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Abstract: Genistein is one of the most studied isoflavonoids with potential antitumor efficacy,
but its poor water solubility limits its clinical application. Nanoparticles (NPs), especially biode-
gradable NPs, entrapping hydrophobic drugs have promising applications to improve the water
solubility of hydrophobic drugs. In this work, TPGS-b-PCL copolymer was synthesized from
e-caprolactone initiated by d-o-tocopheryl polyethylene glycol 1000 succinate (TPGS) through
ring-opening polymerization and characterized by Fourier transform infrared spectroscopy,
proton nuclear magnetic resonance spectroscopy, gel permeation chromatography, and thermo-
gravimetric analysis. The genistein-loaded NPs were prepared by a modified nanoprecipitation
method and characterized in the aspects of particle size, surface charge, morphology, drug
loading and encapsulation efficiency, in vitro drug release, and physical state of the entrapped
drug. The TPGS-b-PCL NPs were found to have higher cellular uptake efficiency than PCL NPs.
MTT and colony formation experiments indicated that genistein-loaded TPGS-5-PCL NPs
achieved the highest level of cytotoxicity and tumor cell growth inhibition compared with
pristine genistein and genistein-loaded PCL NPs. Furthermore, compared with pristine genistein
and genistein-loaded PCL NPs, the genistein-loaded TPGS-b-PCL NPs at the same dose were
more effective in inhibiting tumor growth in the subcutaneous HeLa xenograft tumor model in
BALB/c nude mice. In conclusion, the results suggested that genistein-loaded biodegradable
TPGS-b-PCL nanoparticles could enhance the anticancer effect of genistein both in vitro and
in vivo, and may serve as a potential candidate in treating cervical cancer.

Keywords: nanomedicine, genistein, TPGS-b-PCL, drug delivery, anticancer effect,
cytotoxicity

Introduction

Although great progress has been made in prevention, early diagnosis, and treatment,
cancer will remain a leading human health problem, causing an increase in the percent-
age of morbidity and mortality both in developed and developing countries. Cervical
carcinoma is mainly caused by human papillomavirus (HPV) and is the third most
common cancer in women all over the world. Because of cancer screening tests and
vaccine, cervical cancer has relatively low mortality in Western countries. However,
it is still the leading cause of cancer death in women in developing nations.!

Many kinds of natural compounds derived from traditional Chinese medicine
have been confirmed to have antitumor properties and also have little or no toxicity
compared with synthetic chemicals.? Flavonoids, including isoflavones, are natural
polyphenolic compounds present ubiquitously in many plants and have antioxidant,
anti-inflammatory, and antitumor properties.>* Genistein (4’,5,7-trihydroxyisoflavone,
Figure 1) is one of the most abundant and best studied soy isoflavones and has received
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Figure | The molecular structure of genistein.

great attention for its many physiological functions, including
potential antitumor activity.>® Recent studies have indicated
that genistein could inhibit tumor cell growth and prolifera-
tion, arrest cell cycle at G2/M phase, suppress tumor migra-
tion, invasion, and angiogenesis, and induce apoptosis and
autophagocytosis.”!"' However, the clinical use of genistein
for cancer therapy was hindered by its poor water solubil-
ity and oral bioavailability. The emerging applications of
nanotechnology-based cancer therapy provide a potent
platform to improve poor water solubility and bioavailability
of hydrophobic antitumor agents.'*'?

Recently, nanoparticle (NP)-based anticancer drug deliv-
ery systems, especially drug formulations with biodegradable
polymeric NPs, have attracted considerable attention for their
numerous advantages such as high cellular uptake, enhanced
permeability and retention effect, and reduced cancer cell
drug resistance.'*!'” Among the US Food and Drug Admin-
istration (FDA)-approved biodegradable polymers, poly(e-
caprolactone) (PCL) has gained considerable interest for drug
delivery. However, its slow degradation rate and bad compat-
ibility with soft tissues limit its application in nanomedicine.
These drawbacks could be solved by copolymerizing PCL
with other monomers, such as an amphiphilic water-soluble
PEGylated derivative of natural vitamin E (D-o-tocopheryl
polyethylene glycol 1000 succinate [TPGS]), which is also
approved by the FDA.'#2! Other than being an excellent emul-
sifier, TPGS itself has been reported to have anticancer effi-
cacy because of its function as an inhibitor of P-glycoprotein
to surmount multidrug resistance in tumor cells.?>*

In this work, the TPGS-b-PCL copolymer was synthe-
sized and characterized. The genistein-loaded NPs were
prepared with a modified nanoprecipitation method instead
of solvent extraction/evaporation method and characterized.
Compared with the NPs prepared by the solvent extraction/
evaporation method, the current NPs were much smaller.
The novel nanoformulations had higher cellular uptake and
could accumulate at the tumor site preferentially due to their
enhanced permeability and retention effects. Furthermore,
this kind of NPs used as drug carriers have other advantages,
such as more reasonable pharmacokinetics and more desirable

biodistribution as well as easy industry application.'>* Also,
the efficacy of genistein-loaded TPGS-5-PCL NPs on human
cervical carcinoma was investigated both in vitro and in vivo,
in close comparison with pristine genistein and genistein-
loaded PCL NPs. These results suggest that genistein-loaded
TPGS-b-PCL nanoformulation has potential application in
human cervical cancer therapy.

Materials and methods

Materials

PCL (MW, 14,000 Da), e-caprolactone (¢-CL), TPGS, stannous
octoate (Sn(Oct),), methanol (HPLC [high-performance liquid
chromatography]-grade), genistein powder with about 98%
purity (HPLC-grade), coumarin-6, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 4’,6-
diamidino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Dulbecco’s Modified
Eagle’s Medium (DMEM) and fetal bovine serum were
obtained from Gibco BRL (Invitrogen Co, Carlsbad, CA,
USA). Human cervical carcinoma cell line HeLa cells were
kept by our laboratory.

Synthesis and characterization of TPGS-b-

PCL copolymer

Synthesis of TPGS-b-PCL copolymer was carried out through
ring-opening polymerization, as previously described.!®%¢
The reaction route scheme is shown in Figure 2. In brief,
e-CL (1.63 g, 14.3 mmol), TPGS (0.15 g, 0.1 mmol), and
catalyst Sn(Oct), (0.02 g, 8 uL) were added in a dried flask,
which was connected to a vacuum system, evacuated, refilled
with nitrogen gas, and sealed. Then the flask was heated in
an oil bath at 160°C and the mixture was allowed to react
overnight. After cooling to room temperature, the product
was dissolved in dichloromethane and then precipitated in
excess cold methanol to remove any impurity. Thereafter,
the crude product was collected by filtration and washed
twice with methanol to remove the oligomer and unreacted
monomer. Finally, the synthetic TPGS-b-PCL copolymer
was dried under vacuum at 40°C for 24 hours.

The molecular structure of TPGS-b-PCL copolymer was
investigated using Fourier transform infrared (FTIR) spec-
trophotometer (Thermo Nicolet; Thermo Fisher Scientific,
Waltham, MA, USA). The structure of synthesized TPGS-b-
PCL copolymer was verified by a nuclear magnetic resonance
("H-NMR) spectrometer (Bruker ACF 300; Bruker Instru-
ments Inc., Billerica, MA, USA) using CDCI, as a solvent.
Gel permeation chromatography (GPC) was carried out to
determine the weight-averaged molecular weight and weight
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COO(CH,CH,0) H
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160°C, N,, 12 h

O
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COO(CH,CH,0) ~[C(CH,).] .—OH

(CH,),

TPGS

TPGS-b-PCL copolymer

Figure 2 Schematic description of the synthesis of TPGS-b-PCL diblock copolymer.

Abbreviations: e-CL, e-caprolactone; h, hours; PCL, poly(e-caprolactone); TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.

distribution of the copolymer. The thermal property of the
TPGS-b-PCL copolymer was measured by thermogravimet-
ric analysis (TGA; TGA 2050 thermogravimetric analyzer,
PerkinElmer Inc., Waltham, MA, USA).

Formulation and characterization

of genistein-loaded nanoparticles

Genistein-loaded PCL and TPGS-b-PCL NPs were prepared
by a modified nanoprecipitation method, as previously
described.??” In short, 10 mg of genistein and 100 mg of
PCL polymer or TPGS-b-PCL copolymer were dissolved
in 8 mL of acetone. Then the dissolved mixture was slowly
added into 100 mL of 0.03% (w/v) TPGS aqueous solution
using a 1 mL injector, under stirring. After stirring overnight
at room temperature to completely remove acetone, the
suspension was centrifuged at 20,000x g for 15 minutes and

then washed three times to remove the emulsifier TPGS and
unencapsulated genistein. Finally, the resulting NPs were
dispersed in 10 mL of water and lyophilized for further use.
The preparation of fluorescent coumarin-6-loaded PCL and
TPGS-b-PCL NPs was by the same method except for 1 mg
of coumarin-6 instead of genistein.

The particle size, size distribution, and zeta potential
of NPs were determined by dynamic light scattering (Zeta-
sizer Nano ZS90; Malvern Instruments, Malvern, UK).
All measurements were taken at 25°C. The morphology of
genistein-loaded TPGS-b-PCL NPs was observed by a field
emission scanning electron microscopy (FESEM) using a
JEOL JSM-6301F (JEOL, Tokyo, Japan) system operated
at a 5.0 kV accelerating voltage and further examined by
transmission electron microscopy (TEM; Tecnai G2 20, FEI
Company, Hillsboro, OR, USA).
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Drug loading (DL) and encapsulation efficiency (EE)
of genistein-loaded PCL NPs and TPGS-b-PCL NPs were
determined using HPLC (LC 1200, Agilent Technologies,
Santa Clara, CA, USA) as follows. Briefly, 5 mg of lyo-
philized genistein-loaded NPs was dissolved in 100 puL
of dichloromethane and then diluted with methanol. After
passing through a 0.45 um filter to remove precipitation,
the clear solution was subjected to HPLC analysis using a
reverse-phase C-18 column (150x4.6 mm; pore size, 5 um;
Agilent Technologies) at 25°C to determine the amount of
encapsulated genistein at 262 nm. Methanol/water (60/40,
v/v) was used as the mobile phase at a flow rate of 1 mL/min.
The amount of genistein was calculated according to a stan-
dard genistein sample. The DL and EE of genistein in NPs
were calculated as follows:

Actual amount of genistein in NPs
Amount of NPs

Actual DL
Theoretical DL

DL% = x100%

EE% = x100%

Differential scanning calorimetry (DSC Q2000 thermo-
gravimetric analyzer, PerkinElmer Inc.) was carried out to
determine the physical status of genistein inside the NPs. The
pristine genistein, blank NPs, or genistein-loaded NPs were
purged with dry nitrogen at a flow rate of 20 mL/min, and
the temperature was raised at a rate of 10°C/min.

In vitro drug release profiles of genistein-loaded PCL
and TPGS-b-PCL NPs were investigated by a dialysis
method as described previously.'®?® In brief, 10 mg of
lyophilized genistein-loaded NPs was resuspended in
1 mL of releasing buffer (PBS [phosphate-buffered saline]
containing 0.1% w/v Tween-80) and transferred into a
dialysis tube (MWCO =3.5 kDa and the dialysis area is
1 cm?). Subsequently, the dialysis tubes were immersed
into a centrifuge tube containing 10 mL of releasing buf-
fer and incubated at 37°C with gentle shaking (120x g).
At designated time intervals, the entire release buffer was
collected and replaced with prewarmed fresh release buf-
fer. The released genistein was quantified using HPLC in
terms of DL and EE.

Cell culture

Human cervical carcinoma cell line HeLa cells were
cultured in DMEM supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin
at 37°C in a humidified atmosphere containing 5% carbon
dioxide.

Cellular uptake of NPs

Because coumarin-6 could serve as fluorescence, it was
encapsulated into PCL NPs and TPGS-b-PCL NPs to quan-
titatively and qualitatively evaluate the cellular uptake of
NPS.29—3]

For quantification of PCL NPs and TPGS-b-PCL NPs
uptake by HeLa cells, the cells were seeded in a 96-well
black culture plate at an initial density of 2x10* cells/well
and cultured overnight. Then the medium was removed
and incubated with fresh medium containing 100, 250, and
500 pg/mL coumarin-6-loaded PCL NPs or TPGS-bh-PCL
NPs for further 2 h. Subsequently, the cells were washed and
lysed with 50 uL of 0.2 N NaOH (containing 0.5% Triton
X-100), and the fluorescence intensity was determined by
a microplate reader (GENios, Tecan, Switzerland) with
excitation wave length at 430 nm and emission wave length
at 485 nm.

For qualitative observation, HeLa cells were seeded
onto coverslips in a six-well plate at a density of 2x10°.
After 24 hours of attachment, the medium was replaced
with fresh medium containing coumarin-6-loaded NPs at a
concentration of 250 ug/mL for 4 hours. Then the cells were
washed three times with cold PBS, fixed by cold methanol
for 20 minutes, and further washed twice with PBS, and
the nuclei were counterstained with DAPI for 10 minutes.
Finally, the cells were mounted on microscope slides using
fluorescent mounting medium and imaged using a confocal
laser scanning microscope (Olympus Fluoview FV-1000,
Tokyo, Japan).

Cytotoxicity assay

The in vitro cytotoxicity assay of pristine genistein, genistein-
loaded PCL NPs, and TPGS-bh-PCL NPs were performed on
HeLa cells using the MTT method. In brief, HeLa cells were
plated in 96-well transparent plates at an initial density of
2x10* cells/well. After 24 hours of attachment, the medium
was replaced with fresh medium containing genistein-loaded
NP suspensions or pristine genistein at final concentrations
of 5.0, 10.0, 20.0, and 40.0 pg/mL equivalent genistein or
drug-free NP suspension with the same amount of NPs for
24,48, and 72 hours. At the designed time intervals, the cell
viability was measured using MTT assay standard protocol
at 570 nm using a microplate reader (Bio-Rad Model 680;
Bio-Rad Laboratories Inc., Hertfordshire, UK). IC, ,
concentration at which 50% of cell growth is inhibited, was
measured at final concentrations of 5.0, 10.0, 20.0, 30.0,
40.0, 60.0, and 80.0 pg/mL equivalent genistein for 24, 48,
and 72 hours.

the drug
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Colony formation analysis

HeLa cells were cultured in a six-well plate at an initial density
of 500 cells/well and were allowed to attach for 24 hours. After
preincubation, the medium was incubated with fresh medium or
fresh medium containing genistein-loaded PCL or TPGS-5-PCL
NP suspensions or pristine genistein at final concentrations of 10
pg/mL equivalent genistein or drug-free NP suspension with the
same amount of NPs for 48 hours. Then, the cells were washed
three times with prewarmed PBS and recultured in fresh DMEM
for another 10 days. Finally, the cells were stained with crystal
violet and images were captured using a digital camera.

In vivo anticancer effect

All animal studies were carried out according to the protocols
approved by the Administrative Committee on Animal Research
in Graduate School at Shenzhen, Tsinghua University. Five-
week-old female BALB/c nude mice were purchased from the
Institute of Laboratory Animal Sciences, Chinese Academy of
Medical Science. They were subcutaneously implanted with
7.5x10° HeLa cells/mouse/100 uL at the right flank region.
After inoculation of the HeLa cells, the subcutaneous tumor in
each mouse was closely monitored. The tumor volume can be
calculated from the formula: Tumor volume (mm?) =0.524x
(length) x (width)?>. When the tumor was touchable, the mice
were divided into three groups (five mice per group) and the
in vivo antitumor studies were performed. The HeLa tumor-
bearing female BALB/c nude mice were intraperitoneally
injected with saline (as a control), the genistein-loaded PCL and
TPGS-bH-PCL nanoformulations, or pristine genistein, at a dose
of 50 mg/kg equivalent genistein every other day. Animal body
weights and tumor volumes were measured every other day.
After treatment for 16 days, the animals were humanely killed
by cervical decapitation and tumors were excised and weighted.
The terminal tumor weight (in milligram) was used to evaluate
the anticancer activity of genistein-loaded TPGS-b-PCL NPs.

Statistical analysis

Data were expressed as the mean value + standard deviation
(SD). Statistical analysis was done with one-way analysis of
variance (ANOVA) using the SPSS software. P-values < 0.05
were considered to be statistically significant.

Results and discussion
Synthesis and characterization of TPGS-b-

PCL copolymer
The TPGS-b-PCL copolymer used in this study was prepared
through the ring-opening polymerization of e-CL initiated by

TPGS by using (Sn(Oct),) as the catalyst. Figure 2 schemati-
cally illustrates the general synthetic route.

The FTIR of the TPGS-b-PCL copolymer and TPGS are
presented in Figure 3. The carbonyl band of TPGS appears at
1,739 cm™. For the synthesized diblock copolymer, the carbonyl
band is shifted to about 1,730 cm™', which is different from the
carbonyl bands of PCL at 1,725-1,726 cm™.'33? In the TPGS-
b-PCL spectrum, the bands in the range 2,867-2,949 cm™
are assigned to —CH, stretching band of PCL, and the CH,
stretching band of TPGS at 2,880 cm™ was not observed
because of overlapping with that of TPGS-b-PCL copolymer.
The absorption band at about 3,442 cm™ is due to the terminal
hydroxyl group and that at 1,045-1,297 cm™ is attributed to the
C-O stretching. Of those, the absorption band at 1,242 ¢cm™
is assigned to asymmetric COC stretching. The band at about
1,297 cm™ has been used for the investigation of the crystal-
linity change in PCL.

"H-NMR was carried out to determine the TPGS content,
molecular weight, and structure of the obtained TPGS-b-
PCL copolymer, and the results are presented in Figure 4.
Peaks at 1.39, 1.65, 2.29-2.33, and 4.06 ppm are assigned
to —CH, protons in PCL units.'*** The peak at 3.65 ppm was
assigned to the ~CH, protons of poly(ethylene oxide) part
of TPGS. The lower peaks in the aliphatic region belong to
various moieties of vitamin E tails. The number-averaged
molecular weight (M) of the TPGS-h-PCL copolymer could
be calculated by using the ratio between the peak areas at
3.65 and 4.06 ppm. The M_ of the TPGS-b-PCL copolymer
was determined to be 18,473. The ratio of e-CL and TPGS

— TPGS-b-PCL
— TPGS

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wave number (cm™)

Figure 3 FTIR spectra of TPGS and TPGS-b-PCL copolymer.
Abbreviations: FTIR, Fourier transform infrared; PCL, poly(e-caprolactone);
TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.
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A

TPGS-b-PCL

R |

TPGS

8 7 6 5 4 3 2 1 ppm

Figure 4 Typical 'H-NMR spectra of TPGS-b-PCL copolymer (A) and TPGS (B).

Abbreviations: 'H-NMR, proton nuclear magnetic resonance; PCL, poly(e-caprolactone); TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.

molecular mass which were integrated into the TPGS-5-PCL
copolymer is 91.81% and 8.19%.

In the GPC analysis (Figure 5A), a monomodal pattern
was observed, indicating that the polymer product is a pure
copolymer not contaminated by PCL and TPGS. The peak
for TPGS appeared at 28.3 minutes. Instead, the peak of
the TPGS-bH-PCL copolymer shifted to 17.9 minutes. The
polydispersity of the copolymer molecular weight was about
1.08. The M_ calculated from the GPC chromatograph was
20,791, which is in good agreement with the results of
"H-NMR studies.

To investigate the thermal properties of the synthesized
copolymer, TGA was performed. As shown in Figure 5B,
there are two typical stages of weight loss for TPGS-b-
PCL diblock copolymer, whereas the TPGS monomer
has only a single step of weight loss. Each turning point

A

—— TPGS-b-PCL 283

— TPGS

17.9

VANS

10 15 20 25 30
Run time (min)

Figure 5 Characterization of TPGS-b-PCL copolymer.

marked the combustion of a new component in the

copolymer.'832

Preparation and characterization of
genistein-loaded PCL and TPGS-b-PCL

NPs

Genistein was encapsulated by PCL and TPGS-6-PCL to
improve the drug’s poor water solubility. As described
previously,?*? genistein-loaded PCL and TPGS-b-PCL NPs
were prepared by a modified nanoprecipitation method using
acetone as the solvent and TPGS as the emulsifier. Then the
NPs were characterized in detail.

Particle size, size distribution, and zeta potential
As reported previously, the NP size and surface chemistry
influence absorption, biodistribution, and pharmacokinetics of

B 100
— TPGS-b-PCL
801 — TPGS
= 60-
pre)
L
2
o 404
=
20
0 T o T T T - 1
100 200 300 400 500 600

Temperature (°C)

Notes: (A) Typical gel permeation chromatograms of TPGS and TPGS-b-PCL diblock copolymer; (B) thermogravimetric profiles of TPGS and TPGS-b-PCL copolymer.
Abbreviations: min, minutes; PCL, poly(e-caprolactone); TPGS, D-a-tocopheryl polyethylene glycol 1000 succinate.
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Table | Characterization of nanoparticles

Group Size (nm) Polydispersion ZP (mV) Theoretical drug Drug loading (%) Encapsulation efficiency (%)
(n=5) (n=5) (n=5) loading (%) (n=5) (n=5)

PCL NPs 225.80+3.52  0.291£0.007 —11.29+1.43  9.09 8.21+0.25 90.27+2.72

TPGS-b-PCL NPs  181.83£2.76  0.255+0.005 —-14.70+1.74  9.09 8.69+0.29 95.56+3.24

Abbreviations: NPs, nanoparticles; PCL, poly(e-caprolactone); TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate; ZP, zeta potential.

the drug.*35 As shown in Table 1, the size, size distribution,
and zeta potential of NPs were measured using the dynamic
light scattering. The mean particle size of genistein-loaded
TPGS-b-PCL NPs was 181.83 nm, which was much smaller
than genistein-loaded PCL NPs (225.80 nm). Moreover, the
size distribution of TPGS-5-PCL nanoformulation (polydis-
persity index [PDI] =0.255) was a little narrower than that of
PCL NPs (PDI=0.291). This is because TPGS is an excellent
emulsifier and the TPGS in the TPGS-5-PCL copolymer may
play a self-emulsifying function, reducing surface energy
of the particles to resist coalescence and flocculation of the
particles.’®37 Zeta potential represents the surface charge
of the NP and is a crucial parameter reflecting the stability
of NP suspensions. The high magnitude of zeta potential
suggests strong electrostatic repellent interactions between
NPs and thus sufficient dispersion stability.’*® As shown
in Table 1, the zeta potentials of genistein-loaded PCL and

Intensity (%) O
>

TPGS-b-PCL formulations were —11.29 and —14.70 mV,
respectively. Compared with positive surface charge, the
negative surface charge of both NPs not only indicated the
high stability of NP suspensions but also suggested less
toxicity to normal cells.

Drug loading and encapsulation efficiency

The DL and EE, detected by HPLC, are shown in Table 1.
The percentage of genistein loaded in the PCL and TPGS-
b-PCL NPs were 8.21% and 8.69%, respectively. And the
encapsulation of the PCL NPs was 90.27% and that of the
TPGS-b-PCL NPs was 95.56% (n=5). It could be seen that
TPGS-b-PCL NPs achieved a higher drug EE.

Surface morphology

A high-resolution image of genistein-loaded TPGS-b-PCL
NPs was obtained using FESEM and TEM. As shown

1 10

100 1,000 10,000

Size (d.nm)

Figure 6 FESEM image (A), TEM image (B), and DLS spectra (C) of genistein-loaded TPGS-b-PCL NPs.
Abbreviations: DLS, dynamic light scattering; FESEM, field emission scanning electron microscopic; NPs, nanoparticles; PCL, poly(e-caprolactone); TEM, transmission

electron microscopic; TPGS, D-a-tocopheryl polyethylene glycol 1000 succinate.
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in Figure 6A (FESEM image) and 6B (TEM image), the
genistein-loaded TPGS-b-PCL NPs were in moderate
uniformity with a nearly spherical shape and smooth surface.
Moreover, the particle size was around 170 nm, which was
slightly smaller than that obtained from the dynamic light scat-
tering method (Figure 6C) because of lack of hydration shell
when particle size was determined by FESEM and TEM.

Physical state of genistein in the NPs

To investigate the physical state of genistein in the NPs,
DSC analysis was carried out using pure genistein, genistein-
loaded PCL NPs, and genistein-loaded TPGS-b-PCL NPs.
As shown in Figure 7, the DSC curve of pure genistein
indicated a crystalline state with a melting endothermic
peak at 301.7°C. However, when genistein was encapsulated
into PCL and TPGS-b-PCL NPs, such a peak disappeared,
implying that genistein was essentially in an amorphous or
disordered crystalline phase after having been encapsulated
by both NPs.

In vitro drug release of genistein from PCL NPs

and TPGS-b-PCL NPs

Figure 8 illustrates the in vitro drug release profiles of
genistein-loaded PCL NPs and TPGS-b-PCL NPs in PBS
buffer (pH 7.4) supplemented with 0.1% w/v Tween 80 in
the first 15 days, which exhibited biphasic release patterns.
It could be observed from Figure 8 that the release of
genistein from the drug-loaded PCL NPs and TPGS-b-PCL

TPGS-b-PCL NPs

T e s e el

NPs showed an initial burst of 11.97% and 14.58%, respec-
tively, in the 1st day. In the following days, the cumulative
release of genistein persistently increased. After 15 days’
incubation, the cumulative release of genistein was 48.95%
for PCL NPs and 58.84% for TPGS-b-PCL NPs. It could be
easily concluded that TPGS-b-PCL NPs exhibited a much
faster drug release than did PCL NPs. This is probably
because of the hydrophilic part of the TPGS, which promotes
the uptake and permeation of PBS buffer into the core of NPs
to facilitate drug release.

In vitro cellular uptake of NPs

The internalization of PCL and TPGS-5-PCL NPs into cells
was determined by measuring the cellular uptake of NPs
in vitro. A fluorescent marker coumarin-6-loaded PCL NPs
and TPGS-b-PCL NPs were used to quantitatively and quali-
tatively investigate in vitro cellular uptake of NPs. Human
cervical carcinoma cell line HeLa was chosen. After incu-
bating HeLa cells with 100, 250, and 500 pg/mL coumarin-
6-loaded PCL NPs or TPGS-b-PCL NPs for 2 hours, the
cellular uptake efficiency of both NPs was measured. As
shown in Figure 9A, it could be concluded that the cellular
uptake efficiency of NPs decreased with the increasing con-
centration of NPs, which indicated a saturated and limited
capability of cellular uptake of the nanoparticles. Moreover,
the TPGS-H-PCL NPs exhibited 1.25-, 1.22-, 1.28-fold higher
cellular uptake efficiency than did PCL NPs at the concentra-
tions of 100, 250, and 500 pg/mL, respectively.
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Figure 7 DSC thermograms of the pure genistein, blank PCL NPs, blank TPGS-b-PCL NPs, and genistein-loaded PCL NPs, and TPGS-b-PCL NPs.
Abbreviations: DSC, differential scanning calorimetry; ENDO, endotherm; NPs, nanoparticles; PCL, poly(e-caprolactone); TPGS, D-0i-tocopheryl polyethylene glycol 1000

succinate.
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Figure 8 In vitro release profiles of genistein-loaded PCL NPs and TPGS-b-PCL NPs.
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The cellular uptake of NPs was further visualized by
confocal laser scanning microscopy. Figure 9B shows the
confocal images of HeLa cells after 4 h of incubation with
250 pg/mL coumarin-6-loaded TPGS-b-PCL NPs. The image
in column 1 was from DAPI channel (blue) representing the

nucleus; the image in column 2, obtained from fluorescein
isothiocyanate channel (green), was green fluorescence rep-
resenting coumarin-6; and the image in column 3 was the
merged channels of fluorescein isothiocyanate and DAPI. It
could be easily seen from column 3 that most internalized
coumarin-6-loaded NPs were in the cytoplasm, although some
NPs went into the nucleus, especially into the nucleolus.

In vitro cytotoxicity and cell colony

formation analysis

HeLa cells were used to evaluate the cytotoxicity of pristine
genistein, genistein-loaded PCL and TPGS-b-PCL NPs,
and drug-free PCL and TPGS-b-PCL NPs by the MTT
method. After 24, 48, and 72 hours incubation with pristine
genistein or genistein-loaded PCL NPs and TPGS-b-PCL
NPs suspension at 5.0, 10.0, 20.0, and 40.0 ug/mL equiva-
lent genistein concentrations or drug-free NP suspension
with the same amount of NPs, the cell viabilities are shown
in Figure 10A—C. It could be concluded that 1) the placebo
NPs of PCL and TPGS-b-PCL are biocompatible since
they show little decrease in cellular viability of HeLa cells;
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Figure 9 Cellular uptake of coumarin-6-loaded PCL NPs and TPGS-b-PCL NPs after incubated with Hela cells.
Notes: (A) Uptake efficiency of coumarin-6-loaded PCL NPs and TPGS-b-PCL NPs by Hela cells (*P<<0.05); (B) confocal laser scanning microscopic images of Hela cells

after incubation with the coumarin-6-loaded TPGS-b-PCL NPs. Scale bar 10 um.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; NPs, nanoparticles; PCL, poly(e-caprolactone); TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.
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2) the cytotoxicity of the three genistein formulations
were concentration- and incubation time-dependent; 3) the
nanoformulations of genistein showed greater cytotoxicity
than pristine genistein; 4) compared with pristine genistein
and genistein-loaded PCL NPs, the genistein-loaded TPGS-
b-PCL NPs displayed significant advantages after 48 and 72
h of incubation. It could be seen from Figure 10B and C that
the cell viability of HeLa decreased from 50.81% for pristine
genistein, 44.85% for genistein-loaded PCL NPs, to 41.44% for
genistein-loaded TPGS-5-PCL NPs (a 9.37% and 3.41% more
effective in vitro therapeutic effect) after 48 hours of incubation
and from 40.98% for pristine genistein, 35.38% for genistein-
loaded PCL NPs, to 32.00% for genistein-loaded TPGS-b-PCL
NPs (a 8.98% and 3.38% more effective in vitro therapeutic
effect) after 72 hours of incubation at the drug concentration
0f20.0 ug/mL. Because of the cumulative release of genistein
by NPs, both genistein-loaded PCL NPs and TPGS-b-PCL
NPs exhibited a much higher cytotoxicity than did pristine
genistein. Moreover, due to the degradation of TPGS-b-PCL
NPs releasing TPGS, which has anticancer activity according to
a previous study, genistein-loaded TPGS-b-PCL NPs showed
a better antitumor effect than did genistein-loaded PCL NPs.
The antitumor effects of the three genistein formulations
were further quantificated by the IC,  values from Figure 10.
Table 2 summarizes the IC,, values of HeLa cells incubated
with pristine genistein, genistein-loaded PCL NPs and TPGS-
b-PCL NPs at final concentrations of 5.0, 10.0, 20.0, 30.0,
40.0, 60.0, and 80.0 ug/mL equivalent genistein for 24, 48,
and 72 hours. It was shown that the IC, values for HeLa
cells were 31.3,23.9, and 13.6 pug/mL for pristine genistein,
26.1,16.5,and 7.4 ug/mL for genistein-loaded PCL NPs, and
24.3,13.6, and 5.0 pg/mL for genistein-loaded TPGS-5-PCL
NPs after treatment for 24, 48, and 72 hours, respectively.
That is, drugs encapsulated by the NPs exhibited higher
cytotoxicity. Furthermore, we could conclude that the in vitro
antitumor effects of the three genistein formulations were in
the following order: genistein-loaded TPGS-b-PCL NPs >
genistein-loaded PCL NPs > pristine genistein.

Table 2 IC,; values of pristine genistein, genistein-loaded PCL
NPs, and genistein-loaded TPGS-b-PCL NPs on human cervical
carcinoma cell line Hela after 24, 48, and 72 hours of incubation

Incubation IC,, (ug/mL)

time (hours)  pyistine PCLNPs  TPGS-b-PCL NPs
genistein

24 31.3432 26.1£1.9 24.3+0.6

48 23.9+1.1 16.5+2.7 13.6%1.4

72 13.620.9 7.410.8 5.0+0.8

Abbreviations: IC,, the half maximal inhibitory concentration; NPs, nanoparticles;
PCL, poly(e-caprolactone); TPGS, D-0-tocopheryl polyethylene glycol 1000 succinate.

In order to further examine the cytotoxicity and growth
inhibitory effects of the three genistein formulations on HeLa
cells, colony formation assay was carried out. As shown in
Figure 10D and E, all the genistein formulations significantly
impaired the cell colony formation, with genistein-loaded
TPGS-b-PCL NPs having the strongest effect, while the drug-
free NPs showing no obvious effect. This result is consistent
with that of the cytotoxicity assay.

Anticancer efficacy of genistein in vivo

To compare the antitumor activity of genistein-loaded TPGS-
b-PCL nanoformulation with that of the pristine genistein
in vivo, HeLa cells were subcutaneously inoculated into the
right flank of female BALB/c nude mice. When the tumor
xenografts were touchable, mice were divided to three groups
(n=5 for each group) and injected intraperitoneally every 2
days with saline, pristine genistein, genistein-loaded PCL
NPs, or genistein-loaded TPGS-b-PCL NPs at the genistein
dose of 50 mg/kg. As shown in Figure 11A, all the three
genistein formulations significantly decreased the growth
of HeLa tumor in vivo, with genistein-loaded TPGS-b-
PCL NPs being more effective in comparison with pristine
genistein and genistein-loaded PCL NPs. Moreover, all the
three genistein formulations were well tolerated without sig-
nificant impact on the mice body weight (Figure 11B). After
treatment for 16 days, the mice were humanely killed and
tumors were excised and weighted. As shown in Figure 11C,
compared with saline group, the tumor weight in all the
three genistein formulations-treated groups was significantly
reduced, and the mice treated with genistein-loaded TPGS-
b-PCL NPs exhibited the lightest tumor weight. Further-
more, the images of tumors from each group also indicated
the advantages of genistein-loaded TPGS-5-PCL NPs
versus pristine genistein and genistein-loaded PCL NPs
in repressing tumor growth (Figure 11D). All animal care
and procedures for animal experiments were with approval
from the Administrative Committee on Animal Research in
Tsinghua University.

Conclusion

In this research, biodegradable TPGS-5-PCL NPs entrapping
genistein were prepared using a modified nanoprecipitation
method to treat HeLa cervical carcinoma in vitro and
in vivo. The obtained genistein-loaded TPGS-b-PCL NPs
showed smaller size, higher DL and EE, faster drug release
rate, and higher cellular uptake efficiency and cytotoxicity
than genistein-loaded PCL NPs. All of these could be attrib-
uted to the introduction of the TPGS component into the
PCL polymer, which made the PCL polymer more suitable
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Figure 11 Antitumor effect of genistein formulated in TPGS-b-PCL in comparison with pristine genistein and genistein-loaded PCL NPs (n=5).
Notes: (A) Tumor growth curve of the BALB/c nude mice bearing Hela cells xenograft after administration (*P<<0.05); (B) body weight after administration; (C) weight of
the tumor from each group taken out from the sacrificed mice at the end of the study (*P<<0.05); (D) image of tumor from each group taken out from the sacrificed mice

at the end of the study.

Abbreviations: NPs, nanoparticles; PCL, poly(e-caprolactone); TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.

for drug delivery. Compared with pristine genistein, the
genistein-loaded TPGS-b-PCL NPs were more effective in
the suppression of HeLa cell growth both in vitro and in vivo.
Furthermore, both the genistein formulations did not show
any significant effect on the mice body weight. Therefore, the
prepared genistein-loaded TPGS-b-PCL NPs are an excellent
low-toxic aqueous formulation of genistein with improved
anticancer activity, which may have potential application in
cervical cancer therapy.
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