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Breast cancer represents the top cancer among women, accounting 521.000 deaths per year.
Development of targeted nanomedicines to breast cancer tissues represents a milestone to reduce
chemotherapy side effects. Taking advantage of the over-expression of glucose (Glu) membrane trans-
porters in breast cancer cells, we aim to expand the potential of a paclitaxel (PTX)-loaded mixed micellar
formulation based on polyvinyl caprolactam-polyvinylacetate-polyethylene glycol graft copolymer
(Soluplus�) and D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS) by its surface decoration with
Glu moieties. The glycopolymer (Soluplus(Glu)) was obtained by microwave-assisted ring opening reac-
tion of d-gluconolactone initiated by Soluplus�. The glycosylation was confirmed by 1H NMR and by
agglutination assays employing Concanavalin A. The hydrodynamic diameter of Soluplus(Glu) micelles
was characterized by dynamic light scattering (100.3 ± 3.8 nm) as well as the critical micellar concentra-
tion value (0.0151% w/v). Then, a mixed micelle formulation employing Soluplus�, Soluplus(Glu) and
TPGS (3:1:1 wt ratio) loaded with PTX (4 mg/mL) was developed as a multifunctional nanocarrier. Its
in vitro anticancer performance in MCF-7 (1.6-fold) and MDA-MB-231 (14.1-fold) was significantly
enhanced (p < 0.05) versus the unique commercially available micellar-based PTX-nanoformulation
(Genexol�). Furthermore, the in vitro PTX cellular uptake assays revealed that the drug intracellular/cell
content was significantly (p < 0.05) higher for the Glu-containing mixed micelles versus Genexol� after
6 h of incubation with MCF-7 (30.5-fold) and MDA-MB-231 (5-fold). Overall, results confirmed the poten-
tial of our Glu-decorated mixed colloidal formulation as an intelligent nanocarrier for PTX-targeted breast
cancer chemotherapy.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Worldwide breast cancer is the top cancer among women. Actu-
ally, there are 1.67 million new cases and 521,000 deaths from
breast cancer each year [1–3]. Nowadays breast cancer therapy
involves a ‘‘multimodal approach” where chemotherapy remains
of vital importance to achieve control or cure of this disease [2,4].

Paclitaxel (PTX) represents one of the most effective antineo-
plastic drugs with proven activity against a wide variety of malig-
nancies (e.g. breast and ovarian) [5,6]. Due to its poor aqueous
solubility (0.3–0.5 lg/mL), PTX is commercially available as Taxol�
which has become ‘‘a non-patient friendly formulation”. It is asso-
ciated with severe side effects attributable to a surfactant additive
(Cremophor EL�) [6,7].

In this context, nanotechnology offers a wide variety of nan-
otechnological platforms to overcome Taxol� clinical limitations.
Among them, an albumin nanoparticle-based formulation (Abrax-
ane�) for recurrent metastatic breast cancer, has been on the spot
in the last decade [8]. Also a liposome-based formulation has been
approved for its clinical use in China (Lipusu�) against different
malignancies [9]. Recently, a polymeric PTX nanoformulation
based on polymeric micelles has been approved for its clinical
use (Hungria, Bulgaria and South Korea) employing
monomethoxy-poly(ethylene glycol)-b-poly(d,l-lactide) as micelle
former biomaterial (Genexol�) [10].

These nanotechnological strategies were focused on Cremophor
EL� replacement for a safer PTX intravenous administration.
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However, other drawbacks are still involved in chemotherapy out-
come. Among them, acquired PTX resistance represents one of the
main clinical challenges to be coped.

Polymeric micelles represent an attractive nanotechnological
platform to enhance aqueous solubility and bioavailability of
poorly water-soluble/unstable drugs. These nano-sized carriers
result from the self-aggregation of amphiphilic polymers in water
upon their critical micellar concentration value [11–14]. Also, the
development of mixed micelles combining different types of
micelle-former biomaterials was explored. Indeed, parameters as
solubility and stability of drug encapsulated within mixed micelles
can be enhanced in comparison with single micelles [15–20].

Since cancer chemotherapy is associated with a wide variety of
adverse effects, efforts have been directed to the possibility of ‘‘tar-
get” a certain cancer tissue or solid tumor. In this context, micellar
nanocarriers could be used for passive drug targeting into solid
tumors, mainly associated with the enhanced permeability and
retention (EPR) effect [21,22]. However, the possibility to specifi-
cally target (due to ligand–receptor interactions) genes and anti-
neoplastic drugs to certain cancer tissues/cells represents a
milestone in cancer chemotherapy.

One of the main characteristics of cancer cells is their increased
glucose (Glu) uptake mediated by the over-expression of Glu trans-
porter membrane proteins (GLUTs1-14). Particularly, breast cancer
tissues have demonstrated high expression of GLUT1 in association
with metastasis [23,24]. This phenomenon suggests that GLUT
might be an efficient target for drug delivery to breast tumor tis-
sues. Hence, an active PTX targeting to breast cancer cells could
be approached by the surface decoration of polymericmicelles with
Glu residues. Surprisingly, to the best of our knowledge, there is no
active targeted PTX nanoformulation on current clinical trials [25].

Previously, we developed PTX-loaded mixed micelles employ-
ing commercially available biomaterials: polyvinyl caprolactam–
polyvinylacetate–polyethylene glycol graft copolymer (Soluplus�)
and D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)
(4:1 wt ratio). Our nanoformulation demonstrated an improved
in vitro anticancer activity in breast and ovarian cancer cell lines
[26]. In this work, we further expand their potential by incorporat-
ing Glu moieties (targeting unit) into the hydrophilic micellar coro-
na. First, we synthesized a glycopolymer (Soluplus(Glu)) by means
of ring opening reaction of d-gluconolactone initiated by Soluplus�.
Then, a mixed micellar formulation employing Soluplus�, Soluplus
(Glu) and TPGS (3:1:1 wt ratio) loaded with PTX (4 mg/mL) was
developed as a multifunctional nanocarrier. Its in vitro citotoxicity
performance as well as the PTX cellular uptake was investigated in
two human breast cancer cell lines (MCF-7 and MDA-MB-231) and
the results were compared with those observed for the Glu-free
mixed micelles and Genexol�.

2. Materials and methods

2.1. Materials

Paclitaxel (PTX, 99.9%) was purchased from RhenochemAG
(Basel, Switzerland), D-a-tocopheryl polyethylene-glycol (PEG)
1000 succinate (TPGS, MW �1513 g/mol) was from Eastman
Chemical Company (Kingsport, TN, USA) and polyvinyl caprolac
tam–polyvinylacetate–PEG (Soluplus�, MW � 120.000 g/mol) was
from BASF (CABA, Argentina). d-Gluconolactone (Glu; 1,2,3,4,5-
pentahydroxycaproic acid d-lactone, MW = 178.14 g/mol), tin(II)
2-ethylhexanoate (Sn(Oct)2, 95%), bovine serum albumin (BSA),
concanavalin A (Con A, from Canavalia ensiformis, Jack Bean Type
VI) were purchased from Sigma–Aldrich (CABA, Argentina). Tetra-
zolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme
thoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium], inner salt (MTS)
and phenazinemethosulfate (PMS) were purchased from Promega
Corporation (Madison, Wisconsin, USA). All solvents were of ana-
lytical or high performance liquid chromatography (HPLC) grade
and were used following the manufacturer’s instructions.

2.2. Glycosylation of Soluplus� copolymer

Copolymer conjugation with Glu was assessed by means of a
microwave-assisted ring opening reaction of d-gluconolactone in
presence of Soluplus� (–OH terminal), as previously reported for
PEG-based copolymers employing epsilon-caprolactone [4,27–
29]. Briefly, Soluplus� (5 g) and Glu (42.7 mg, 15% molar excess)
were dissolved in dimethylformamide (10 mL) under magnetic
stirring (100 rpm). The mixture was poured into a 250 mL round-
bottom flask and dried under vacuum (100–110 �C, glycerol bath,
3 h) before used. Then, Sn(Oct)2 (catalyst, 13.5 lL 1:1 molar ratio
to Soluplus�) was added to the mixture and the round-bottom
flask was poured in the center of a household microwave oven
(Whirlpool�, WMD20SB, microwave frequency 2450 MHz, potency
800W, Argentina) with ten power levels, adapted in the laboratory
to enable the connection of a condenser. The reaction mixture was
exposed to microwave radiation for 1 min (power level 2) and
14 min (power level 1) accounting a total reaction time of
15 min. Then the crude was diluted with distilled water (10 mL)
and dialyzed (Spectra/Por� Dialysis Membrane, molecular weight
cut off = 3500, nominal flat width 45 mm, USA) against distilled
water for 3 d to remove unreacted Glu. Finally, the polymer disper-
sion was frozen (�20 �C, 24 h) and lyophilized (48 h; condenser
temperature of �40 �C and 30 lbar pressure; FIC-L05, FIC, Scien-
tific Instrumental Manufacturing, Argentina). The glycosylated
Soluplus� copolymer was denoted as Soluplus(Glu).

2.3. Characterization of Soluplus(Glu) copolymer

In order to characterize the Soluplus� conjugation with Glu, the
proton nuclear magnetic resonance (1H NMR) spectra of Soluplus
(Glu) was obtained from deuterated chloroform (Sigma–Aldrich,
CABA, Argentina) solution at room temperature on a Bruker
MSL300 spectrometer (Karlsruhe, Germany), at 300 MHz. Then,
Soluplus� was dialyzed against distilled water for 3 d (as previ-
ously described for Soluplus-Glu) and its 1H NMR spectra in
deuterated chloroform was obtained for comparison.

Further, the critical micellar concentration (CMC) values of
Soluplus� and Soluplus(Glu) were determined by dynamic light
scattering (DLS, Zetasizer Nano-ZSP, ZEN5600, Malvern Instru-
ments, Worcestershire, United Kingdom). Measurements were
conducted at a scattering angle of h = 173� to the incident beam.
Twelve polymer dispersions (between 0.3 � 10�6 and 3% w/v) were
prepared in distilled water, equilibrated at 25 �C overnight and
analyzed by DLS. The derived count rate was plotted as function
of the polymer concentration (% w/v) where the CMC value corre-
sponded to the polymer concentration at which a sharp increase in
the scattering intensity was observed [16].

Also the average micellar hydrodynamic diameter (Dh), size dis-
tribution (polydispersity index, PDI) and zeta potential of Solu-
plus� and Soluplus(Glu) dispersions were characterized by DLS
as previously described. Colloidal systems were obtained by poly-
mer (3% w/v) dispersion in distilled water under magnetic stirring
at 25 �C over 2 h. Then samples were equilibrated for 24 h before
the analysis. Before each measurement, samples were equilibrated
for 5 min at 25 �C and results were expressed as mean ± standard
deviation (S.D.), n = 5.

2.4. Agglutination assays

To further characterize the Soluplus� conjugation with Glu,
an agglutination assay was performed employing a water-
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soluble carbohydrate-binding lectin (Con A) [30]. Briefly, Solu-
plus(Glu) micelles (5% w/v) were prepared by polymer disper-
sion in phosphate buffer (USP 30, pH 7.4) and they were
stabilized for 24 h at 25 �C before use. Then BSA (60 mg) was
added to the micellar dispersions (2 mL) and samples were vor-
texed (1 min) and incubated at 25 �C for 30 min. Next, samples
were diluted (1/2) with Con A phosphate buffer solution (pH
7.4, 10 lM) and magnetically stirred for 2 h at 25 �C. Micelle
agglutination was visualized by transmission electron micro-
scopy (TEM, Philips CM-12 TEM apparatus, FEI Company, The
Netherlands). Aliquots (5 lL) were placed onto a clean grid
and covered with a Fomvar film. Then, sample was negatively
stained with 5 lL of phosphotungstic acid solution (1% w/v),
washed with distilled water (5 lL) and dried into a silicagel
container before the analysis. Soluplus�-based micelles were
used as controls.

Additionally, micelle agglutination was confirmed by a com-
plementary technique as DLS. Briefly, Soluplus� and Soluplus
(Glu) micelles were prepared in phosphate buffer pH 7.4 and
BSA (60 mg) was added to the colloidal dispersions (2 mL).
Samples were incubated at 25 �C for 30 min, diluted (1/2) with
a Con A phosphate buffer solution (pH 7.4 10 lM) and
magnetically stirred for 6 h at 25 �C. Finally, samples were
equilibrated for 5 min at 25 �C and the micellar size and size
distribution results were expressed as mean ± standard devia-
tion (S.D.), n = 5.
2.5. Preparation and characterization of PTX-free and PTX-loaded
glycosylated mixed micelles

The CMC values of the mixed micelles with and without Glu
were determined by DLS as previously described on Section 2.3.
In this case, twelve polymer dispersions (between 0.5 � 10�6 and
5% w/v) were prepared in distilled water and equilibrated at
25 �C overnight before the assay.

Glycosylated mixed micelles (5% w/v) were prepared by disper-
sion of the appropriate amount of each polymer (Soluplus�, Solu-
plus(Glu), and TPGS; 3:1:1 wt ratio) in distilled water under
magnetic stirring at 25 �C for 2 h. Then samples were equilibrated
for 24 h at 25 �C before use. Glycosylated mixed micelles were
denoted as Glu-mixed micelles. For comparison, Glu-free mixed
systems were prepared as previously described employing only
Soluplus� and TPGS (4:1 wt ratio). These mixed micelles were
denoted as Glu-free mixed micelles.

Encapsulation of PTX within Glu-mixed micelles was obtained
as reported elsewhere by an acetone diffusion technique [26].
Briefly, a PTX solution in acetone (30 mg/mL, 1.33 mL) was added
drop wise to the mixed micellar dispersion (10 mL) under mag-
netic stirring (500 rpm, 10 h) at 25 �C. Then, micellar dispersions
were frozen (�20 �C) and lyophilized (48 h, condenser temperature
of �40 �C and 30 lbar pressure; FIC-L05, FIC, Scientific Instrumen-
tal Manufacturing, Argentina).

PTX concentration was determined by a validated RP-HPLC
method [31]. The analytical method consisted in a Fluophase PFP
reverse phase C18 column (4.6 mm � 250 mm, 5 lm, Thermo,
USA) with a mobile phase composed of a mixture of acetonitrile:
water (50:50, v/v) eluted at a flow rate of 1 mL/min. The detection
was performed at 227 nm (UV-Detector, Shimadzu SPD-10A,
Japan), employing an injection volume of 20 lL at room tempera-
ture. The same procedure was followed to obtain PTX-loaded
Glu-free mixed micelles.

Finally, the morphology of PTX-loaded (4 mg/mL) Glu-mixed
micelles was investigated by means of TEM as described on Sec-
tion 2.4. Samples (5% w/v, 5 lL) were negatively stained with
5 lL of phosphotungstic acid solution (1% w/v).
2.6. Micellar size and size distribution

The Dh values, size distribution and zeta potential of PTX-free
and PTX-loaded (4 mg/mL) Glu-mixed micelles in aqueous media
were measured by DLS. Samples were equilibrated for 24 h before
the analysis at 25 �C and they were equilibrated for 5 min at 25 �C
before each measurement. Results were expressed as mean ± stan-
dard deviation (S.D.), n = 5. Glu-free mixed micelles were used as
controls.

2.7. Micellar physical stability under administration conditions

Micellar size and size distribution (25 �C) of PTX-loaded (4 mg/
mL) nanoformulations (Glu-mixed and Glu-free mixed micelles)
diluted (1/10) in normal saline solution (ClNa 0.9% w/v) and in dex-
trose 5% w/v was investigated over 30 min as an attempt to char-
acterize its physical stability after commonly preparation
conditions for clinical PTX intravenous administration [32]. Results
are expressed as mean ± standard deviation (S.D.), n = 3.

2.8. In vitro PTX release

The PTX in vitro release profiles from Glu-mixed micelles, Glu-
free mixed micelles and Genexol-PM� were investigated by using
a dialysis method. Briefly, freeze-dried systems were re-dispersed
in distilled water (PTX concentration 4 mg/mL), diluted (1/10) with
distilled water and aliquots (100 lg) were placed into dialysis
membranes (Spectra/Por�3 Dialysis Membrane, molecular weight
cut off = 3500, nominal flat width 18 mm, USA) which were sealed
and placed in Falcon� conical tubes (50 mL) containing the release
medium (phosphate buffer USP 30 pH 7.4 with Tween 80 0.5% v/v,
50 mL). The tubes were maintained at 37 ± 1 �C in an orbital water
bath shaking at 40 rpm for 96 h. The release medium (50 mL) was
sampled at predetermined time intervals (2, 4, 8, 24, 48, 72 and
96 h) and replaced with equal volume of fresh medium pre-
heated at 37 �C. Then, PTX content was determined by RP-HPLC
as previously described above in Section 2.5. Results are expressed
as mean ± standard deviation (S.D.), n = 3.

2.9. Cell culture

MCF-7 and MDA-MB 231 human cancer cell lines were obtained
from the American Type Culture Collection (ATCC) (Rockville, MD,
USA). Cells were maintained in Dulbecco’s minimum essential
medium (DMEM�, supplemented with 50 lg/mL gentamycine,
2 mM l-glutamine (Invitrogen, Argentina) and 10% fetal bovine
serum (FBS)) in an incubator (5% CO2, MCO-19AIC(UV), SANYO
Electric Co., Biomedical Division, SANYO, Japan) at 37 �C.

2.10. In vitro citotoxicity assays

Cells were seeded in clear 96-well plates (Corning Costar, Fisher
Scientific, USA) at a density of 5000 cells/well and incubated for
24 h. Then, cells were incubated with free-loaded mixed micelles
(without and with Soluplus(Glu)), PTX-loaded Glu-free mixed
micelles, PTX-loaded Glu-mixed micelles and Genexol� for 72 h.
After incubation, the medium was removed, the wells were
washed with PBS and fresh medium was added. Finally, the water
soluble tetrazolium salts (WST) solution (CellTiter 96�aqueous
non-radioactive cell proliferation assay, Promega) was added and
cells were incubated for 2 h. The absorbance at 490 nm was mea-
sured using a microplate reader (ELx800TM Absorbance Microplate
Reader, BioTek� Instruments, USA). PTX concentrations leading to
50% cell-killing (IC50) were determined from the concentration-
dependent cell survival curves. Values were expressed in terms
of percent of untreated control cells set as 100%. Blank TPGS
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micelles (1% w/v) were assayed for comparison. Results are
expressed as mean ± standard deviation (S.D.), n = 3.

2.11. In vitro cellular uptake assays

Quantitative cellular uptake of PTX encapsulated within Glu-
mixed micelles, Glu-free mixed micelles and Genexol� was inves-
tigated in two different breast cancer cell lines: MCF-7 and MDA-
MB 231. Briefly, MCF-7, MDA-MB231 cells suspensions were
seeded in 6-well plates to yield 4 � 105 cells/well. Then each plate
was incubated (37 �C, 5% CO2, MCO-19AIC (UV), SANYO Electric Co.,
Biomedical Division, SANYO, Japan) for 24 h to allow cell attach-
ment. The cells were then incubated with PTX, PTX-loaded mixed
micelles (with and without Glu) and Genexol-PM� at a concentra-
tion of 25 lg/mL PTX for 0.5, 2, 4 and 6 h. At every time-point, cells
were rinsed with PBS (1 mL/well, pH 7.4) and 0.25 mL Trypsin-
EDTA (0.25% w/v) was incorporated. Supernatants were collected,
incubated at 8 �C for 10 min and then centrifuged (13,000 rpm,
10 min, MiniSpin�plusTM, Eppendorf, Germany). The protein con-
tent in the cell lysate (50 µL) was determined using Bradford assay.
After centrifugation (13,000 rpm, 10 min, MiniSpin�plusTM,
Eppendorf, Germany), the drug content in the supernatants
(150 lL) were measured by HPLC (as described above) and values
were normalized by protein content in each sample. Results are
expressed as mean ± standard deviation (S.D.), n = 3.

2.12. Statistical analysis

Statistical analysis was performed was performed by one-way
ANOVA test and Newman-Keuls multiple comparisons post-hoc
test using GraphPadPrism version 6.01 for Windows (GraphPad
Software, USA). Results were considered statistically different if
p < 0.05. Assays were done by triplicate and results expressed as
mean ± S.D.
Scheme 1. Synthesis of Soluplus(Glu) by ring opening reaction of d-gluconolactone
in presence Soluplus� (-OH terminal) assisted by microwave.
3. Results and discussion

3.1. Glycopolymer preparation and characterization

Glycopolymers have been on the spot for the last decade due
to the possibility of an active targeting of drugs and genes to a
certain cell/tissue/organ mediated by specific ligand-receptor
interactions [33–35]. Particularly, in cancer chemotherapy, efforts
have been directed to develop drug delivery nanosystems surface
decorated with ligands that could interact with a receptor over-
expressed in a certain tumor tissue [36–38]. Among these recep-
tors, the family of GLUT1-14 integral membrane proteins, which
mediates the transport of carbon compounds as monosacharides
in almost every human cell type [39], has been founded to be
over-expressed in different cancer tissues due to their require-
ment of continuous Glu supply [40]. This fact makes GLUT mem-
brane transporters an excellent potential target to actively direct
antineoplastic drugs. Particularly, breast cancer cells over-express
GLUT1 which exhibits high affinity for Glu as its main physiolog-
ical substrate [23,24,41]. Hence the conjugation of a biopolymer
with Glu residues becomes an attractive strategy for the develop-
ment of a potential targetable nanocarrier to optimize breast can-
cer chemotheraphy.

As we have already mentioned, our group developed a PTX-
loaded nanoformulation based on mixed micelles for breast and
ovarian cancer therapy [26]. Hereby, we aimed to synthesize a gly-
copolymer employing Soluplus� and Glu to develop a glycosylated
PTX-loaded micellar mixed multifunctional formulation for the
potential in vitro active targeting to breast cancer cells, indepen-
dently of their hormonal dependence.
In this context, aldonolactones (especially aldono-1,4- and -1,5-
lactones) has been well investigated in recent years for the gener-
ation of novel glycopolymers [42]. Previously, we have successfully
synthesized di- and tri-block copolymers by the ring opening poly-
merization of a lactone (epsilon-caprolactone) initiated by poly
(ethylene glycol) (PEG) (–OH terminal) and assisted by microwave
radiation to improve the reaction performance [4,27–29]. Hence,
we synthesized a glycopolymer (Soluplus(Glu)) by the ring opening
reaction of the sugar lactone (d-gluconolactone) in presence of
Soluplus� (–OH terminal), employing SnOct as catalyst. The total
reaction time was only 15 min due to employment of microwave
radiation and the yield was greater than 90% (Scheme 1).

In order to characterize the glycosylated derivative, 1H NMR
spectroscopy was employed. Typical Soluplus� peaks were
observed at (i) 3.65 ppm (polyethylene glycol) and (ii) between
1.29 and 3.25 ppm for polyvinyl caprolactam and polyvinyl acet-
ate. For instance, proton signals corresponding to –OCOCH3 (from
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polyvinyl acetate) and –CH2– (from caprolactam) were observed at
2.04 ppm and 1.78 ppm, respectively (Fig. 1a). Similar results were
observed for this copolymer in deutered cloroform (Fig. 1a) [43].
Interestingly, these signals were also observed in the Soluplus
(Glu) 1H NMR spectrum with the addition of the sugar moiety peak
at 4.08 ppm (Fig. 1b). These results were in concordance with pre-
vious studies of glycosylated polymers where Glu moieties signals
were commonly assigned between 3.0 and 4.5 ppm [44,45].

Since we aimed to develop a Glu surface decorated micellar
nanocarrier, we investigated its aggregation behaviour before and
after Glu conjugation. It has been fully described that polymeric
micelles are dynamic colloidal systems and their aggregation beha-
viour may be influence by either, chemical modifications to the
amphiphilic polymer and environment factors as temperature, salt
content and pH [46]. Thereafter, micellar aqueous physical stability
could be affected after polymer glycosylation. Then, the CMC
Fig. 1. 1H NMR spectra of (a) Soluplus� and (b) Soluplus(Glu)
values of Soluplus(Glu) and its un-modified counterpart (Solu-
plus�) were compared. As it was expected, there was an increase
(6.9-fold) of the glycopolymer CMC value (0.0151%w/v) in compar-
ison with the sugar-free copolymer (0.0022%w/v) at 25 �C. It has
been demonstrated that the micellar thermodynamic stability
depends on (i) copolymer hydrophobic block length and (ii) the
hydrophilic block interactions inside the micellar corona and with
the aqueous environment. An increase on hydrophilic polymer
content might lead to an increase of the polymer molecules steric
hindrance [46]. In this context, the differences observed for the
CMC values, before and after polymer glycosylation, could be
explained due to the incorporation of hydrophilic moieties (Glu)
to the polymer backbone which increases the copolymer
hydrophilic/hydrophobic balance, resulting in an enhanced
micellar corona hydrophilic character and a decrease of the
Soluplus(Glu) tendency to self-aggregate into polymeric micelles.
in CDCl3 with the assignment of the main proton signals.
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Similar results were observed after the incorporation of sugar
residues in a poly(D,L-lactide)-based amphiphilic copolymer [47].

It is well known that Soluplus� can self-assemble in water into
polymeric micelles upon its CMC value [26,48]. Then, taking into
account the CMC value obtained for Soluplus� and Soluplus(Glu),
we prepared micelles with a copolymer concentration of 3% w/v
(>>CMC) by simple copolymer dispersion in distilled water. In this
case, Soluplus� micelles demonstrated a monomodal size distribu-
tion with a Dh value of 73.3 ± 1.8 nm at 25 �C. Then, Soluplus(Glu)
micelles showed a Dh value of 100.3 ± 3.8 nm maintaining an uni-
modal size distribution. In this case an increment on micellar size
was observed after polymer glycosylation. These results also sug-
gest the presence of hydrophilic moieties in the micellar corona,
improving its hydrophilic character and increasing micellar mean
size, as previously described [47]. Moreover an increase on sample
polydispersion was observed since PDI values for Soluplus� and
Soluplus(Glu) micelles increased from 0.046 ± 0.022 to
0.224 ± 0.002, respectively. Zeta potential values for the sugar-
free micelles (�0.012 ± 0.045 mV) and the glycosylated micelles
(�0.247 ± 0.026 mV) remained almost neutral at 25 �C.

3.2. Agglutination assays of Soluplus� and Soluplus(Glu)

To further confirm Soluplus� glycosylation and the surface dec-
oration with Glu moieties, agglutination assays employing a water-
soluble lectin (Con A) were performed. Con A is a globular protein
which specifically binds Glu and mannose residues [49,50] and it
has been well investigated for the study of novel glycopolymers
and sugar surface decorated nanocarriers [30,50,51]. It exhibits a
tetrameric form above pH 7.0 which results useful to interact with
several sugar residues present on nanocarrier surface and form
large aggregates [49]. Further, this lectin demands the presence
of Ca2+ ions to improve the sugar binding. Then, we added BSA to
the colloidal systems as a Ca2+ supplement [30]. We investigated
Fig. 2. TEM micrographs of 5%w/v micelles incubated with Con A 10 lM. (a) Soluplus
aggregates in (b). Scale bar: 20 nm.

Table 1
Micellar size and size distribution (PDI) of Soluplus� and Soluplus(Glu) dispersions after B
DLS.

Sample Con A Size (nm) (±S.D.)

Peak 1b % Intensity

BSAa – 9.0 (0.3) 100.0
Soluplus� – 104.2 (4.2) 100.0p

121.1 (4.9) 100.0
Soluplus(Glu) – 112.5 (0.1) 100.0p

123.5 (4.9) 91.3

a BSA 1.5%w/v solution in phosphate buffer pH 7.4.
b Smaller size population.
c Larger size population.
the Con A interactions with Soluplus� and Soluplus(Glu) micelles
(5% w/v) employing two complementary techniques: TEM and
DLS [30,49,50]. As is shown in Fig. 2a, individual rod-shape Solu-
plus� micelles could be observed without the presence of large
micellar aggregates after Con A incubation. On the other hand, a
different behaviour was observed after lectin incubation with the
Glu decorated micelles. In this case, large non-spherical micellar
aggregates were observed, confirming the sugar residues location
on the micellar corona of Soluplus(Glu) micelles (Fig. 2b).

These results were confirmed by DLS where micellar size and
size distribution of Soluplus� and Soluplus(Glu) dispersions, before
and after Con A incubation, are summarized in Table 1. First, BSA
exhibited a unimodal size distribution with an only peak at 9.0 nm.

On the other hand, Soluplus� and Soluplus(Glu) dispersions,
demonstrated a monomodal size distribution after BSA incorpora-
tion. In case of Soluplus� micelles a Dh value of 104.2 ± 4.2 nm
(PDI: 0.168 ± 0.011) was observed and a similar size pattern with
only one size peak (121.1 ± 4.9 nm, PDI: 0.384 ± 0.005) was
obtained after Con A incubation for 6 h, being this behaviour stem-
ming from the absence of Glu on the micellar corona. Conversely, a
different behaviour was observed for the glycosylated system. In
this case, only one peak was observed after the BSA incorporation
(112.5 ± 0.1 nm, PDI: 0.136 ± 0.007). However, a bimodal size dis-
tribution was observed after the incubation of the Soluplus(Glu)
micelles with the sugar-binding lectin. For instance, a major peak
of 123.5 ± 4.9 nm and a second peak of 4698.0 ± 60.7 nm (PDI:
0.393 ± 0.004) were observed after incubation for 6 h (Table 1).
These results suggest the Con A-mediated micellar agglutination
due to the presence of sugar moieties on the surface of the glyco-
sylated copolymer leading to the generation of large micellar
aggregates (>4 lm). Moreover, no aggregates were observed for
those micelles without the incorporation of sugar moieties were
the size distribution was not affected by the lectin addition.
Similarly large micellar aggregates were obtained after Con A
and (b) Soluplus(Glu). Arrows point out the formation of non-spherical micellar

SA addition, before and after incubation with Con A at 25 �C over 6 h, as measured by

Peak 2c % Intensity PDI (±S.D.)

– – 0.151 (0.029)
– – 0.168 (0.011)
– – 0.384 (0.005)
– 0.136 (0.007)
4698.0 (60.7) 8.7 0.393 (0.004)
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incubation with Glu-surface decorated thermoresponsive poly-
meric micelles [51].

Overall, the agglutination assays confirm the Soluplus� conju-
gation with Glu and the presence of sugar moieties on the micellar
corona, resulting in a potential novel drug delivery nanocarrier for
an active targeting to breast cancer cells.

3.3. Characterization of free and PTX-loaded glycosylated mixed
micelles

Polymeric micelles represent one of the most attractive nan-
otechnological platforms for the development of drug delivery sys-
tems. The preparation of polymeric micelles combining a mixture
of amphiphilic polymers, known as ‘‘mixed micelles”, has been
on the spot due to the possibility of combine the properties of dif-
ferent biomaterials, being a well investigated strategy in cancer
chemotherapy [26,52]. In our study, after the obtention of a gly-
copolymer with Glu pendant moieties, we developed a mixed poly-
meric formulation employing not only Soluplus� and Soluplus(Glu)
but also TPGS. The last is commonly known as the ‘‘water-soluble”
form of Vitamin E, a versatile biomaterial and pharmaceutical addi-
tive, which has been approved by the FDA as a ‘‘pharmaceutically
safe adjuvant” [53] Particularly, for cancer chemotherapy, it has
been studied due to its unique properties of (i) P-glycoprotein (P-
gp) inhibition as an efflux pump which mediates multidrug resis-
tance in tumor cells [26] and (ii) its specific cytotoxic activity on
breast cancer cells [54].

Previously, we could successfully encapsulate PTX within a
mixed micelles nanoformulation of Soluplus� and TPGS [26], then
we developed a mixed system employing Soluplus:Soluplus(Glu):
TPGS at a weight ratio of 3:1:1, denoted as Glu-mixed micelles.
The self-aggregation behaviour of the glycosylated mixed micelles
was found to be lower than its counterpart without Glu moieties.
For instance, the CMC value for the glycosylated system was
Table 2
Micellar size, size distribution (PDI) and CMC values in distilled water for free-loaded and

Samples PTX (4 mg/mL) Size (nm) (±S.D.)

Glu-free mixed micellesa – 107.1 (1.4)p
113.5 (1.3)

Glu-mixed micellesb – 110.7 (2.3)p
117.6 (2.0)

a Soluplus:TPGS, weight ratio 4:1.
b Soluplus:Soluplus(Glu):TPGS, weight ratio 3:1:1.
c Determined by DLS at 25 �C.

Fig. 3. (a)TEM micrograph of PTX-loaded (4 mg/mL) Glu-mixed micelles (Scale bar: 20 nm
dispersion in distilled water at 25 �C.
0.0032% w/v, being 4-fold higher than the CMC value of the Glu-
free system (0.0008% w/v) (Table 2). The presence of Glu moieties
in the micellar corona of the mixed system, due to the incorpora-
tion of Soluplus(Glu), increases its hydrophilic character leading
to a decrease on the system self-aggregation tendency in water
at 25 �C. In a similar manner, Soluplus(Glu) micelles demonstrated
higher CMC value than Soluplus� micelles, as previously described.

On the other hand, size and size distribution assays of the Glu-
mixed micelles demonstrated that there was only a slight micellar
size increment after PTX encapsulation since Dh values increase
from 110.7 ± 2.3 nm to 117.6 ± 2.0 nm, for free and drug-loaded
mixed micelles, respectively. Also, a narrow size distribution was
observed before and after PTX encapsulation. Furthermore, a sim-
ilar size pattern was obtained for Glu-free mixedmicelles (Table 2).
These results suggest that the incorporation of Soluplus(Glu) did
not directly affect micellar size and size distribution of the colloidal
system, regardless the presence on PTX.

Zeta potential values of both mixed nanocarriers (in absence
and presence of Glu) remained almost neutral, regardless the
encapsulation of PTX (Table 2).

Finally, the morphological characterization of the PTX-loaded
glycosylated mixed systems demonstrated rod-shape micelles
with a unimodal size distribution (Fig. 3a). The non-spherical mor-
phology observed is due to the Soluplus� chemical composition.
Similar results were observed previously [48]. Further, it is worth
stressing that the PTX-loaded glycosylated mixed micelles could
be freeze-dried, without the employment of lyoprotectant addi-
tives, presenting an uniform macroscopic aspect and Dh value of
99.8 ± 2.0 nm (PDI: 0.102 ± 0.015). Then, samples could be easily
re-dispersed in distilled water by simple hand-shanking obtaining
a translucent colloidal dispersion (Fig. 3b). This characteristic is
very important for a possible conservation of the formulation
under room temperature storage conditions as Abraxane� and
Genexol� which are lyophilized products.
PTX-loaded mixed micelles with and without Soluplus(Glu) at 25 �C.

PDI (±S.D.) Zeta potential (mV) (±S.D.) CMCc(% w/v)

0.103 (0.017) +0.122 (0.018) 0.0008
0.075 (0.010) +0.154 (0.091) –
0.120 (0.016) +0.125 (0.080) 0.0032
0.122 (0.010) +0.103 (0.062) –

). (b) PTX-loaded (4 mg/mL) freeze-dried Glu-mixed micelles before (A) and (B) re-
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The present investigation was focused on the development of a
PTX-loaded active targeting nanoformulation for parenteral
administration. Typically, Taxol� is intravenous administrated
after its dilution at a final concentration of 0.3–1.2 mg/mL with
either (i) normal saline solution (NaCl 0.9% w/v) or (ii) dextrose
5% w/v. Further, Genexol� is also diluted in these solutions to get
a clinically relevant drug concentration for intravenous adminis-
tration [32,55]. Since polymeric micelles are dynamic systems,
results crucial the evaluation of their physical stability after dilu-
tion with different physiological solutions containing salts or dex-
trose, commonly employed for PTX intravenous administration.
Taking this is mind, we investigated the physical stability of our
glycosylated mixed micelles after its dilution with NaCl 0.9% w/v
and dextrose 5% w/v over 30 min. In this case, samples were
diluted 1/10 to obtain a clinically relevant PTX concentration.
Results showed a unimodal size distribution with no size incre-
ment over time, regardless the dilution medium employed
(Fig. 4). For instance, samples diluted in normal saline solution
showed Dh values of 75.0 ± 0.7 nm and 75.7 ± 1.3 nm at 0 and
30 min, respectively. Further, Glu-containing micelles diluted with
dextrose solution demonstrated a slight size increment in
Fig. 4. Micellar size of PTX-loaded (4 mg/mL) mixed micelles diluted (1/10) in ClNa 0.9%
deviation (S.D.), n = 3.

Fig. 5. In vitro PTX release profile from Glu-mixed micelles, Glu-free micelles and Genex
n = 3.
comparison with their counterparts diluted in normal saline solu-
tion (Fig. 4). In this case, the Dh values observed were 91.1 ± 1.5 nm
and 89.9 ± 0.7 nm at 0 and 30 min, respectively. These are promis-
ing results since no secondary size populations or micellar aggre-
gation was observed suggesting an optimal physical stability of
the glycosylated mixed micelles after its dilution with conven-
tional mediums for PTX intravenous administration. Further, Glu-
free mixed micelles demonstrated a similar behaviour as is shown
in Fig. 4. In this case, a monomodal size distribution was also
observed where a slight size increment from 85.9 ± 1.1 nm to
88.5 ± 1.4 nm was obtained for micelles diluted with normal saline
solution and dextrose solution, respectively.

3.4. In vitro PTX release

As an attempt to characterize the in vitro PTX release from the
mixed micelles (without and with Soluplus(Glu)) and compare
their performance with a commercially available PTX-loaded
micellar formulation (Genexol�), we assessed the drug cumulative
release profiles from the mixed micelles and Genexol� at pH 7.4
(37 �C) over 96 h. Genexol� demonstrated a sustained PTX release
w/v and in dextrose 5%w/v over 30 min at 25 �C. Data represents mean ± standard

ol� at 37 �C over 96 h. �. Results are expressed as mean ± standard deviation (S.D.),



M.A. Moretton et al. / European Journal of Pharmaceutics and Biopharmaceutics 114 (2017) 305–316 313
over time and no burst effect was observed, being the cumulative
PTX release of 56% over 96 h (Fig. 5).

On the other hand, both mixed micellar systems demonstrated
a similar behaviour as Genexol� were a drug sustained release was
observed over 96 h. For the Glu-free mixed micelles, the cumula-
tive amount of PTX release after 8 and 96 h was 8.8% and 55.7%,
respectively. Further, for the sugar-containing mixed micelles,
the amount of drug release was 10.5% and 63.3% at 8 and 96 h,
respectively (Fig. 5). Interestingly, it was observed a faster PTX
release from the Glu-mixed micelles versus Glu-free mixed
micelles between 8 and 96 h. These results could be related with
the presence of Glu moieties on the micellar corona. Variations
on the length of the hydrophilic/hydrophobic portions of the
micelle-former biopolymers, affect the drug release profiles from
the polymeric micelles. In general, as the hydrophilic content is
increased, the drug is released into a greater extend. Hence, the
hydrophilic Glu pendant moieties in our Glu-mixed micelles
increase the hydrophilic character of the micellar corona, resulting
in a faster PTX release from the polymeric matrix versus the Glu-
free mixed counterparts. Similar results were observed for poly-
meric micelles decorated either with Glu and maltose residues
[56].

Overall, the glycosylated mixed micelles represents a feasible
platform as PTX delivery system for parenteral administration
since a sustained drug release was observed over 96 h. Further,
the drug release pattern was similar than the PTX release profile
observed from Genexol�.
Fig. 6. Cell viability of MCF-7 and MDA-MB-231 cells after 72 h of treatment with
free-loaded mixed micelles (without and with Glu), PTX-loaded mixed micelles
(without and with Glu) and Genexol�. Results are expressed as mean ± standard
deviation (S.D.), n = 3.
3.5. In vitro citotoxicity assays

To compare the in vitro anticancer performance of the Glu-
mixed micelles versus Genexol�, MCF-7 (estrogen-dependent)
and MDA-MB-231 (estrogen independent) human breast cancer
cells were exposed to different PTX concentrations encapsulated
within the mixed micelles or Genexol�. Further, free-loaded mixed
micelles (with and without Glu) were evaluated for comparison.
The cancer cell lines for the cytotoxic assays were chosen taking
into account PTX clinical applications.

Results demonstrated that PTX-based mixed micellar formula-
tions showed a significant (p < 0.05) improvement on their cyto-
toxic effect in comparison with Genexol�, regardless the cancer
cell line (Table 3, Fig. 6). Further, PTX-loaded mixed systems
demonstrated statistically (p < 0.05) different IC50 values in com-
parison with free-loaded mixed micelles, both with and without
Soluplus(Glu) (Table 3). Interestingly, free-loaded mixed micelles
also demonstrated cytotoxic effect, being this result probably
related with the presence of TPGS in the mixed system. It has been
stated that this biomaterial exhibits specific cytotoxic effect in
breast cancer cells along with an inhibitory activity of efflux pro-
tein P-gp. Recently, the addition of TPGS to Genexol� has been
evaluated as a potential strategy to overcome multi-drug resis-
Table 3
IC50 (mean ± S.D.) values in MCF-7 and MDA-MB-231 after 72 h treatment by Genexol�, fr

Cell line IC50 (lg/mL)

Genexol� Free-loaded

Glu-free mixed micelles Glu

MCF-7 9.53 (1.04) 11.76 (0.56)a 13.2
MDA-MB-231 17.07 (1.00) 15.40 (0.36)a,c 18.0

Note: Multiple comparisons were performed using one-way ANOVA and Newman-Keul
a Significant difference compared to Genexol� (p < 0.05).
b Significant difference compared to free-loaded Glu-free mixed micelles (p < 0.05).
c Significant difference compared to free-loaded Glu-mixed micelles (p < 0.05).
d Significant difference compared to PTX-loaded Glu-mixed micelles (p < 0.05).
tance in tumor cells [57]. Further, we assayed TPGS (1% w/v) in
both cancer cells lines, where the IC50 values for MCF-7
(18.7 ± 2.4 lg/mL) and MDA-MB-231 (21.5 ± 1.8 lg/mL) clearly
demonstrated the in vitro antitumoral effect of this biomaterial.

Also, it has been reported that TPGS might be part of the novel
‘‘mitocans” group since it has been demonstrated that a-
tocopherol succinate exhibits a mitochondria-associated apoptotic
effect [58]. Then, the cytotoxic effect observed in the different cell
lines might result from the combination of both (i) the encapsu-
lated PTX and (ii) the micelle-former TPGS, conforming the mixed
micellar system.

Particularly, for the estrogen-dependent cell line assayed (MCF-
7), the IC50 values for the drug-loaded mixed micellar systems
without (7.77 lg/mL) and with (6.06 lg/mL) Glu were 1.2-fold
ee-loaded mixed micelles and PTX-loaded mixed micelles with and without Glu.

PTX-loaded

-mixed micelles Glu-free mixed micelles Glu-mixed micelles

0 (0.50)a 7.77 (0.64)a,b,c,d 6.06 (0.28)a,b,c

9 (0.63)b 1.72 (0.17)a,b,c 1.21 (0.27)a,b,c

s multiple comparisons post hoc test (n = 3 experiments).
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and 1.6-fold lower than Genexol�, respectively (p < 0.05). Further-
more, if we compare both PTX-loaded micellar systems, without
and with Glu, there was also a significant (p < 0.05) difference on
their in vitro anticancer activity against MCF-7 cells. Indeed, the
IC50 value for the glycosylated system was significantly (p < 0.05)
lower than that observed for its counterpart without the presence
of Glu (Table 3 and Fig. 6). The reason for this might be that the
ligand of the modified micelles, can target actively the nanocarriers
to the tumor cells. Therefore, Glu-mixed micelles could be more
efficiently taken up and deliver more PTX into cells, resulting in
an increased cytotoxicity.

A similar behaviour was observed for the other breast cancer
line assayed, the estrogen-independent MDA-MB-231. In this case,
the decrease on the IC50 values for the drug-loaded mixed micelles
versus Genexol� was more pronounced. For instance, PTX-loaded
glycosylated mixed micelles showed an IC50 value almost 14.1-
fold lower than the commercially available micellar formulation
(Table 3).

It is worth stressing than breast cancer MDA-MB-231 tumors
always demand chemotherapy since they do not respond to con-
ventional hormonal therapy. Hence the improvement of the cyto-
toxic effect in the estrogen-independent cancer cell line due to
PTX encapsulation within the glycosylated mixed micelles is clini-
cally relevant to enhance breast cancer chemotherapy.
Fig. 7. Time-dependent intracellular/cell PTX levels in MCF-7and MDA-MB-231
cancer cell lines for drug-loaded mixed micelles versus Genexol�. Drug amount was
normalized by protein concentrations of the cell lysates. Results are expressed as
mean ± standard deviation (S.D.), n = 3. Significant difference (p < 0.05) compared
to Genexol�. Significant difference (p < 0.05) compared to Glu-free mixed
micelles.
3.6. In vitro cellular uptake assays

One of the main goals of the present investigation was the
development of a multifunctional PTX delivery micellar nanocar-
rier for a potential breast cancer cellular-specific targeting (active
targeting). Recently, Genexol� has been approved in some coun-
tries as the first micellar-based nanoformulation for metastasic
breast cancer chemotherapy [59]. Surprisingly, micellar-based
commercially available nanomedicines have not been developed
for an active drug targeting to tumor cells. Indeed, they are based
on a passive drug targeting to cancer tissues mainly associate with
the EPR effect [60]. In line with the premise that antineoplastic
drugs must be uptaken by tumor cells and accumulated in an opti-
mal concentration to get an efficient cytotoxic effect, we decided to
explore the benefits of employing sugar pendant residues on the
corona of a mixed multifunctional micellar drug carrier. Hence,
we assessed the in vitro PTX cellular uptake from the sugar-
containing mixed micelles in MCF-7 and MDA-MB-231 cancer
cells. As is shown in Fig. 7, there was a significant increase
(p < 0.05) in PTX intracellular/cell content for the Glu-mixed
micelles versus Genexol� after 4 h (11.1-fold) and 6 h (30.5-fold)
of incubation with MCF-7 cells. Similarly, a significant increase
(p < 0.05) in the PTX intracellular/cell content was also observed
for the glycosylated systems versus Glu-free mixed micelles after
4 h (5.2-fold) and 6 h (8.5-fold) of incubation with MCF-7 cells
(Fig. 7).

On the other hand, promising results were also observed after
the incubation of the nanocarriers with MDA-MB-231 cells. In this
case, Glu-modified micelles also demonstrated significantly
(p < 0.05) higher drug intracellular/cell levels (2.89 lg PTX/mg pro-
tein) than Genexol� (0.58 lg PTX/mg protein) at 6 h of incubation,
representing an increment of �5-fold. Besides, it was also observed
a significant (p < 0.05) increment in the PTX intracellular/cell levels
for the glycosylated systems versus their un-modified counterparts
at 4 (2.9-fold) and 6 h (2.9-fold) of incubation (Fig. 7). These results
of a successful PTX cellular uptake from our Glu-containing
nanocarriers suggests their potential for a selective targeting to
breast cancer cells in comparison with the other micelle-based
nanocarriers without the presence of a surface-located ligand
(Genexol� and Glu-free mixed micelles).
Although GLUT1 results up-regulated in many cancer cells
types, it has also been demonstrated that other GLUT isoforms
can be over-expressed in tumor cells where the expression of pro-
teins from other cell types could be observed [61]. Particularly, for
MCF-7 it has been found that not only GLUT1 but also GLUT12
result over-expressed [62,63]. Hence, an enhanced PTX intracellu-
lar/cell concentration, due to the drug encapsulation within the
Glu-containing nanocarrier, was expected for estrogen-dependant
breast cancer cell line versus MDA-MB-231 cells, as is shown in
Fig. 7.

Overall, data confirms that the nanocarrier glycosylation with
Glu residues resulted in a successful strategy to design a novel
PTX delivery system for a potential active targeting to breast can-
cer cells. Taking into account that the different commercially avail-
able nanoformulations based on PTX are not currently design for a
selective drug targeting, our PTX-loaded Glu-decorated mixed
micelles are excellent candidates to improve breast cancer
chemotherapy.
4. Conclusion

In the present investigation we successfully design a multifunc-
tional mixed micellar system decorated with Glu and loaded with a
clinically relevant PTX concentration for an enhanced breast cancer
therapy. The in vitro antitumoral activity as well as its the PTX
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intracellular/cell levels were significantly improved in comparison
with Genexol� in MCF-7 and MDA-MB-231 cancer cell lines.

Overall, our novel mixed nanocarrier represents an attractive
strategy for the development of an intelligent PTX delivery system
to improve breast cancer chemotherapy. Furthermore, to the best
of our knowledge, this is the first Glu-containing micellar nanocar-
rier explored for a potential active PTX targeting to breast cancer
cells.
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