution of DOX and
TPGS2000-DOX micelles in the organs and tumors, all
tumors and major organs were excised 24 h after injection
for further in vitro experiments and fluorescence imaging
(Figure 7F). The fluorescence intensity indicated that the
accumulation of TPGS2000-DOX micelles in the tumors
was greater than that of DOX. The results further con-
firmed that the duration of the circulation of the
TPGS2000-DOX micelles was prolonged, and their accu-
mulation at the tumor site was augmented, compared with
DOX. In addition to the tumors, the hepatic tissues exhib-
ited fluorescence in both the DOX and TPGS2000-DOX
groups, and the liver tissues of the DOX group exhibited
a stronger fluorescence intensity than those of the
TPGS2000-DOX group. This could be attributed to the
centralization and metabolism of drugs at high concentra-
tions in the liver. This result also demonstrated that the
TPGS2000-DOX micelles could target tumor sites and
reduce the concentration of the drug in the normal tissues,
indicating that the TPGS2000-DOX micelles maximize
therapeutic efficacy and reduce the toxic side effects
of DOX.

Discussion

DOX has a strong antitumor activity, however, the MDR
of tumor cells induced by the long-term administration of
DOX affects its efficacy. The preparation of DOX prodrug
micelles can reverse the MDR of tumors via the use of
appropriate carrier materials. Although the TPGS2000-
DOX prodrug can ameliorate the MDR of tumor cells to
DOX, it has poor water solubility and is difficult to admin-
ister clinically. In this work, in addition to enhancing the
water solubility of TPGS2000-DOX, Solutol HS15 also
can reverse the MDR of tumors.** According to reports,
mixed nanomicelles that carried a positive charge on the
surface could easily interact with the proteins in the blood
serum, thereby reducing the efficacy of the drug.*> The
TPGS2000-DOX micelle carries a negative charge, which
ensures its stability in the blood. Additionally, particles
with sizes of 10-200 nm can gather in solid tumors using
the strong penetration and interception effect of tumor
tissues and play a passive targeting role.**™*® In the
in vitro drug release experiments of TPGS2000-DOX
micelles, the DOX prototype drug dissociates from the
micelles at pH 5.0. This indicated that TPGS2000-DOX
was prone to hydrolysis and cleavage under acidic condi-
tions owing to the presence of an amide bond. This
implied that the DOX-loaded micelles became unstable
in the intracellular compartment of tumor cells, where
the loaded DOX could be effectively released. In sum-
mary, the results suggested that the TPGS2000-DOX con-
jugate existed stably in the weakly alkaline environment of
normal tissues and could accumulate in the tumor site via
the EPR effect, where the loaded DOX was effectively
released in the acidic environment of tumor cells as pH-
sensitive micelles reported.*”>* The mechanisms of inter-
nalization of the drug-loaded micelles had been explored
by flow cytometry and CLSM. First, both assays show that
the tumor cells MCF-7 and MCF-7/ADR had the efflux of
DOX. It was also observed that the intracellular accumula-
tion of DOX was high, which explained the corresponding
increase in fluorescence intensity when the duration of
incubation was increased. However, in the MCF-7/ADR
cell line, with high P-gp expression, the fluorescence
intensity treated with DOX decrease significantly as the
duration of incubation was increased, owing to the efflux
of DOX by P-gp. In contrast, the fluorescence intensity of
the group that was treated with TPGS2000-DOX micelles
remained considerably high over time, as the TPGS2000-
DOX micelles could bypass recognition by P-gp and enter
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the tumor cells. As the micelles were primarily interna-
lized into the cells by endocytosis, the TPGS2000-DOX
micelles were largely distributed in the cytoplasm, which
was consistent with the results observed in CLSM herein.
These results, combined with those of in vitro drug
release, revealed that the release of DOX continued at
a low rate after 4 h of incubation. The accumulation of
DOX on the cell membrane could be attributed to the
efflux of DOX by P-gp before nuclear entry. DOX was
able to enter the ADR tumor cells that were treated with
the TPGS2000-DOX micelles and were well-dispersed
throughout the intracellular compartment owing to its
inhibitory effect on P-gp. These results confirm that the
micelles are primarily internalized into the tumor cells by
endocytosis. These results reveal that the TPGS2000-DOX
micelles can effectively evade efflux by P-gp and reverse
the MDR of tumor cells to DOX.

It is worth pondering that the blank carriers also show
a certain degree of toxicity to cells. Previous studies have
demonstrated that Solutol HS15 is not merely an inert
compound, and may reverse ADR and alter the permeabil-
ity of the cell membrane.’'->* The cytotoxicity of the blank
vectors could be attributed to the fact that high concentra-
tions of lipids alter the permeability of the cell membrane,
which can subsequently lead to cell death. Therefore, the
carrier materials used to prepare the micelles might confer
better biosecurity at low concentrations than that at high
concentrations.

Conclusion

In this study, we designed and synthesized a DOX pro-
drug, TPGS2000-DOX, by directly conjugating the hydro-
phobic DOX to a very short chain PEG, TPGS2000, which
was synthesized using PEG2000 and VES. The activated
TPGS2000 was subsequently conjugated to DOX via an
amide bond to form the TPGS2000-DOX prodrug.
comprising TPGS2000-DOX and
Solutol HS15, was developed to prepare particles of

A mixed micelle,

appropriate size, good uniformity, and stability. The results
of in vivo imaging demonstrated that the TPGS2000-DOX
micelles could effectively target DOX to the tumor site.
The TPGS2000-DOX micelles were relatively stable in
PBS at pH 7.4 without any burst release. It was observed
that the TPGS2000-DOX micelles bypassed the P-gp-
mediated efflux of DOX, leading to the accumulation of
DOX in the cytoplasm of resistant MCF-7/ADR cells.
Additionally, the results of in vitro antitumor assays
demonstrated that the cytotoxicity of the TPGS2000-

DOX micelles was significantly higher than that of DOX.
The results of in vivo tumor suppression in nude mice
bearing MCF-7 tumors suggested that the therapeutic effi-
cacy of the TPGS2000-DOX micelles was greater than
that of DOX and could achieve better safety based on
the changes in body weights. However, there was no sig-
nificant difference between the tumor volumes of
TPGS2000-DOX micelles and DOX groups. This could
be primarily attributed to the fact that TPGS2000 was
directly coupled to DOX to form the TPGS2000-DOX
micelle, which might have suppressed the effective release
of DOX at the tumor site.
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