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Abstract: Poly((D,L)lactic-glycolic)acid—star glucose (PLGA-Glc) polymer-based nanoparticles
(NPs) were fabricated for tumor-targeted delivery of docetaxel (DCT). NPs with an approximate
mean diameter of 241 nm, narrow size distribution, negative zeta potential, and spherical shape
were prepared. A sustained drug release pattern from the developed NPs was observed for
13 days. Moreover, drug release from PLGA-Glc NPs at acidic pH (endocytic compartments
and tumor regions) was significantly improved compared with that observed at physiological
pH (normal tissues and organs). DCT-loaded PLGA-Glc NPs (DCT/PLGA-Glc NPs) exhibited
an enhanced antiproliferation efficiency rather than DCT-loaded PLGA NPs (DCT/PLGA
NPs) in Hep-2 cells, which can be regarded as glucose transporters (GLUTs)-positive cells,
at =50 ng/mL DCT concentration range. Under glucose-deprived (hypoglycemic) conditions,
the cellular uptake efficiency of the PLGA-Glc NPs was higher in Hep-2 cells compared to that
observed in PLGA NPs. Cy5.5-loaded NPs were prepared and injected into a Hep-2 tumor-
xenografted mouse model for in vivo near-infrared fluorescence imaging. The PLGA-Glc NPs
group exhibited higher fluorescence intensity in the tumor region than the PLGA NPs group.
These results imply that the PLGA-Glc NPs have active tumor targeting abilities based on
interactions with GLUTs and the hypoglycemic conditions in the tumor region. Therefore,
the developed PLGA-Glc NPs may represent a promising tumor-targeted delivery system for
anticancer drugs.
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Introduction

Recently, nanosize particulate systems have been widely used in anticancer drug
delivery and cancer imaging. Diverse organic (natural and synthetic) and inorganic
materials have been introduced as the matrix of nanovehicles."”” Among various
organic polymers, poly((D,L)lactic-glycolic)acid (PLGA) is the most popular material
because of its biocompatibility and biodegradability and was approved by the US
Food and Drug Administration. However, PLGA does not possess a tumor targeting
moiety. Therefore, various approaches have been introduced to endow PLGA nano-
vehicles with tumor targeting abilities.®* Among these methods, functional groups
or therapeutics (ie, small chemicals, peptides, and proteins) have been conjugated or
adsorbed onto the surface of PLGA nanovehicles.'*!* Surface modification of PLGA
nanoparticles (NPs) can modulate the in vivo fate of NPs and the antitumor efficacy
of drugs in cancer therapy.'* Recently, the synthesis of a glucose-functionalized
PLGA (PLGA-GIc) polymer via amide bond formation between the amino group
of glucosamine and the carboxylic acid group of PLGA and its application in drug
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delivery have been reported.'*'® Glycosylation of PLGA NPs
can enhance blood compatibility by reducing plasma protein
adsorption and increase the cellular uptake of NPs.!

The rapid growth of a tumor results in increased vascular
permeability, which is used as a passive targeting strategy by
nanocarriers using the so-called “enhanced permeability and
retention (EPR) effect”.!” Moreover, this rapid growth results
in hypoxic conditions in the tumor region and triggers the
activation of several genes. For example, hypoxia-inducible
factor 1 (HIF-1) is upregulated in many malignant tumors.
HIF-1 increases the expression of glycolytic enzymes and
glucose transporters (GLUTs). It is important to note that
the elevated expression of energy-independent GLUTs was
observed in the cellular membrane of many types of cancers
including breast, brain, cervical, colorectal, esophageal,
hepatic, laryngeal, ovarian, and renal carcinomas.'° Along
with the increased expression of GLUTs in cancer cells, neo-
plastic cells are known to accelerate metabolism and increase
ATP requirements. Therefore, cancer cells have high rates
of aerobic glycolysis, inducing the accumulation of lactate
in cancer cells.”’ Due to the increase in lactate secretion,
tumor tissue generally exhibits more acidic extracellular pH
rather than normal physiological organs and tissues. Acidi-
fication of tumor tissue has been widely used for the design
of tumor microenvironment-responsive nanocarriers.?®!
Moreover, a low glucose concentration due to an increase
in aerobic glycolysis in a hypoxic tumor microenvironment
indicates the absence of the highly competitive inhibition of
glucose transport via GLUTSs. Therefore, NPs whose surface
is modified with glucose would preferentially locate in the
tumor region because of GLUTs targeting and EPR effect.
A low glucose concentration in the tumor region is expected
to contribute to improved cellular uptake of these NPs via
GLUTs-mediated endocytosis, which would enhance the
release of anticancer drugs from the NPs at low pH in cancer
cells because of the accumulation of lactate.

PLGA-GIc is a star copolymer where the hydroxyl groups
of the D-glucose core are extended by the PLGA domains
(Figure S1).%2 Although the sustained release and stability of
encapsulated proteins in the millicylinder of PLGA-Glc have
been reported and a microsphere depot has been marketed
for the controlled release of a peptide drug,'s there has been
no report on the tumor targeting effect of PLGA-Glc NPs.
Herein, we report PLGA-Glc NPs as tumor-targeted drug
delivery systems based on a combined strategy using the EPR
effect, GLUTs targeting, and hypoglycemic conditions of the
tumor microenvironment. The physicochemical properties
of the NPs containing docetaxel (DCT), as well as the drug

release from NPs, antiproliferation efficacy of DCT-loaded
NPs, intracellular uptake of NPs, and in vivo near-infrared
fluorescence (NIRF) imaging, were investigated.

Materials and methods

Materials

DCT was purchased from LC Laboratories (Woburn, MA,
USA). PLGA (weight average molecular weight [average
Mw]: 27 kDa) and PLGA-Glc (average Mw: 38 kDa) were
obtained from PolySciTech (Akina Inc., West Lafayette,
IN, USA). Poly(vinyl alcohol) (PVA) and 1,1’-dioctadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil)
were purchased from Sigma Aldrich (St Louis, MO, USA).
Tween 80 was purchased from Tokyo Chemical Industry,
Co., Ltd. (Tokyo, Japan). Methanol and acetonitrile were
obtained from Fisher Scientific Korea Ltd. (Seoul, Korea),
and methylene chloride was acquired from Daejung Chemical
(Shiheung, Korea). Dulbecco’s Modified Eagle’s Medium
(DMEM) with high glucose (4.5 g/L) or no glucose, fetal
bovine serum (FBS), and other cell culture reagents were
obtained from Gibco BRL (Grand Island, NY, USA). All the
other chemicals and reagents were of analytical grade.

Preparation of DCT-loaded NPs

PLGA NPs and PLGA-Glc NPs were prepared by oil-in-
water (o/w) emulsification—solvent evaporation method.
PLGA or PLGA-Glc (40 mg) was dissolved with DCT (4 mg)
in methylene chloride (1 mL). This organic phase was added
into 2% (w/v) PVA solution (20 mL), and homogenized in
the ice using a probe-type sonicator (Sonics and Material Inc.,
Newtown, CT, USA) for 20 minutes. After the sonication,
the prepared o/w emulsion was stirred for 1 hour to remove
the remaining organic solvent and to make NPs. The stirred
NP suspension was centrifuged at 13,200 rpm for 10 minutes.
After that, supernatant PV A solution was eliminated and the
NPs pellet was redispersed with distilled water (DW) by
vortex-mixing for 5 minutes. The prepared NPs suspension
was then lyophilized.

Characterization of NPs

The hydrodynamic diameter and zeta potential values of
both PLGA NPs and PLGA-Glc NPs were measured using
the electrophoretic light scattering method (ELS-Z; Otsuka
Electronics, Hirakata, Japan). The morphology of the NPs
was observed using a scanning electron microscope (SEM;
SUPRA 55VP; Carl Zeiss, Oberkochen, Germany). Prior
to observation, the NPs were coated with platinum using
a sputter coater (Bal-Tec/SCDO005; BalTec Maschinenbau
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AG, Pfaffikon, Switzerland). To measure the encapsulation
efficiency of DCT, an aliquot of the prepared NP suspen-
sion was mixed with dimethyl sulfoxide (DMSO) to disrupt
the matrix of the NP. After diluting the mixed solution
with acetonitrile, the drug concentration was determined
by injecting the mixture (20 pL) into a reversed-phase
C-18 column (Gemini, 250x4.6 mm, 5 um; Phenomenex,
Torrance, CA, USA) on a high-performance liquid chroma-
tography (HPLC) system, as reported.?* The HPLC system
was equipped with a 717 autosampler, a 1525 binary pump,
and a 2487 dual absorbance detector (Waters, Milford, MA,
USA). A mixture of acetonitrile and DW (65:35, v/v) was
used as the mobile phase at a flow rate of 1 mL per minute.
The absorbance wavelength was set at 230 nm.

In vitro stability of developed NPs was assessed by
measuring their hydrodynamic size in the mixture of FBS
and phosphate-buffered saline (PBS) (pH 7.4) (1:1, v/v).
The mean diameters of NPs were measured at 0, 3, 6, and
24 hours postincubation.

In vitro release test

In vitro release of DCT from NPs was evaluated using a tube-
type dialysis bag (molecular weight cutoff: 12—14 kDa).
An aliquot (1 mL) of the DCT-loaded NP suspension contain-
ing DCT (0.1 mg) was placed into the dialysis bag, and both
ends of the membrane were sealed. The NP-loaded dialysis
bag was immersed in 20 mL of PBS (pH 7.4 for DCT/PLGA
NPs and pH 5.5, 6.8, and 7.4 for DCT/PLGA-Glc NPs, with
0.5% Tween 80) and shaken in a water bath for 13 days.
The temperature of the water bath was set to 37°C, and the
shaking speed was set to 50 rpm. At each sampling point,
an aliquot (0.2 mL) of the release medium was collected,
and an equal volume of fresh medium was added. The DCT
concentration in each sample was quantitatively analyzed
using an HPLC system.

In vitro cytotoxicity test of blank NPs

The in vitro cytotoxicity of blank NPs and PLGA-Glc NPs
without DCT was determined from the cell viability after
incubation with various concentrations of NPs. Hep-2 cells
(Korea Cell Line Bank, Seoul, Korea) were cultured with
DMEM containing 10% FBS and 100 U/mL penicillin and
100 pg/mL streptomycin at 37°C in a 5% CO, atmosphere.
The cells (1x10* cells in 0.1 mL culture media) were seeded
in a 96-well plate and incubated for 1 day, and then, the
culture medium was removed. Next, blank NPs suspended in
a serum-free culture medium (containing glucose) at various
concentrations (10—1,000 pg/mL) were applied to the cells.

After 24, 48, and 72 hours of incubation, the cell viability
was measured using the 3-(4,5-dimethylthiazol-2-y1)-5(3-
carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS)-based CellTiter 96 Aqueous One Solution Cell
Proliferation Assay Reagent (Promega Corp., Madison, WI,
USA). The NP suspension in each well was removed, and
the MTS solution was added. After incubation for 4 hours at
37°C, the absorbance at 490 nm was measured to calculate
the cell viability (%).

Antiproliferation assay

The antiproliferation efficacy of DCT-loaded NPs was tested
in Hep-2 cells by the MTS assay. Hep-2 cells were seeded
onto a 96-well plate at a density of 1x10* cells per well and
incubated for 1 day. DCT/PLGA NPs and DCT/PLGA-Glc
NPs, including 1, 10, 50, 100, and 500 ng/mL DCT, were
applied to the cells and they were incubated for 48 hours
in glucose-free cell culture media. Then, cell viability was
measured by MTS-based CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay Reagent. The absorbance at
490 nm of tested sample was compared with that of control
(no treatment) group to obtain cell viability.

In vitro cellular uptake study

Flow cytometry analysis was employed to compare the
cellular uptake efficiency of each NP formulation, where
Dil was encapsulated as a fluorescent dye. Rather than
DCT (4 mg), Dil (1 mg) was used to prepare the NPs with
PLGA (40 mg). Hep-2 cells (6x10° cells per well) were
seeded in a six-well plate with culture medium. After
incubation of the cells for 1 day, PLGA NPs or PLGA-
Glc NPs were loaded into the cells. The Dil concentra-
tion in the NP suspension was fixed at 1 pg/mL. Each NP
formulation was suspended in culture media either with
or without glucose. After incubation for 4 hours under
normoxia conditions, the cells were washed with PBS
and detached from the plate. Each cell suspension was
centrifuged at 13,200 rpm for 5 minutes, and the cell pellet
was resuspended with PBS containing 2% (v/v) FBS. The
prepared cell suspensions were analyzed by FACSCalibur
fluorescence-activated cell sorter (FACS™) equipped with
CELLQuest software (Becton Dickinson Biosciences, San
Jose, CA, USA).

Cellular distribution of the developed NPs was also
observed by confocal laser scanning microscopy (CLSM).
Hep-2 cells (at a density of 1x10° cells per well) were
seeded in a four-well culture slide (1.7 cm? of surface area;
BD Falcon, Bedford, MA, USA) and incubated for 1 day.
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Similar to the flow cytometry test, culture media with or
without glucose were used. The Dil concentration in the NP
suspension was fixed at 1 pg/mL. The cells were incubated
for 4 hours and washed with PBS by gently shaking. The
cells were fixed with 4% formaldehyde for 10 minutes and
completely dried under an air stream. Then, VECTASHIELD
mounting medium, which contains 4’,6-diamidino-2-
phenylindole (H-1200; Vector Laboratories Inc., Burlingame,
CA, USA), was applied to the fixed cells to stain the nucleus
of the cells. The treated cells were observed by CLSM
(LSM 710; Carl-Zeiss, Thornwood, NY, USA).

NIRF imaging

Tumor targeting of the PLGA and PLGA-Glc NPs was
observed by NIRF imaging after intravenous injection into
Hep-2 tumor-xenografted mouse models. Cy5.5 (FKR-675;
BioActs, Incheon, Korea) was loaded into the PLGA NPs
and PLGA-Glc NPs according to the method described in the
previous section except that 0.5 mg of Cy5.5 (dissolved in
0.1 mL of DMSO) was used instead of 4 mg of DCT. Prior
to the intravenous injection, lyophilized NPs were dispersed
in normal saline, and the fluorescence intensity of the dye
in the NPs was normalized by Optix MX3 (ART Advanced
Research Technologies Inc., Saint-Laurent, QC, Canada).
Female BALB/c nude mice (5 weeks old; Charles River,
Wilmington, MA, USA) were used to prepare the Hep-2
tumor-xenografted mouse model. Mice were maintained
in a light-controlled room maintained at 22°C+2°C and
55%5% relative humidity. The animal study was performed
according to the “Guide for the Care and Use of Laboratory
Animals” released by the National Research Council (USA).
The experimental protocols were approved by the Animal
Care and Use Commiittee of the College of Pharmacy, Seoul
National University. The Hep-2 cell suspension (2x10° cells
in 0.1 mL of cell culture medium) was injected subcutane-
ously into the back of the mice. After the tumor volume
reached 150—-200 mm?, Cy5.5-loaded NPs (dispersed in
0.1 mL of normal saline) were injected into the tail vein of
the mouse. The tumor volume (V, mm?) was calculated using
the following formula: V =0.5x longest diameter X (shortest
diameter).? A laser diode with a wavelength of 670 nm was
used to excite the Cy5.5 dye. Fluorescence images were
acquired at 2, 4, 6, and 24 hours after the intravenous injec-
tion. The ex vivo images were obtained by measuring the
fluorescence intensity in dissected tumor tissue 24 hours
after injection. The tumor targetability of the developed NPs
was evaluated by determining the fluorescence intensity in
the tumor region.

Statistical analysis

The experiments in this study were performed at least
three times, and the data are reported as the mean *+ SD.
Statistical analysis was conducted using a Student’s ¢-test.
A p-value <0.05 was considered statistically significant.

Results and discussion
Preparation and characterization of
DCT-loaded NPs

Figure 1 describes the tumor-targeting strategy of the PLGA-
Glc NPs via passive (ie, EPR effect) and active (ie, GLUTs)
targeting followed by GLUTs-mediated endocytosis under
hypoglycemic conditions. The chemical structure of PLGA-
Glc is shown in Figure S1. As presented in its chemical struc-
ture, five PLGA units were conjugated to one glucose ring.
Its chemical property was confirmed by proton nuclear mag-
netic resonance ('H-NMR) and Fourier-transform-infrared
spectroscopy (FT-IR) analysis (Figure S1). In the 'H-NMR
spectrum of PLGA-Glc, the chemical shifts for the PLGA seg-
ment remained with peak signals corresponding to -CHCH, in
lactic acid, ~CHCH, in lactic acid, and —CH,— in glycolic acid
at 1.6, 5.2, and 4.8 ppm, respectively.!* The FT-IR spectrum
also confirmed the successful synthesis of PLGA-Glc with a
C=0 stretching band at 1,760 cm™, indicating the ester bond
linkage between glucose and the PLGA unit.

For anticancer drug delivery, PLGA NPs (control)
and PLGA-Glc NPs were successfully prepared using the
emulsification-solvent evaporation method, and their physi-
cochemical properties were investigated. Both NPs exhibit
mean diameter of 241-256 nm, negative zeta potentials,
and narrow size distributions (polydispersity index <0.1),
as shown in Table 1 and Figure 2A. DCT was quantitatively
determined by HPLC assay to measure its encapsulation effi-
ciency in NPs. The encapsulation efficiency values of both NPs
were over 50% in this study (Table 1). The spherical shape of
both NPs was observed as shown in the field emission scanning
electron microscope images (Figure 2B). The in vitro stability
of DCT-loaded NPs in serum-included aqueous buffer was
evaluated by measuring their hydrodynamic size. As shown
in Figure 3, both DCT/PLGA NPs and DCT/PLGA-Glc NPs
maintained their initial hydrodynamic size after incubating for
24 hours. It is expected that developed NPs hardly form aggre-
gates in the blood stream after intravenous administration.
The observed particle size range of the prepared NPs appears
to be suitable for passive tumor targeting via the EPR effect.’

Moreover, the presence of a glucose ring on the surface of
the PLGA-Glc NPs was confirmed by electron spectroscopy
for chemical analysis, as shown in Figure S2 and Table S1.
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Figure | Schematic illustration of the strategy for cancer therapy using DCT/PLGA-Glc NPs.
Abbreviations: DCT, docetaxel; EPR, enhanced permeability and retention; Glc, star glucose; GLUTs, glucose transporters; HIF, hypoxia-inducible factor; PLGA, poly((D,L)

lactic-glycolic)acid; NPs, nanoparticles.

The total chemical composition of carbon as C—C and C-H
from the glucose ring was higher in the PLGA-Glc NPs
than in the PLGA NPs (Table S1), indicating the existence
of a glucose ring on the surface of the PLGA-Glc NPs.
Therefore, the glucose ring of the copolymer on the surface
of'the PLGA-GIc NPs is expected to exhibit an active tumor-
targeting effect via its interaction with the GLUTs that are
expressed in cancer cells.

In vitro DCT release

When DCT release from PLGA and PLGA-Glc NPs was
monitored using a dialysis bag, a sustained-release profile
was observed for 13 days (Figure 4). Sustained release of
an anticancer drug can extend systemic exposure, which can
be advantageous for cancer therapy. Notably, no significant

difference in the release amount of DCT was observed between
PLGA NPs and PLGA-Glc NPs at a pH of 7.4. Therefore,
the effect of the star-shaped PLGA-Glc polymer compared to
the PLGA polymer on the drug release from NPs at a pH of
7.4 appeared to be negligible. Moreover, for drug release
from PLGA-Glc NPs at different pH values (5.5, 6.8, and
7.4), the released amounts of DCT increased at acidic pH.
The released amounts of DCT for 13 days from PLGA-
Glc NPs at a pH of 7.4 and 5.5 were 35.38%3.60% and
59.94%+1.64%, respectively (p<<0.05). The accelerated
degradation of PLGA-Glc at acidic pH may explain the
improved drug release of DCT from NPs at acidic pH com-
pared to that at neutral pH. It is reported that degradation
of PLGA is faster at acidic pH than that at neutral pH.*>=¢
As PLGA-GIc contains PLGA units, it is expected that it

Table | Particle characterizations of DCT-loaded PLGA NPs and PLGA-Glc NPs

Composition Mean Polydispersity Zeta potential Encapsulation Drug

diameter (nm) index (mV) efficiency (%) content (%)
DCT/PLGA NPs 25614 0.07+0.03 —18.58+1.93 53.57+2.97 4.87+0.27
DCT/PLGA-GIc NPs 24115 0.07+0.02 —16.70£1.31 52.03t1.42 4.7310.13
Notes: Data are presented as the mean = SD (n=3).
Encapsulation efficiency (%) = Actual amount of DCT.in NPs x100; Drug content (%) = Actual amount of DCT in NPs %100

Input amount of DCT in NPs Amount of DCT —loaded NPs

Abbreviations: DCT, docetaxel; Glc, star glucose; NPs, nanoparticles; PLGA, poly((D,L)lactic-glycolic)acid.
International Journal of Nanomedicine 2017:12 submit your manuscript 7457

Dove


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

Park et al

Dove

A DCT/PLGA NPs

=
o

Differential intensity (%)
Cumulative intensity (%)

10 100

Figure 2 Particle characterization of DCT-loaded NPs.

DCT/PLGA-Glc NPs

100

S 3
< 75 =
z 1 z
(2] 7]
= c
: 2
= 50 =
K] g
= 2
s - g
s =]
= 25 E
— =3
(=] (&)
0 mmmmmmre———— 0

10 100 1,000

Diameter (nm)

Notes: Size distribution (A) and FE-SEM images (B) of developed NPs are shown. The length of the scale bar in FE-SEM images is 200 nm.
Abbreviations: DCT, docetaxel; FE-SEM, field emission scanning electron microscope; NPs, nanoparticles; PLGA, poly((D,L)lactic-glycolic)acid.

mmmm DCT/PLGA NPs

__ 300 1| === DCT/PLGA-GIc NPs

S

£ -

S o —

B (—

5 200 1

£

8

T

c

S 100 1

[}

=

0 T T T T

oh 3h 6h 24h

Incubation time

Figure 3 In vitro stability of DCT/PLGA NPs and DCT/PLGA-GIlc NPs. NPs were
incubated in the mixture of fetal bovine serum and phosphate-buffered saline
(pH 7.4) (1:1, vv) for 24 hours. The mean diameters were measured for evaluating
their in vitro stability. Data are expressed as the mean * SD (n=3).
Abbreviations: DCT, docetaxel; Glc, star glucose; NPs, nanoparticles; PLGA,
poly((D,L)lactic-glycolic)acid.

~ 70
S
— 60 1
o
a
u= 50 1
5
(2]
£ 40
>
g 30 1
© —@— DCT/PLGA NPs (pH 7.4)
° 27 —O— DCT/PLGA-GIc NPs (pH 7.4)
§ 10 —¥— DCT/PLGA-GIc NPs (pH 6.8)
3 —A— DCT/PLGA-GIc NPs (pH 5.5)
X . . . . . .
o 2 4 6 8 10 12 14

Time (day)

Figure 4 In vitro DCT release profiles from developed NPs. The released amounts
of DCT from developed NPs at different pH conditions (5.5, 6.8, and 7.4) were
measured. Each point indicates the mean * SD (n=3). #p<0.05, there is a significant
difference among DCT/PLGA-Glc NP groups (pH 7.4, 6.8, and 5.5).
Abbreviations: DCT, docetaxel; Glc, star glucose; NPs, nanoparticles; PLGA,
poly((D,L)lactic-glycolic)acid.

submit your manuscript

7458

Dove

International Journal of Nanomedicine 2017:12


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

Dove

PLGA-Glc NPs for glucose transporter-mediated tumor targeting

would also show an accelerated degradation at acidic pH. Due
to the faster degradation property of PLGA derivatives, drug
release seemed to be improved at acidic pH, compared to the
neutral pH, in our previous study.”’” This result implies that
more drug can be released in the tumor region (pH 6.8) as
well as endosomal and lysosomal environments (pH 5.5) than
under normal physiological conditions (pH 7.4).3 Therefore,
the antitumor efficacy of the developed DCT-loaded PLGA-
Glc NPs should be improved. The drug release profiles for
the PLGA-Glc NPs suggest that it would be useful to apply
as an injectable formulation for anticancer drug delivery.

In vitro cytotoxicity of blank NPs

The cytotoxicity of blank (without loading drug) PLGA
NPs and PLGA-Glc NPs was assessed using Hep-2 (human
laryngeal carcinoma) cells, which are human squamous
cell carcinomas of the head and neck (SCCHN). DCT in
combination with other anticancer drugs (ie, cisplatin and
fluorouracil) has been approved for the treatment of locally

advanced SCCHN. In particular, several isotypes of GLUTs
were expressed in Hep-2 cells including GLUT-1, which is
the most ubiquitously distributed isotype and the main trans-
porter of glucose.?” Therefore, to test the targeting strategy
based on the interaction between glucose and GLUTs, Hep-2
cells have been selected to study the cytotoxicity of NPs.?
Both groups of blank NPs (up to 1 mg/mL concentration)
were incubated with Hep-2 cells for 24, 48, and 72 hours.
Then, the cell viability was measured using the MTS assay.
As shown in Figure 5, negligible cytotoxicity was observed
in the tested concentration range and incubation period.
The hemocompatibility of glucose-functionalized PLGA
has been previously reported,'®?® and the result of the
cytotoxicity test for PLGA-Glc NPs revealed that they can
be used without severe cytotoxicity for cancer therapy.

Antiproliferation assay
Antiproliferation efficiency of DCT-loaded NPs was
tested in Hep-2 cells by MTS-based assay (Figure 6).
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Figure 5 In vitro cytotoxicity of blank (without loading drug) PLGA NPs and PLGA-Glc NPs in Hep-2 cells. Cell viability (%) was measured by 3-(4,5-dimethylthiazol-2-yl)-
5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium assay after applying various concentrations of blank NPs (~1,000 pg/mL) for (A) 24 hours, (B) 48 hours, and

(C) 72 hours. Data are expressed as the mean * SD (n=4).

Abbreviations: NPs, nanoparticles; Glc, star glucose; PLGA, poly((D,L)lactic-glycolic)acid.

International Journal of Nanomedicine 2017:12

submit your manuscript

7459

Dove


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

Park et al

Dove

N

N

o
L

mmm DCT/PLGA NPs
— DCT/PLGA-GIc NPs

-

N

o
)

4
o
o

i

D
o
"

*

Hep-2 cell viability (%)
5 8
H =

N
o
)

0 T T T T T
1ng/mL 10 ng/mL 50 ng/mL 100 ng/mL 500 ng/mL

DCT concentration

Figure 6 Antiproliferation efficacy of DCT/PLGA NPs and DCT/PLGA-Glc NPs
in Hep-2 cells.

Notes: Cell viability (%) was measured by 3-(4,5-dimethylthiazol-2-yl)-5(3-
carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium assay after incubating for
48 hours in glucose-free cell culture media. Data are expressed as the mean + SD
(n=3). *p<<0.05, compared with DCT/PLGA NPs group.

Abbreviations: DCT, docetaxel; Glc, star glucose; NPs, nanoparticles; PLGA,
poly((D,L)lactic-glycolic)acid.

The antitumor efficacies of DCT in head and neck cancer
cells (ie, Hep-2 cells) have been already reported.’**° At 50,
100, and 500 ng/mL DCT concentrations, the cell viability
of DCT/PLGA-Glc NPs was significantly lower than that
of DCT/PLGA NPs (p<<0.05). Also, the half-maximum
inhibitory concentration value of DCT/PLGA-Glc NPs
group (356.5+6.2 ng/mL) was significantly lower than that
of DCT/PLGA NPs group (457.3+43.9 ng/mL) (p<<0.05).
In glucose-free cell culture media, DCT/PLGA-GIc NPs
seemed to be efficiently internalized into the cells, compared
to DCT/PLGA NPs. Higher accumulation efficiency of DCT/
PLGA-GIlc NPs rather than that of DCT/PLGA NPs may lead
to the improved antiproliferation efficacy. Specific cellular
uptake mechanisms of PLGA-Glc NPs were elucidated by
the following cellular uptake experiments.

In vitro cellular uptake

Cellular uptake efficiency and intracellular distribution of
PLGA and PLGA-GIc NPs were evaluated in Hep-2 cells
(Figure 7). Dil, which is a fluorescent dye, was incorporated
into the NPs for FACS and CLSM studies. To confirm the
GLUTs-mediated internalization of the PLGA-GIc NPs, the
cellular uptake studies were conducted in high-glucose or
no-glucose cell culture media. As GLUTs were known to
be expressed in Hep-2 cells,”® we did not confirm it again in
this study. The glucose that is contained in the cell culture
medium can be a competitive inhibitor for GLUT-mediated
cellular uptake of PLGA-Glc NPs. As shown in Figure 7,
the intracellular fluorescence intensity of PLGA-Glc NPs,

which was observed by CLSM, in medium without glucose
was higher than that in high-glucose-containing medium but
no immense difference in the PLGA NPs was observed. The
quantitative analysis of the uptake amounts of Dil-loaded
NPs by FACS can further support this phenomenon. In the
glucose-free medium (hypoglycemic condition) (Figures 7A
and S3), the fluorescence intensity of the PLGA-Glc NPs
group (53.27+0.81) was higher than that of the PLGA NPs
group (16.2010.06) (p<<0.05). However, in a high-glucose-
containing medium (Figures 7B and S3), the fluorescence
intensity values of the PLGA-Glc NPs and PLGA NPs groups
were 15.95+0.46 and 10.67£0.15, respectively. Moreover,
the fluorescence intensity of the PLGA-Glc NPs group in the
glucose-free medium was 3.34-fold higher than that in the
high-glucose-containing medium (p<<0.05). These data
confirmed that the cellular uptake of the PLGA-Glc NPs
was based on the interaction between the glucose moiety
of the NPs and the GLUTs expressed in the cells, matching
with a previous study that reported the specific interaction
between a glucose ligand-carrying polymer and GLUT in cell
lines.*! GLUTs-mediated internalization of PLGA-Glc NPs
implies the feasibility of its application in tumor-targeted
drug delivery. The tumor microenvironment can be charac-
terized by hypoxia, a low glucose concentration, and a high
lactate concentration.*** Deprivation of glucose in the tumor
region in vivo can be relevant to the result for the glucose-free
medium (Figure 7A) in this study. Therefore, the PLGA-Glc
NPs are expected to be taken into the cell more efficiently
compared to the PLGA NPs in the hypoxic tumor microen-
vironment. High expression level of GLUTSs in cancer cells
and a low glucose concentration in the hypoxic tumor region
may contribute to the selective and improved cellular uptake
of PLGA-Glc NPs. Enhanced internalization of PLGA-Glc
NPs would lead to the improved antiproliferation efficacy
(Figures 6 and 7).

In vivo NIRF imaging

The tumor targetability of the PLGA NPs and PLGA-Glc NPs
after intravenous injection into tumor-xenografted mouse
was assessed via an in vivo NIRF imaging study. The Hep-2
tumor-xenografted mouse model was prepared, and Cy5.5-
loaded NPs were injected intravenously into the mouse for
NIRF imaging. The fluorescence intensity in the tumor region
was scanned at 2,4, 6, and 24 hours after injection (Figure 8A)
and quantitatively analyzed (Figure 8B). The fluorescence
intensity of the PLGA-GIc NPs group was 1.35-fold higher
than that of the PLGA NPs group at 24 hours (p<<0.05). In
addition, in the ex vivo image (Figure 8C), a significant
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Figure 7 Cellular uptake and distribution of developed NPs in Hep-2 cells.

increase in the fluorescence intensity of the tumor tissue in
the PLGA-Glc NPs group was observed compared to that
of the PLGA NPs group. Passive tumor targeting, which is
primarily based on the EPR effect, of the PLGA NPs has been
widely used for anticancer drug delivery via the intravenous

Notes: Cellular uptake efficiency and cellular localization of Dil-loaded NPs were investigated by flow cytometry and CLSM, respectively. Dil-loaded NPs were incubated for
4 hours in cell culture media with (A) no D-(+)-glucose and (B) high D-(+)-glucose. The concentration of Dil was | ug/mL. Fluorescence intensity of Dil-loaded NP-treated
groups (red: control, green: PLGA NPs, and pink: PLGA-Glc NPs) was measured by flow cytometry (upper panel). In CLSM images (lower panel), red and blue colors indicate
Dil and 4’,6-diamidino-2-phenylindole staining, respectively. The length of the scale bar in CLSM image is 10 pum.

Abbreviations: CLSM, confocal laser scanning microscopy; Dil, 1,1’-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate; Glc, star glucose; NPs, nanoparticles;
PLGA, poly((D,L)lactic-glycolic)acid.

route.®!"* The results of the in vivo imaging study confirm
that glucose modification of PLGA NPs (PLGA-Glc NPs) can
be successfully applied for active targeting of PLGA NPs.
The animal species-dependent difference in the expression
levels of GLUTs in the plasma membrane of red blood cells
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Figure 8 In vivo near-infrared fluorescence imaging in Hep-2 tumor-xenografted mouse model.
Notes: Hydrophobic Cy5.5-loaded NPs were injected intravenously into the mouse. (A) Images of tumor region (0, 2, 4, 6, and 24 hours postinjection) are presented.
(B) The profiles of fluorescence intensity in the tumor region are presented. Each point indicates the mean * SD (n=3). *p<<0.05, compared with PLGA NPs group. (C) Ex

vivo image of tumor (24 hours postinjection) of both groups is shown.

Abbreviations: NC, normalized counts; NPs, nanoparticles; PLGA, poly((D,L)lactic-glycolic)acid.

(RBCs) might influence on the clinical application of the
observed tumor targetability in animal models.* However,
it is reported that a large portion of GLUT1 expressed in

the plasma membrane of RBCs is inactive (masked) form.*

Therefore, it is expected that injected PLGA-Glc NPs may
hardly react with GLUTs in RBCs without their stimula-
tion. Tumor targeting via the EPR effect and the interaction
between the glucose moiety of PLGA-Glc NPs and GLUTs
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in cancer cells can produce a higher accumulation of NPs in
the tumor region. Hypoxic and hypoglycemic conditions in
the tumor microenvironment can result in lower competi-
tive inhibition for GLUT-mediated uptake and subsequent
enhanced cellular accumulation. These effects appear to
contribute synergistically to the enhanced in vivo tumor
targetability of PLGA-Glc NPs.

Conclusion

The PLGA-GIc polymer was used to fabricate tumor-
targeting NPs via hypoxia-responsive mechanism. The
DCT-loaded NPs with approximate mean diameters of
241-256 nm, narrow distributions, and spherical shapes were
prepared. Sustained and pH-dependent drug release patterns
from the NPs were observed in the drug release test. Cellular
uptake studies of PLGA NPs and PLGA-Glc NPs in Hep-2
cells expressing GLUTs revealed that the cellular uptake of
PLGA-Glc NPs was improved in the glucose-free cell culture
medium (hypoglycemic condition). DCT/PLGA-Glc NPs
exhibited an improved antiproliferation efficiency, compared
with DCT/PLGA NPs, in Hep-2 cells, over 50 ng/mL DCT
concentration. It is expected that GLUTs-mediated endocy-
tosis of PLGA-Glc NPs with an EPR effect may contribute
to the improved tumor targeting efficiency in the hypoxic/
hypoglycemic tumor microenvironment. Therefore, the
developed PLGA-GIc NP formulation can be a useful strategy
for efficient tumor-targeted drug delivery.
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Figure S| Characterization of PLGA-Glc polymer.

Notes: (A) Chemical structure of PLGA-Glc polymer. Chemical structure was identified by 'H-NMR (B) and FT-IR (C) analysis. PLGA-Glc polymer was dissolved in CDCI,
for 'H-NMR analysis (500 MHz) and CHCI, for FT-IR analysis, respectively.

Abbreviations: FT-IR, Fourier transform-infrared spectroscopy; Glc, star glucose; NMR, nuclear magnetic resonance; PLGA-Glc, poly((D,L)lactic-glycolic)acid.
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Figure S2 Electron spectroscopy for chemical analysis of surface layers of PLGA NPs and PLGA-Glc NPs.
Notes: Merged (C Is and O Is) signals of NPs according to the binding energy (eV) are presented (first row). Each signal of NPs is shown in second and third rows,
respectively. The chemical composition of the surface layer of PLGA NPs and PLGA-Glc NPs was analyzed by X-ray photoelectron spectroscopy (SIGMA probe; Thermo-VG
Scientific, East Grinstead, UK) with a 3x10~* mB vacuum (X-ray on and flood gun off) and corrected with the C Is (284.5 eV) value. A monochromatic Al Ko (15 kV, 100 W,
and 400 pum) was used as X-ray source, and the elements in the NPs were analyzed with 50 eV pass energy and 1.0 eV step size for wide scan. For getting detailed information
about certain elements, narrow scan with 20 eV pass energy and 0.] eV step size was used. Data were analyzed by Avantage (Thermo-VG) program.

Abbreviations: NPs, nanoparticles; Glc, star glucose; PLGA, poly((D,L)lactic-glycolic)acid.
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Table SI Several components of C Is and O Is peaks (in atom%) of X-ray photoelectron spectroscopy spectra of PLGA NPs and

PLGA-Glc NPs

Functional PLGA NPs PLGA-GIlc NPs

group Binding energy (eV) Atom% Binding energy (eV) Atom%
C-C,C-H (Cs) 284.50 30.87 284.53 5522
C-O (Cls) 285.81 9.0l 285.85 7.56
C=0 (Cls) 286.60 12.47 286.78 7.17
COO-(C Is) 288.66 16.27 288.77 10.61
O-C (O ls) 531.98 17.99 532.11 11.42
O-H (O Is) 533.34 13.39 533.51 8.02

Abbreviations: Glc, star glucose; NPs, nanoparticles; PLGA, poly((D,L)lactic-glycolic)acid.
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Figure S3 Cellular accumulation efficiency of developed NPs observed by flow cytometry.

Notes: Mean fluorescence intensity of each group is shown. Data are presented as the mean + SD (n=3). *p<<0.05, compared with PLGA NPs group.

Abbreviations: Glc, star glucose; NPs, nanoparticles; PLGA, poly((D,L)lactic-glycolic)acid.
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