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ABSTRACT

Purpose Preparation and in vitro characterization of tamoxifen
(TMX)-loaded folate-targeted nanoparticles based on disuffide bond
reduced bovine serum albumin (BSA-SH) and BSA-SH/alginate-cys-
teine (BSA-SH/ALG-CYS) mixtures as drug delivery systems.
Methods Folate-nanoparticles were characterized in terms of
folate content, morphology, size, zeta potential, TMX load and
drug release kinetics. Additionally, cell viability and cellular uptake
of nanoparticles were determined using different cancer cell lines.
Results Folic acid (FOL) was successfully attached to nanoparticles
(ranging between 79 and|70 umoal folate/g NP). Nanoparticles
with 76417 nm mean size were obtained and loaded with TMX
(4.2-7.7 ug/mg NP). Zeta potential and drug extraction revealed
major superficial placement of the drug, especially in the case of
BSA/ALG-FOL systems. Drug release studies in the presence of
surfactant showed a gradual release of the drug between 47 h. In
general, low cytotoxicity of unloaded systems was found. Internal-
ization of the systems was achieved and mediated by folate recep-
tor, especially in the case of BSA NP-FOL. The administration of
10 uM TMX by TMX-FOL NP showed their efficacy as controlled
TMX release systems.

Conclusions Promising anticancer action of these new TMX-
loaded folate-targeted systems was demonstrated, allowing a
new administration route to be studied in further in vivo studies
in order to improve current TMX therapy.
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ABBREVIATIONS

ALG-CYS

Alginate-cysteine conjugate

ANOVA One way analysis of variance

B-50-50 NP Nanoparticles based on 50% ALG-CYS and
50% BSA-SH

BSA Bovine serum albumin

BSA-SH Disulfide bond reduced bovine serum albumin

BSA-SH NP Nanoparticles based on 100% BSA-SH

C-70-30 NP Nanoparticles based on 709% ALG-CYS and
30% BSA-SH

DCC N,N'-Dicyclohexylcarbodiimide

DMSO Dimethy! sulphoxide

EDTA Ethylenediaminetetraacetic acid

FBS Fetal bovine serum

FOL Folic acid

KCl Potassium chloride

MTT Methylthiazoletetrazolium

NaCl Sodium chloride

NaOH Sodium hydroxide

NHS N-Hydroxysuccinimide

NP Nanoparticles

PBS Phosphate buffered saline

SDS Sodium dodecyl sulphate

TMX Tamoxifen

INTRODUCTION

Recent advances in medicine and health care have significant-
ly improved human life expectancy. Consequently, diseases
associated with the elderly, such as cancer, have greatly in-
creased over the past few years. Cancer has been set to
become a major cause of morbidity and mortality in coming
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decades, the number of new cancer cases being estimated at
20 million by 2013 (1). Thus, there is an increasing need to
develop new therapeutic agents, which could be used either
singly or combined with conventional therapies, and which
would cause less toxicity and provide a better quality of life to
patients.

Nanomedicine is the branch of nanotechnology that ap-
plies the emerging properties of materials on a nanoscale to
achieve faster diagnosis, improved imaging, enhanced thera-
peutics and prevention of various clinical conditions (2). The
technology has been especially focused in cancer treatment
and diagnosis to overcome the lack of specificity and resistance
developed to conventional chemotherapeutic agents (3).

Nanoparticle-based drug-delivery systems have made a
remarkable difference to controlled drug delivery of chemo-
therapeutic agents during the last two decades. Their physical,
biological and chemical attributes play an important role in
their intracellular uptake, high loading capacity and specific
targeting to tumour cells (4). However, only a selected
number of these new nanoparticulated systems have been
released to the market, whichare routinely used in clinics
(5), such as Abraxane™ (albumin-paclitaxel nanoparticles)
or Nanoxel™ (N-isopropyl acrylamide paclitaxel embebbed
micelles).

Due to their small size, nanoparticles are capable of taking
advantage of the leaky vasculature and poor lymphatic drain-
age system of tumours to enhance the retention time of packed
drugs (passive targeting) by a factor of 10 (6). However, a new
and promising strategy is being developed using biological
ligands covalently attached to nanoparticles which can be
selectively recognized by tumour cells (active targeting). That
leads to a reduction in the minimum effective dose of the drug
and its toxicity, while also improving its therapeutic efficacy
(7). Among the several molecules that have been identified as
possible ligands for coupling to nanoparticulated systems, folic
acid has been one of the most commonly used since folate
receptor (FR) over expression has been identified in a wide
range of tumours, such as in ovarian, endometrial, colorectal
or breast cancer (8). Some recent works have shown the
enhanced uptake of folate-conjugated nanoparticles based
on natural polymers by cancer cells (9,10) These systems
combine the advantages of biocompatibility and biodegrad-
ability which natural polymers offer with the enhanced uptake
of the systems mediated by folate-targeting.

Proteins and polysaccharides have been widely used sepa-
rately as biopolymers to develop new drug delivery systems.
However, the combination of both types of polymers offers
new possibilities and better functional properties that that of
each molecule alone (11). Several properties of protein-
polysaccharide complexes, such as solubility, viscosity, aggre-
gation or gelation, allow their application into different fields.
Moreover, some of these properties can be modulated by
controlling pH, biopolymer ratio and weight, temperature

or ionic strength, which make them very versatile complexes
with different applications.

Alginate/BSA nanoparticles prepared by an emulsion
method have been previously used for the controlled delivery
of anticancer drugs, such as 5-fluoruracil (12). However, the
combination of disulfide bond reduced albumin and thiolated
alginate offers all the advantages of protein/polysaccharide
complexes, and also the possibility of stabilizing particles
though disulfide bond formation. This is a simple process that
is totally carried out in aqueous medium, and it can be
induced by changing pH conditions. Additionally, disulfide
bonds are present in biological environment, which contrib-
utes to the aim of biocompatibility and biodegradability of
these systems.

In this study, folate-targeted nanoparticles based on disulfide
bond reduced bovine serum albumin (BSA-SH) and BSA-SH/
alginate-cysteine conjugate (ALG-CYS) mixtures have been
prepared and loaded with tamoxifen (TMX), a selective
oestrogen receptor modulator widely used in breast cancer
treatment (13). They were also # vitro characterized i vitro in
order to evaluate their application in targeted tumour therapy.

MATERIALS AND METHODS
Materials

Alginic acid sodium salt (viscosity 200.000-400.000 cps), folic acid,
N-Hydroxysuccinimide (NHS), N,N-Dicyclohexylcarbodiimide
(DCC), trypsin from bovine pancreas (13,000 units/ mg solid),
gentamicin (50 pg/ml), dimethyl sulphoxide (DMSO),
methylthiazoletetrazolium (MTT), Coumarin 6 and tamoxifen
(TMX) were purchased from Sigma-Aldrich (Barcelona, Spain).
Sodium hydroxide (NaOH), hydrochloric acid (HCl; 35%), etha-
nol absolute, triethylamine, methanol (HPLC: gradient grade),
ethylenediaminetetraacetic acid (EDTA), potassium chloride
(KCl) and potassium di-hydrogenphosphate were purchased from
Panreac (Barcelona, Spain). Bovine serum albumin (BSA, Fraction
V), sodium chloride (NaCl), di-sodium hydrogenphosphate
dihydrated and sodium dodecyl sulphate (SDS) were purchased
from Merck (Barcelona, Spain). Fetal bovine serum (FBS), peni-
allin (30 U/ml), streptomycin (30 pg/ml), IL-glutamine
(200 mM) and 0.05% trypsin/0.53 mM EDTA were purchased
from Invitrogen Life Technologies (Grand Island, NY, USA).
Dulbecco’s modified Eagle medium was purchased from Lonza

(Belgium).
Methods
Preparation of Nanoparticles

Nanoparticles of disulfide bond reduced bovine serum albu-
min (BSA-SH) and BSA-SH/alginate-cysteine conjugate
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(ALG-CYS) mixtures were prepared according to the meth-
odology developed in previous studies (14,15). Briefly, an
aqueous solution of BSA 5% (w/v) was treated with 2-
mercaptoethanol in order to obtain BSA-SH, and ALG-
CYS conjugate was synthesised by attaching L-cysteine mol-
ecules to alginate backbone by a carbodiimide-mediated re-
action (15). Then, a determined amount of BSA-SH and
ALG-CYS was dissolved in 20 ml 1 mM HCI with vigorous
stirring. The suspension obtained was sonicated (Branson
sonifier 450) and, in order to oxidize free thiol groups and
form disulfide bonds, pH was adjusted to 6.5-6.8 with 1 M
NaOH (16). The reaction was allowed to proceed for 12 h
under intense stirring conditions. Then, 5 ml of a solution of
L-cysteine (0.06 mM) was added and the reaction was
maintained for a further 5 h with vigorous stirring to block
any free thiol groups possibly remaining. After this time the
resulting suspension was centrifuged (41,000 rpm, 15 min,
Beckman Coulter Optima 1-100 XP Ultracentrifuge), and
nanoparticles were freeze dried for 24 h at —110°C.
Nanoparticles with50% ALG-CYS and 50% BSA-SH (v/v,
B-50-50 nanoparticles), 70% ALG-CYS and 30% BSA-SH
(v/v, C-70-30 nanoparticles), and 100% BSA-SH (v/v, BSA-
SH nanoparticles) were prepared. The final BSA-SH/ALG-
CYS ratio in nanoparticle composition was 1.16/1 and 0.49/
1 in the case of B-50-50 and C-70-30 nanoparticles, respec-
tively, as previous studies indicated (15). Nanoparticles with
the three compositions were prepared and selected to be
conjugated with folic acid.

Preparation of Folate-Conjugated Nanoparticles

The MN-Hydroxysuccinimide ester of folic acid (NHS-folate)
was prepared according to the method developed by Lee and
Low (17). Folic acid (2.5 g) was dissolved in 50 ml of dry
dimethyl sulfoxide (DMSO) plus 1.25 ml of triethylamine,
and reacted with N-hydroxysuccinimide (NHS) (1.3 g) in the
presence of dicyclohexylcarbodiimide (2.35 g) overnight at
room temperature. The by-product, dicyclohexylurea, was
removed by filtration. The DMSO solution was then freeze-
dried, and NHS-folate was precipitated in diethylether. The
final product, NHS-folate, was washed several times with
anhydrous ether, dried under vacuum, and yielded a yellow
powder.

The conjugation of folate to nanoparticles was carried out
following the method developed by Zhang and co-workers
(18): NHS-folate (50 mg) was dissolved in 1.0 mIDMSO and
added slowly to 2 ml of the stirried nanoparticle suspension
(10 mg NP/ml, pH adjusted to 10 using 1 M carbonate/
bicarbonate buffer). After stirring for 45 min at room temper-
ature, the reaction mixture was centrifuged and washed
(41,000 rpm, 20 min) in order to separate the folate-
conjugated nanoparticles from unreacted folic acid and other
by-products. Finally, folate-conjugated nanoparticles (B-50-
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50-FOL, C-70-30-FOL and BSA-SH-FOL NP), were freeze
dried for 24 h at —110°C.

Determination of Folate Content

The amount of folate conjugated to albumin amine groups was
determined by spectrophotometric analysis (18). 2 mg folate-
conjugated nanoparticles were hydrolysed by trypsin (0.05 mg/
mg NP) with stirring at 37°C for 2 h. After the digestion process,
the quantification of folate-conjugation was performed by spec-
trophotometric measurement of its absorbance at 358 nm (folic
acid e=8643.5 M ' em™ ).

Preparation of TMX-Folate-Conjugated Nanoparticles

TMX loading into folate-conjugated nanoparticles was based
on the methodology used in previous studies (14). Briefly, after
folate-conjugated nanoparticles were obtained, 20 mg of
nanoparticles were suspended in 1 ml of a 500 pg/ml TMX
solution (in ethanol) and incubated for 12 h at room temper-
ature. Finally, the suspension was centrifuged (41,000 rpm,
15 min) and the nanoparticles were again freeze-dried. All the
experiments with TMX were performed under subdued light
as the drug is highly photosensitive.

Morphology, Size and Zeta Potential Measurements

The appearance and size of folate-conjugated nanoparticles
were studied by scanning electron microscopy (FE-SEM) (Jeol
JSM-6400 Electron Microscope, resolution 3.5 nm from
Centro de Microscopia y Citometria, UCM). Size and zeta
potential measurements of TMX-loaded and unloaded sys-
tems were performed in deionized distilled water using a back-
scattered quasi-elastic light scattering device (Zetatrac NPA-
152, Microtrac). Data was processed with Microtrac Flex
Software.

Estimation of Drug Content

In order to determine the amount of TMX loaded into folate-
conjugated nanoparticles, an enzymatic digestion of TMX-
loaded folate-conjugated nanoparticles was carried out based
on the methodology developed in previous works (14). Briefly,
2 mg of TMX-loaded nanoparticles were suspended in 2 ml of
phosphate buffered saline (PBS, pH=7.4) and 100 pg trypsin
were added to the solution. The digestion process was
performed under stirring at 37°C for 24 h. After this time,
TMX was extracted from PBS solution by the addition of 4 ml
of dichloromethane. The tubes were mixed in a vortex mixer
for 10 min and then centrifuged for 20 min at 3,000 rpm. The
organic phase was transferred to vials and evaporated to
dryness. The resulting residue was reconstituted in methanol
and then evaluated by HPLC. In order to establish the efficacy
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of the extraction process, 2 mg of unloaded nanoparticles were
suspended with a known concentration of TMX in PBS and
100 pg of trypsin, and the same extraction protocol was followed.

A direct extraction of the drug from TMX-loaded
nanoparticles was carried out using methanol in order to study
the strength of the interaction between the drug and the
system (14,15): 3 mg of TMX-loaded nanoparticles were
suspended in 1 ml of methanol with stirring for 5 h. After this
time, the suspension was centrifuged (13,000 rpm, 5 min) and
the supernatant liquid was collected for measurement. The
samples obtained in all processes were analyzed by HPLC.

High Performance Liquid Chromatography (HPLC) with
a fluorescence detector was required to determine the drug
content (19,20). The chromatographic separation was
performed on a 25 cmx4.6 mm RP-Spherisorb ODS2 Cg
column (5 pm particle size, Waters). The mobile phase
consisted of 1% aqueous solution of triethylamine and meth-
anol 11/89 (v/v). A flow rate of 1 ml/min was established.
The fluorescence detector was set at an excitation wavelength
of 250 nm and an emission wavelength of 370 nm. A photo-
chemical reactor unit with a wavelength of 254 nm was placed
between the detector and the column. Chromquest 4.2 soft-
ware (Thermo) was used to process the data obtained. The
limit of detection of TMX established by this method was
1 ng/ml. Standard solutions (10-2,000 ng/ml) of TMX in
methanol were used to obtain the calibration curve and a
good linear correlation (#=0.99) was obtained.

Drug Release Studies

For drug release studies from TMX-loaded folate-conjugated
nanoparticles, 5 mg of drug-loaded nanoparticles was added
to 5 ml PBS (pH=7.4) with 0.5% SDS contained in a flask vial
at a constant temperature (37°C) and at orbital shaking
(100 rpm, Ecotron INFORS HT). TMX is relatively insoluble
in the aqueous medium and SDS is an anionic surfactant used
to make the release of the drug easier in phosphate buffer (21).
Atintervals, 50 pL samples were withdrawn from the solution
in order to follow the change in drug concentration using
HPLC. The volume removed from the vial was replaced with
PBS with 0.5% SDS. Additionally, a parallel drug release
study was performed in PBS (pH=7.4) without SDS to com-
pare the amount of drug released at 24 h under more phys-
iological conditions with TMX released in the presence of
SDS. Sink conditions were maintained during drug release
experiments (22).

In Vitro Cell Culture Studies

Cell Culture. Human breast adenocarcinoma MCF-7 and
T47D cells were obtained from Dr. von Kobbe and Dr.
Pérez-Castillo, respectively, and human cervical cancer HeLa
cells were obtained from Dr. Tierrez, whose original source

was ATCC® and between 20 and 25 passage numbers. Cells
were maintained in Dulbecco’s modified Eagle medium,
supplemented with 10% heat inactivated FBS, penicillin
(50 U/mL), (50 pg/mL),
(200 mM) and gentamicin (50 pg/mL) in a humidified incu-
bator at 37°C and 5% COy atmosphere (HERA cell, Sorvall
Heraeus, Kendro Laboratory Products Gmbh, Hanau, Ger-
many). Ceells were plated in 75-cm” flask (Sarstedt Ag and Co.,
Barcelona, Spain) and were passaged when reaching 95%

streptomycin L-glutamine

confluence, by gentle trypsinization.

Immunofluorescence Analysis. The expression of FR-a in
MCF-7, T47D and Hela cell lines was determined and
quantified by the immunofluorescence technique (23) using
a specific monoclonal murine antibody (MAb Mov18/ZEL,
Enzo Life Sciences, Switzerland) (24). Cells were seeded in 24-
well flat-bottom plates at 50,000 cells per well for MCF-7 and
T47D, and 25,000 cells per well for HeLLa. Twenty-four hours
later, cells were harvested and washed with fluorescence-
activated cell sorting (FACS) buffer (PBS containing 0.1%
sodium azide and 5% FBS). Approximately, 10° cells were
then suspended in 200 pl of FACS buffer with saturating
concentrations (10 pg/ml) of the primary anti FR-o MOv18
or isotypic control IgG murine antibody Biolegend, Germa-
ny). After incubation onice for 1 h, the cells were washed twice
in FACS buffer, and incubated for an additional 30 min at
4°C with optimal dilutions of goat anti-mouse-IgG Alexa488-
conjugated second step antibody (Enzo Life Sciences, Swit-
zerland). At the end of the incubation, the cells were washed 3
times with PBS at 4°C and fixed in 1% buffered paraformal-
dehyde. Samples were analyzed with a FACScan flow
cytometer using GellQuest software (BD Biosciences, Moun-
tain View, CA). Cells were analyzed by gating based on
forward and side scatter. Results are expressed as fluorescence
index (FI) defined as FR-a associated fluorescence divided by
isotypic control fluorescence.

Cellular Uptake of Nanoparticles. Cellular uptake of folate-
conjugated
nanoparticles was investigated with a monoculture of MCF-
7, T47D and Hela cells using the methodology developed in
previous works (14). Briefly, nanoparticles were loaded with
Coumarin following the protocol previously used (14). Cells
were seeded in 96-well flat-bottom plates at 10,000 cells per
well for MCF-7 and T47D cells and at 5,000 cells per well for
HeLa. Twenty-four hours later, the medium was replaced
with 100 pul medium with 1% FBS containing 1 mg of

nanoparticles and non folate-conjugated

Coumarin-loaded folate-targeted and non-targeted nano-
particles per ml of growth medium. The plates were incubated
at 37°C for 2 and 24 h. Then, the cells were washed thor-
oughly with PBS in order to remove the nanoparticles which
had not been effectively internalized by the cells. Finally,
MCF-7, T47D and HeLa cells were dried overnight and
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dissolved in 100 pl of lysis reagent (PBS with 2% SDS and
50 mM EDTA). Remaining nanoparticles were quantified by
fluorimetry at 488 nm using a spectrophotometer (Varioskan,
Thermo Fisher Scientific, Barcelona, Spain). In order to cal-
culate the amount of nanoparticles from fluorescence, calibra-
tion curves (fluorescence versus concentration) were prepared
in the same lysis medium.

For a competitive binding assay (25), folate receptors were
blocked with incubation medium including 1 mM free folic
acid 2 h before adding nanoparticles. Then, the medium was
replaced with nanoparticles suspended in medium +1 mM
free folic. Plates were incubated at 37°C for 2 h and, after this
time, the same protocol as previously described was followed.

Additionally, microscopy studies were carried out before
removing PBS from the final wash. Localization of fluorescent
dye was examined by light fluorescence microscopy (Leica
DMIL microscope, Leica Microsystems Switzerland). Cells
were photographed with a Leica DFC 300FX digital camera
and Leica Application Suite software was used for processing
the pictures (Leica Microsystems Switzerland). This experi-
ment was carried out only with those systems that showed an
enhanced uptake when they were functionalized with folate
(B-50-50-FOL and BSA-SH-FOL NP), taking into account
the results obtained in the uptake assay previously described.

Cell Viability. Cell viability was evaluated by using the MTT
method. All experimental conditions were performed in quin-
tuplicate. Each experiment was carried out in triplicate. 10 uM
TMX was used, having been determined as the most effective
concentration in preliminary experiments (14). Cells were seed-
ed in 96-well flat-bottom plates at 5,000 cells/well, in the case of
MCF-7 and T47D cells, and at 2,500 cells/well, in the case of
HeLa cells. After 24 h, the medium was replaced with 100 pl
medium with 1% FBS containing unloaded folate-conjugated
nanoparticles, TMX-loaded folate-conjugated nanoparticles or
the drug in solution. The amount of nanoparticles was
0.929 mg/mL in the case of B-50-50-FOL and BSA-SH-
FOL NP, and 0.620 mg/ml for C-70-30-FOL NP which was
in accordance with the concentration of TMX considering the
TMX load of the particles. Medium was not removed or
changed up to 1, 2, 3, 6 and 9 days, when 10 ul MTT solution
(5 mg/ml) was added to each well. After 2 h incubation at
37°C, 5% COs, each well was replaced with 100 pl DMSO
(26). Cell viability was determined by measuring the absor-
bance at 570 nm using a spectrophotometer (Varioskan, Ther-
mo Fisher Scientific, Barcelona, Spain). Results are presented
as the percentage survival in relation to untreated control cells.

Statistical Analysis

Statistical comparisons were performed using one way analy-
sis of variance (ANOVA) following by Bonferroni post hoc
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analysis with computer software SPSS 19.0. Values of p<0.05
and p<0.01 were considered significant and very significant,
respectively.

RESULTS
Determination of Folate Content

A spectrophotometric measurement was carried out after the
tryptic hydrolysis of nanoparticles to evaluate the extent of folate-
conjugation in folate-conjugated nanoparticles. 170+ 13, 143+25
and 791229 pmol folate/g NP were determined for BSA-SH-
FOL, B-50-50-FOL and C-70-30-FOL NP, respectively. The
amount of folate conjugated to C-70-30-FOL NP was significantly
lower (p<0.05) than that bound to BSA-SH-FOL and B-50-50-
FOL NP.

Morphology, Size and Zeta Potential Measurements

Morphology of BSA-SH-FOL, B-50-50-FOL and C-70-30-
FOL NP was analysed by FE-SEM. FE-SEM micrographs of
nanoparticles (Fig. 1) showed individual nanometric particles,
with certain spherical tendency, and apparently non porous
and smooth surface.

Each nanoparticle formulation was also analysed using
quasi-elastic light scattering in order to characterize TMX-
loaded and unloaded folate-conjugated nanoparticles in terms
of mean size and surface charge. All nanoparticles showed
nanometric size. BSA-SH-FOL, B-50-50-FOL and C-70-30-
FOL NP unloaded systems showed mean diameter of 350, 68
and 98 nm, respectively (Fig. S1; Supplementary Material).
TMX-BSA-SH-FOL, TMX-B-50-50-FOL and TMX-C-70-
30-FOL nanoparticles showed mean diameter of 417, 76 and
104 nm, respectively (Fig. S1; Supplementary Material).

Zeta potential analysis revealed that BSA-SH-FOL, B-50-
50-FOL and C-70-30-FOL NP unloaded systems had zeta
potential values of —10£4, —23.4+0.6 and —43+3 mV, re-
spectively. In the case of TMX-loaded systems, TMX-BSA-
SH-FOL, TMX-B-50-50-FOL and TMX-C-70-30-FOL
nanoparticles showed zeta potential values of 5£2, 42+2
and 3216 mV, respectively.

Estimation of Drug Content in Nanoparticles

An enzymatic degradation was carried out in order to quan-
tify the TMX load of the folate-conjugated systems. TMX-
BSA-SH-FOL, TMX-B-50-50-FOL and TMX-C-70-30-
FOL nanoparticles showed values of 4.9+0.5, 4.2+0.3 and
7.710.8 pg TMX per mg nanoparticle, respectively.
According to these results, TMX-C-70-30-FOL nanoparticles
included significantly (p<0.01) more drug than TMX-B-50-
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Fig. I FE-SEM micrographs of nanoparticles: BSA-SH-FOL NP (a), B-50-50-FOL NP (b) and C-70-30-FOL NP (c).

50-FOL and TMX-BSA-SH-FOL nanoparticles, which
showed similar values.

In the case of TMX extraction with methanol, TMX-
BSA-SH-FOL, TMX-B-50-50-FOL and TMX-C-70-30-
FOL nanoparticles showed values of 1.9%£0.3, 4.1£0.5
and 6.1+0.7 pg TMX per mg nanoparticle, respectively.
Thus, this method allowed the complete extraction of the
drug to be achieved in the case of nanoparticles with
alginate in their composition, but only 38% of the average
drug load value was extracted in the case of albumin
nanoparticles.

Drug Release Studies

The cumulative release curve of TMX in the presence of SDS
in the release medium is represented in Fig. 2. Maximum drug
release obtained from each formulation is shown in Table 1.
TMX release was complete in all cases, since differences
between maximum drug release values and TMX load of
nanoparticles determined by enzymatic degradation were
not found to be statistically significant (p>0.05).

Drug release in the presence of SDS occurred rapidly for
the first 3 h, 2 h and 1.5 h, when 39%, 36% and 62% of TMX
was released from TMX-BSA-SH-FOL, TMX-B-50-50-FOL
and TMX-C-70-30-FOL, respectively. From this point on-
ward, a slower second stage was established and the TMX
release rate could be determined. These values are shown in
Table I.

Additionally, the amount of TMX released from the sys-
tems was quantified at 24 h in a parallel study performed in
the absence of SDS. 0.2£0.1, 0.12£0.03 and 0.18£0.03 ug
TMX/mg NP values were determined for TMX-BSA-SH-
FOL, TMX-B-50-50-FOL and TMX-C-70-30-FOL, respec-
tively. These data were significantly different (p<0.01) from
the respective values at 24 h in the presence of SDS in the
release medium (3.99+0.08,4.8+0.2 and 5.8 £ 0.4 pg TMX/
mg NP in the case of TMX-BSA-SH-FOL, TMX-B-50-50-
FOL and TMX-C-70-30-FOL, respectively).

In Vitro Cell Culture Studies

Three different cellular lines, MCF-7, T47D and Hela cells,
were selected according to their expression of estrogen recep-
tor (ER) and folate receptor (FR) to assay the nanoparticles
and evaluate, not only the antiestrogenic action of the drug,
but also the uptake of the systems mediated by the FR.

Immunofluorescence analysis was employed to quantify
the expression of FR-a on MCF-7, T47D and HelLa cell
surface using a specific monoclonal antibody. Figure 3 shows
the histogram of associated FR-o fluorescence of the three cell
lines. As can be observed, the receptor presence was con-
firmed in all the lines, but not in the same proportion. Very
similar FR-o expression was observed in the case of MCF-7
and T47D cells, the MCF-7 cell line being slightly more FR-a
expressive than T47D cells (8.9 and 7.7, respectively). HeLa
cells were the most FR-a expressive and showed the highest FI
value (24.9).

Folate-conjugated nanoparticles and non folate-conjugated
nanoparticles were loaded with a fluorescent marker and added

8 /;
a 6
=
: 1
X =
=
= 44 -
=2
=1
b
$ 2
2}
>
=
=
04
T T T T T /4_
0 2 4 5] 8 24
Time (h)

Fig. 2 Cumulative amount of TMX released from drug-loaded TMX-BSA-
SH-FOL NP (—@—), TMX-B-50-50-FOL NP (—=@—) and TMX-C-70-30
NP-FOL (——).
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Table I Maximum Drug Release and Release Rates of Tamoxifen from Nanoparticle Formulations

Sample Maximum drug release (ug TMX/mg NP)  Time  Release rate in second stage K (ug TMX/mg NP/h)*  Second stage time interval
TMX-BSA-SH-FOL 4.1 0.1 7h 001809327 3-8h
TMX-B-50-50-FOL  4.9+0.1 6h  0.124 (0.989) 4-8 h
TMX-C-70-30-FOL  6.6+0.3 4h 0.023(0.905)* .5-8 h

*Value in parenthesis is r*

to cells in order to study their cellular uptake. Fluorescent signal
mto cells was quantitatively and qualitatively detected after 2
and 24 h of incubation. Results are shown in Fig. 4. As can be
observed, either targeted or not targeted systems were internal-
ized. However, B-50-50-FOL and BSA-SH-FOL NP en-
hanced their uptake when the systems were functionalized with
folate while no differences were found in the case of C-70-30-
FOL NP. B-50-50-FOL was highly internalized by the three
lines, and BSA-SH-FOL uptake was especially relevant in case
of HeLa cells.

Besides the quantitative assay, the internalization of these
systems was easily observed due to the green fluorescence of
coumarin attached to the particles, as shown by the images
obtained from the fluorescence microscope (Fig. 4).

A competitive binding assay was carried out at 2 h to assess
if FR was responsible for the increased uptake of B-50-50-
FOL and BSA-SH-FOL NP by adding free folic acid to the
incubation medium. FR seemed to be mainly involved in
BSA-SH NP uptake by the three cell lines and in B-50-50-
FOL NP uptake by T47D cells, as nanoparticle uptake values
significantly decreased when free folic acid was added to the
medium (Fig. 4). However, B-50-50-FOL NP uptake by
MCF-7 and HeLa cells could not be exclusively attributed to
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Fig. 3 Histogram with associated FR-a fluorescence of MCF-7, Hela and
T47D cells.
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FR, since uptake reduction in the presence of free folic acid
was not found to be statistically significant (Fig. 4).

Cytotoxicity studies were carried out over 1, 2, 3, 6 and
9 days with unloaded folate-conjugate nanoparticles using the
equivalent concentration to 10 uM TMX when drug was
administered by nanoparticles in later studies. In the case of
MCF-7 cells, B-50-50-FOL and C-70-30-FOL NP generally
caused low cytotoxicity (cell survival between 9918% and
731+8%), and showed the lowest viability values after 9 days
of incubation. However, BSA-SH-FOL caused a significant
decrease in cell viability from the first day of incubation
(between 691 4% and 57 £8%). In the case of HeLLa cells, cell
survival was significantly reduced with B-50-50-FOL and
BSA-SH-FOL NP from the third day of incubation (between
6815% and 50%12%). For C-70-30-FOL NP, low toxicity
was observed during the first three days of incubation (be-
tween 108+£9% and 71%8%) but this value decreased to
44+8% at day 9. Finally, in the case of T47D cells, a similar
situation was observed to that of MCF-7 cells. B-50-50-FOL
and C-70-30-FOL NP caused low cytotoxicity over the com-
plete study (between 105+ 10% and 78+ 11%) and showed
the lowest values after 9 days of incubation. BSA-SH-FOL
caused a significant decrease in cell viability from the first day
of incubation (between 73+ 16% and 62£7%).

Finally, 10 pM TMX was administered to cells in solution
and entrapped into nanoparticles to check the efficacy on
gradual reduction of cell survival at 1, 2, 3, 6 and 9 days
(Fig. 5). TMX administered entrapped into folate-systems
caused more gradual decrease in cell viability than when
TMX was administered in solution from the first day, in the
case of HelLa and T47D cells, and from the third day, in the
case of MCF-7.

DISCUSSION

Current TMX therapy for advanced or metastatic oestrogen-
dependent breast cancer has been associated with some seri-
ous side effects after long-term treatment. Thus, research on
new challenging targeted therapies has become a necessity.
Folate receptor plays a significant role in a wide range of
tumour types, including breast cancer (7). It has been hypoth-
esized that folate-attached therapeutic agents might reduce
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Fig. 4 Quantitative comparison of Coumarin-loaded internalized nanoparticles into MCF-7 (a, b and ¢), Hela (d, e and f) and T47D cells (g, h and i).
Fluorescence microscopy images of Coumarin-loaded BSA-SH-FOL NP in MCF-7 cells (j), Coumarin-loaded B-50-50-FOL NP in Hel.a cells (k) and Coumarin-
loaded C-70-30-FOL NP in T47D cells (I). White arrows indicate representative uptaken nanoparticles. Data marked with (*) showed significant differences
(p<0.05) and with (*¥) showed very significant differences (p <0.01).

off-site toxicity and enhance efficacy against tumour cells.
Previous works (14,15) showed good i wvitro efficacy of

TMX-loaded nanoparticles based on various mixtures of
modified alginate and albumin as controlled drug delivery
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systems. Additionally, an improved  vivo antitumor activity of
TMX was declared after subcutaneous administration of these
TMX-loaded nanoparticles in a breast tumour xenograft
model (27). Consequently, the attachment of folic acid to these
systems already tested could possible make an improvement of
the effectiveness of TMX,, and also in the development of new
administration routes for this drug, such as intravenously.
Covalent attachment of folic acid to the three systems was
successfully achieved. A very similar amount of folate content
to that reported by Zhang and co-workers, who used the same
methodology for BSA nanoparticles (18), was obtained. It
seemed that when the proportion of BSA into the composition
was reduced, a lower value of folate content was obtained, this
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being significantly different in the case of C-70-30-FOL NP.
Since folic acid attachment occurred via amine groups of
BSA, a lower value was expected in the composition with a
lesser proportion of BSA in its composition.

Particles were characterized in terms of mean size and
surface charge. Particles of very small size (<100 nm) were
obtained in all cases according to SEM micrographs. Quasi-
elastic light scattering analysis confirmed this small size in the
case of nanoparticles based on alginate/albumin mixtures.
However, albumin nanoparticles showed a higher mean size
value by this technique than deduced from the SEM micro-
graphs. This difference could be explained in terms of nano-
particle aggregation phenomenon. Either unloaded or TMX-
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loaded nanoparticles presented zeta potential values signifi-
cantly lower than 30 mV, which has been established as the
minimum to obtain a physically stable nanosuspension and
avoid nanoparticle aggregation (28). Thus, BSA-SH-FOL NP
aggregates could be formed in aqueous medium, resulting in
an increased mean size value when quasi-elastic study was
performed. In the case of B-50-50-FOL and C-7030-FOL
NP, zeta potential values were close to £30 mV, resulting in
stable nanosuspensions with similar mean size values by both
techniques. Negative zeta potential values were obtained for
unloaded formulations. This fact was expected due to the
presence of BSA and alginate in nanoparticle composition,
as other works have revealed (29,30). When nanoparticles
were loaded with TMX, zeta potential values became positive
in all cases. This fact could be attributed to the major super-
ficial localization of the drug (31), according to the similar
tendency observed in previous works (14,22).

TMX-load of nanoparticles was determined after tryptic
hydrolysis of the systems. Results were very similar to those
reported in previous studies (14), indicating that folate attach-
ment did not affect TMX incorporation. Results of TMX
extraction with methanol demonstrated again the superficial
presence of TMX, as zeta potential values indicated. In the
case of TMX-B-50-50-FOL and TMX-C-70-30-FOL NP,
TMX extraction was complete; but in the case of TMX-
BSA-SH-FOL NP, 62% of the drug was still trapped in the
system. This fact was attributed to the strong interaction that
can be established between TMX and the hydrophobic re-
gions of albumin, as previous studies revealed (32). Superficial
presence of the drug was additionally supported by fast TMX
release during the first step of the release study performed with
SDS, which is characteristic of hydrophobic drugs with this
location (22). After this stage strongly retained TMX was
released. Complete release of TMX was achieved within the
first 24 h from all systems when SDS was included in the
release medium. However, SDS would contribute to this fast
and complete release, as previous studies showed (33). In fact,
when a TMX release study was performed in PBS without
SDS, the amount of drug released from the systems at 24 h
diminished to 3-5% of total TMX load. SDS is a surfactant
that is not present in physiological conditions. Consequently, if
these nanoparticles were intravenously administered, almost
all the loaded drug would remain intact and would be only
released after the enzymatic digestion of nanoparticles, which
would mainly occur after their cellular internalization. The
presence of albumin into nanoparticle composition became a
determinant factor for the release control (14,15). As a matter
of fact, those compositions with a higher amount of albumin
showed lower percentages of drug released in the first stage.
Additionally, maximum drug release in these compositions
was obtained later than in TMX-C-70-30-FOL.

Different cellular lines were used to test folate-targeted
systems according to their expression of ER and FR. Hela

and T47D cells have been described in the literature as
ER(-)&FR(+) and ER(H)&FR(+), respectively (34,35).
MCF-7 cells have been described as positive in the expression
of ER (35), but controversy has arisen in the case of folate
receptor expression. Some authors have described this line as
deprived in FR and, indeed, they used this line as negative
control (36). However, there are works that describe them as
weakly FR expressive (34) or even positive in the expression of
FR receptor (37). Taking into account this controversial as-
pect, an immunofluorescence analysis was carried out in order
to determine the FR expression level of each cell line. Results
showed that all lines were positive in the expression of FR,
especially Hela cells, allowing these three lines to be used as
possible i vitro test of folate-targeted system efficacy.

In general, good cytocompatibility values were obtained
with B-50-50-FOL and C-70-30-FOL NP. This is in accor-
dance with results previously obtained using non targeted
systems (14). However, BSA-SH-FOL NP showed lower
values of cell viability in the three lines than non targeted
formulations (80%—100%) (14), indicating that this composi-
tion itself was relatively toxic. Since IR was determined in
uptake studies as the main mechanism used by cells to inter-
nalize BSA-SH-FOL NP, only cells with FR over-expression,
such as cancer cells, would be principally affected by this
toxicity. Thus, BSA-SH-FOL NP itself would have a synergic
antitumor action with TMX when loaded with this drug. In
the case of B-50-50-FOL NP, uptake results could not clearly
point to FR as the only mechanism of internalization, with the
exception of T47D cells. This fact might indicate the existence
of an unspecified mechanism that would act additionally to
FR-mediated internalization. Thus, the presence of free folic
acid in the incubation medium would not be sufficient to
inhibit the internalization of the system. Previous works de-
tected the presence of this unspecific uptake mechanism in
MCF-7 and HeLa cells due to the presence of alginate in
nanoparticle composition (14). Some authors revealed that
negative-charged nanoparticles showed high cellular uptake
levels due to electrostatic interactions established with some
parts of cellular membrane (38,39). B-50-50-FOL NP showed
more negative zeta potential values than BSA-SH-FOL NP
and consequently, this system could only interact directly with
cells due to its anionic surface, and this aspect creates difficulty
in identifying the internalization via FR by this methodology.
However, folic acid attachment to the systems, either in B-50-
50-FOL or BSA-SH-FOL NP, led to a great enhancement of
the nanoparticle uptake in all cellular lines. Consequently,
FR-mediated uptake might be implicated in the internaliza-
tion of both systems despite the fact that significant evidence
was only found in BSA-SH-FOL NP. In the case of C-70-30-
FOL NP, the amount of folate attached to the system was not
enough to enhance its uptake. It seemed that an unspecific
mechanism had a predominant role in this composition,
which in fact showed the most negative zeta potential value.
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When TMX was loaded into the systems, a gradual decrease
in cell viability values was observed when TMX was being
released from the all the systems. TMX-BSA-SH-FOL and
TMX-B-50-50-FOL NP were especially effective in reducing
cell viability from the third day of incubation. The amount of
TMX that would be available within the cells treated with
TMX-loaded systems would be lower than the amount of
drug available in cells treated with TMX solution at 24 h,
considering the amount of NP bound to cells at 24 h in uptake
studies. However, folate-targeted systems may enter cells via
folate receptor mediated endocytosis pathway (Ka~5x 10"
M for folate) (40), where much of the material is released into
the cell cytoplasm after endocytosis and vesicular trafficking,
and unligate folate receptor may then recycle to the cell
surface. Since the recycling rate for the folate receptor is in
the range of 0.5 to 5 h (41), more NP are expected to be
introduced into the cells over 9 days. Moreover, folate conju-
gates have been observed to remain stable and functional for
several hours following uptake by cancer cells (42), and TMX
would be released only after NP degradation. This would
justify the delayed cytotoxic action of folate targeted NP
compared to TMX solution effect. Thus, the efficacy of
TMX-FOL NP as a controlled drug release systems was
demonstrated i vitro, where the systems with high folate
content were the most effective against tumour cell survival.

In conclusion, this study demonstrates the promising i vitro
anticancer action of these new TMX-loaded folate-targeted
systems, especially TMX-BSA-SH-FOL and TMX-B-50-50
NP-FOL, which showed the highest cell uptake values and
effectiveness in reducing carcinoma cell survival. TMX incor-
poration to these folate-targeted systems may allow a new
administration route to be studied in further i vwo studies in
order to improve current TMX therapy.
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