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A B S T R A C T

Breast cancer is the most common type of cancer and it is the second common cause of cancer-related deaths in
women. Hormonal therapy is a quite well-tolerated treatment, for estrogen receptor (ER) and progesterone
receptor-positive breast cancers. Selective estrogen receptor modulators (SERM) is a specific drug group,
structurally different from estrogen, configured as nonsteroidal estrogen with the ability to bind estrogen re-
ceptors competitively. They are not readily soluble in biological fluids and have some bioavailability problems.
In this study, liposome formulations of tamoxifen and raloxifene were developed with penetration enhancers
dimethyl-β-cyclodextrin (DM-β-CD) or sodium taurocholate (NaTC). These formulations were subjected to in
vivo and in vitro tests. Raloxifene and DM-β-CD liposomes showed almost 3.5 folds higher permeability coef-
ficients through Caco-2 cell lines. Tamoxifen DM-β-CD liposomes representing particle size with a value of
244.7 ± 8.1 nm (polydispersity index was 0.332, the zeta potential was−14.8 mV and encapsulation efficiency
was 45.1%) have shown higher tumor size reduction (92.5%) and therapeutic efficacy (50%). All these results
indicate that SERM drug-containing liposomes with a penetration enhancer can be a better therapeutic alter-
native for oral treatment of breast cancer.

1. Introduction

Breast cancer is the most common type of cancer as well as the
second common cause of death from cancer in women in many coun-
tries [1–3]. 1.38 million women are diagnosed with breast cancer every
year worldwide [4]. The common reason for breast cancer-related
mortality is known to be the development of metastases [3]. Lymph
nodes, lung, liver, bone, and brain are the most common sites which are
susceptible to breast cancer metastases [5].

According to the different subtypes and phases of the disease, dif-
ferent treatment approaches are available [6]. Breast cancer treatment
is often a combination of several different treatment approaches. If the
tumor is appropriate to the operation, surgical procedures constitute
the first step of treatment as the most effective approach [7] and then
followed by chemotherapy and/or radiotherapy which usually leads to
unselective damages on healthy tissues [8]. Chemotherapeutics usually
fail in the treatment because of a lack of effectiveness and also side
effects [9]. Inefficient chemotherapy is considered to be directly asso-
ciated with multidrug resistance (MDR), which is most frequently as-
sociated with inadequate drug concentration at the tumor site [10].

Another treatment approach in breast cancer is hormonal therapy
which is a quite well-tolerated treatment, for estrogen receptor (ER)
and progesterone receptor-positive breast cancers. It has been estab-
lished that 75% of breast cancers are ER-positive (ER +), while 65% of
ER-negative type (ER -) are progesterone receptor-positive. The success
of the treatment is reported as 50–60% for ER +, and 65–70% for
progesterone and estrogen-positive tumors [11–13]. There are two
main drug classes for hormonal therapy which are aromatase inhibitors
and estrogen receptor modulators [14,15]. Aromatase inhibitors sup-
press circulating estrogen up to 90% by inhibiting peripheral aromatase
[16]. The second group, selective estrogen receptor modulators (SERM)
is a specific chemical group that is structurally different from estrogen
and defined as nonsteroidal estrogens [17]. They bind to estrogen re-
ceptor and act as agonist or antagonist to estrogen by interacting with
the receptors in many different tissues by inhibiting the estrogen
binding to mimic or block its effects [18,19]. The first representative of
SERM group is tamoxifen [20]. Tamoxifen has been approved by FDA to
be used in breast cancer prevention and adjuvant therapy. Raloxifene
from the same group approved for osteoporosis, to prevent or treat bone
loss in postmenopausal women [21]. While tamoxifen is effective for
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breast cancer, and it can reduce breast cancer incidence in high-risk
women, but it increases the risk of endometrial cancer. In 1996, the
International Agency for Research on Cancer has classified tamoxifen as
a carcinogenic compound for the endometrium. The use of tamoxifen
breast cancer for prevention in women with high risk is restricted but it
is still used widely in the clinic [22]. In this respect, there is a general
need that the safety profile of tamoxifen should be increased.

Nanotechnology, although not a new challenge but has gained sig-
nificant attention in recent years especially in cancer research. The
main applications and research targets of nanomedicine could be
summarized as Drug screening, drug delivery, gene delivery, detection
(imaging), diagnosis and monitoring [23]. Liposomes are colloidal lipid
vesicles which have been used successfully in drug delivery for over 40
years because of their unique structural similarities to cell membranes
and biocompatibility and biodegradable nature [24].

Besides all these and according to the latest researches, there are
some alterations in composition and expression levels in local enzymes
such as matrix metalloproteinases (MMPs), in many types of cancers
including breast cancer. Actually, MMP-2 and MMP-9 are known to be
responsible for tumor invasion and angiogenesis. Through this ap-
proach, the amounts of MMP-2 and MMP-9 may be used as biomarkers
for the evaluation of treatment effectiveness in cancer [25–27].

Raloxifene has a serious solubility problem, in addition, it has a
significant first-pass effect via glucuronidation in the liver and all those
resulted in low bioavailability (%2) [28–31]. The water solubility of
tamoxifen is also poor but it is slightly more than raloxifene. Raloxifene
and tamoxifen are both belong to BCS (Biopharmaceutical Classifica-
tion System) class II [31,32]. In this study, liposome formulations of
tamoxifen and raloxifene were developed by using absorption en-
hancers dimethyl-β-cyclodextrin (DM-β-CD) and sodium taurocholate
(NaTC). It was aimed to increase oral treatment efficacy of tamoxifen
and raloxifene by using liposome formulations. Caco-2 cell line has
been utilized as a model for absorption studies [33] of developed li-
posome formulations. Antitumoral activity and MMP-2 inhibition effi-
ciency of formulations were investigated on breast cancer cell lines
MCF-7 and MDA-MB 231. Liposome formulations were then applied to
Balb/C type female mice orally and in vitro/in vivo correlation studies
were performed and best formulations were selected. These selected
formulations were applied to tumor-bearing female Sprague Dawley
rats once a week orally for 8 weeks. The changes in the tumor areas
were observed and pathological examinations were performed at the
end of the 8 weeks period.

2. Materials and methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was pur-
chased from Avanti Polar Lipids Inc, (USA). Tamoxifen citrate,
Raloxifene hydrochloride, sodium taurocholate, dimethyl-β-cyclodex-
trine, chitosan and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were purchased from Sigma-Aldrich Co. LLC
(USA). Dulbecco's Modified Eagle's Medium (DMEM) was obtained
from Bichrom (Germany) and all equipments for the cell culture were
provided by Grenier GmbH (Germany). All other chemicals and sol-
vents were of analytical grade and purchased from Merck (Germany).

2.2. Cell culture

Caco-2 (human colorectal adenocarcinoma), MCF-7 (estrogen re-
ceptor positive human breast adenocarcinoma) and MDA MB-231
(triple negative human breast adenocarcinoma) cell lines were pur-
chased from the American Type Culture Collection (ATCC; Manassas,
USA) and the cell culture studies were carried out in Food and Mouth
Diseases Institute. All these cells were maintained in ATCC re-
commended cell culture media and conditions. The cells were cultured

in DMEM supplemented with 10% FBS and 1% of penicillin/strepto-
mycin stock solutions and grown in a humidified incubator with 5%
CO2 at 37 °C. The cells were then passaged.

2.3. Preparation of tamoxifen/raloxifene liposomes

The liposomes were prepared by reverse-phase evaporation and
modified from previously described methods [34]. Briefly, 3 mg of ta-
moxifen or raloxifene was dissolved in 0.5 ml of methanol, 30 mg of
DPPC was dissolved in 4.5 ml of ethyl acetate and mixed in a round-
bottom glass flask. The absorption enhancers sodium taurocholate
(NaTC) or dimethyl-β-cyclodextrine (DM-β-CD) were added to the flask
as absorption enhancers. 1 mg/ml chitosan solution was prepared in
0.02 M acetate buffer/0.1 M NaCl (pH 4.5) solution and 100 μl of this
solution was added to the flask dropwise under the ultrasonic bath. The
organic phase was then removed using a rotary evaporator at 30–35 °C.
Then a gel-like, and dry lipid film was obtained and it was hydrated
with 5 ml of physiological saline (PS) under sonication for an hour. The
final liposome suspensions were centrifuged at 20,000 g for 15 min at
room temperature for the separation of liposomes and supernatants.

2.4. Characterization of liposomes

The particle size and zeta potential of liposomes were determined
using Zetasizer-Nano ZS-Malvern (Germany). The physical appearances
of liposomes were observed by Transmission Electron Microscope
(TEM).

The tamoxifen and raloxifene contents of liposomes were de-
termined by HPLC. The methods were adapted from the literature [35].
The mobile phase used for the analysis of tamoxifen was consisted of
0.025 M dipotassium hydrogen phosphate buffer (pH was adjusted to
8.7 by acetic acid): methanol (10:90%). ODS 2 μm, 4.6 × 50 mm
column was used and determinations were performed at 238 nm, the
flow rate was 1 mL/min [35]. The mobile phase for raloxifene analysis
was 50 mM phosphate buffer (pH was adjusted by o-phosphoric acid to
3): acetonitrile (64:30). C18, ACE 5 μm, 4.6 × 250 mm column was
used, analyses were carried out at 37 °C [36], the wavelength was set to
287 nm. Flow rate was 0.7 mL/min flow rate was. The encapsulation
efficiencies were calculated as it was reported in the literature [37–39]:

=

− xEE % TD UED
TD

100

where EE %, TD, UED refers to the percentage of encapsulation effi-
ciency, total drug concentration, and the concentration of un-
encapsulated drug respectively.

2.5. Caco-2 transport studies

MTT tests were carried out for tamoxifen (1200, 600, 300, 120, 60,
30 μg/ml) and raloxifene (900, 450, 120, 60 μg/ml), NaTC (7.5, 3.75,
1.875, 0.005 mM), DM-β-CD (5, 1.5, 0.375, 0.15%), raloxifene free li-
posomes (75, 50, 25%), and PG/DMEM (60%/40%) for 24 h time
period to observe the effects on cell viability of Caco-2 cell line. Caco-
2 cells were seeded on semipermeable polycarbonate filter inserts for
21 days (1.2 cm diameter, 0.4 μm pore size) with the density of
80,000 cells/ml density [40,41]. The transport studies were performed
from apical to the basolateral side of the diffusion cells at 37 °C for 24 h.
The concentrations of tamoxifen, raloxifene, NaTC, DM-β-CD used in
Caco-2 transport studies were selected according to the MTT test re-
sults. The samples were withdrawn at predetermined time periods re-
placed with fresh PG/DMEM (60%/40%). Tamoxifen or raloxifene that
passed through the basolateral side was analyzed with HPLC and Papp
values were calculated using following equation:

=Papp dQ
dt A C

1
. 0
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dQ/dt refers permeability rate, A (cm2) refers to membrane diffusion
area and C0.

(μg/mL) refers to the initial concentration of the drug in the donor
compartment.

2.6. Antitumoral activity with MCF-7 and MDA MB-231 cell lines

MCF-7 and MDA MB-231 cells were cultured with a concentration of
1 × 104 on each well for 96-well plates. The tamoxifen and raloxifene
liposomes were suspended in DMEM and added to wells at 37 °C and
95% O2/5% CO2 was maintained. At the end of the 4 days, 10 μL of
MTT (5 mg/mL) was added to each well and incubated for 4 h and then
100 μL 2-propanol, Triton X-100 (10%) and 0.1 N HCl was added and
analyzed by spectrophotometer at 570 nm with an Elisa reader. Values
of growth inhibitions were calculated according to the following
equation [35]:

=

−

Growth xInhibition %
OD controlled wells   OD samples wells

OD controlled wells
100

2.7. MMP-2 inhibition with MCF-7 and MDA MB-231 cell lines

MCF-7 and MDA MB-231 cells were cultured with the concentration
of 1 × 104 cells on the wells for 96-well plates. The liposomes con-
taining tamoxifen and raloxifene were suspended in DMEM and added
to the wells at 37 °C and incubated for 4 days, 95% O2/5% CO2 was
maintained. Ray®Biotech Human Elisa Kit was used to determine the
amount of MMP-2 spectrophotometrically at 450 nm. The calibration
curve was obtained by using MMP-2 standard solutions.

2.8. In vivo studies with Balb-C type female mice

All animal studies were conducted under the protocol approved by
the Animal Care and Use Ethical Committee of Gazi University ac-
cording to European Community guidelines and accepted principles for
the use of experimental animals (G.Ü.ET-10.010/34–2372). The animal
studies were conducted according to the humane care of the animal
studies guidelines. All animals were housed in a temperature and hu-
midity controlled, 12-h light:12-h dark environment and fed with
commercial chow and water ad libitum.

The first part of the study was dealt with the oral administrations of
tamoxifen and raloxifene formulations (solutions and liposomes),
14–16 weeks old, 30 ± 2 gr, female Balb-C-type mice were used and
then tamoxifen and raloxifene plasma levels were determined in order
to carry out in vitro/in vivo correlations. Blood samples were collected
intracardially at predetermined time intervals, immediately separated
by centrifugation at 5000 rpm and plasma samples were kept at −80 °C
until analyzed. 100 μl methanol and 400 μl acetonitrile was added to
the 200 μl of plasma sample and vortexed for 30 s. The samples were
then centrifuged at 15,000 rpm, at 4 °C for 10 min [42]. Supernatants
were separated and analyzed.

2.9. In vivo studies on tumor bearing Sprague Dawley female rats

Selected formulations (tamoxifen + DM-β-CD liposomes,
raloxifene + DM-β-CD liposomes and tamoxifen + DM-β-CD solution,
raloxifene + DM-β-CD solutions) were administered to 300 ± 10 gr
weighted tumor-bearing Sprague Dawley female rats orally. All animal
studies were conducted under the protocol approved by the Animal
Care and Use Ethical Committee of Gazi University according to
European Community guidelines and accepted principles for the use of
experimental animals (G.Ü.ET-10.010/199–2028). For tumor forma-
tion, nitroso methyl urea (NMU) with a dose of 50 mg/kg dose was
administered intraperitonally to Sprague Dawley female rats [43,44].
For comparison, untreated tumor-bearing rats were used as a control.

Treatments with liposome formulations (the dose was 1200 μg/ml for
tamoxifen and raloxifene) were performed. Formulations were given
once a week for eight weeks, weights, tumor sizes were measured each
week. A caliper was used to measure tumor sizes and to calculate tumor
areas.

2.10. In vitro/in vivo correlations

In vitro–in vivo correlation studies were performed as it has been
reported in the literature [45]. The amounts of the drug (%) passed
through apical to the basolateral side from Caco-2 cell monolayers and
the drug levels in the blood (after formulations were given orally to
Balb C female mice) at the same time points were considered.

2.11. Statistical analysis

All in vitro experiments were performed in triplicate and presented
as means ± standard deviation (SD). For in vivo experiments, each
group consisted of six animals. All results were analyzed by one-way
ANOVA and p˂0.05 was set as the minimal level of significance.

3. Results

3.1. Characterization of liposomes

The results for particle size, zeta potential, and encapsulation effi-
ciencies were shown in Table 1. In this table, PS, PDI, ZP, and EE refer
to particle size, polydispersity index, zeta potential, and encapsulation
efficiency respectively. The liposomes were framed under TEM micro-
scope and images of (A) drug-free liposomes (B) tamoxifen and DM-β-
CD liposomes (C) raloxifene and DM-β-CD liposomes were shown in
Fig. 1.

3.2. Caco-2 transport studies

Considering the results of MTT test results, the concentrations of
drugs were determined as 120 μg/ml, 120 μg/ml, 1.875 mM, 0.15% for
tamoxifen, raloxifene, NaTC, and DM-β-CD respectively not showing
any toxicity and those concentrations were used in all in vitro and in
vivo experiments. On the other hand, drug-free liposomes and the
media used for transport studies, PG/DMEM (60%/40%), had no sig-
nificant effect on cell viability.

Before Caco-2 cell transportation studies, transport studies using
Caco-2 free polycarbonate membranes were also carried out to de-
termine any possible adsorption on filter material (data not shown). For
Caco-2 transportation studies, cells were seeded on semipermeable
polycarbonate filter inserts (1.2 cm diameter, 0.4 μm pore size) with
80,000 cells/ml density and cıultured for 21 days [40,41]. Liposomes
were dispersed in PG/DMEM (60%/40) and the solutions were also
prepared in the same medium for transport studies. The cumulative
amounts of penetrated tamoxifen and raloxifene were calculated for

Table 1
Formulation characteristics of tamoxifen and raloxifene liposomes.

Formulation Type PS (nm) PDI ZP (mV) EE (%)

Tamoxifen Liposomes 208.0 ± 4.0 0.374 11.7 ± 2.1 81.8 ± 4.6
Tamoxifen - DM-β CD

Liposomes
244.7 ± 8.1 0.332 −14.8 ± 0.3 45.1 ± 6.1

Tamoxifen – NaTC-
Liposomes

243.3 ± 5.0 0.214 29.3 ± 7.9 70.3 ± 6.3

Raloxifene Liposomes 210.0 ± 6.3 0.28 7.9 ± 0.1 51.9 ± 5.4
Raloxifene - DM-β CD

Liposomes
344.6 ± 8.6 0.33 −12.5 ± 1.3 42.9 ± 1.4

Raloxifen- NaTC-
Liposomes

223.6 ± 5.9 0.34 9.4 ± 1.4 48.3 ± 5.5
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liposomes and solutions at the end of the 24-h time period. The results
of Caco-2 cell transportation are given in Fig. 2.

Transepithelial electrical resistance (TEER) values were measured
by Evom Voltmeter® to evaluate the cell integrity at the beginning and
at the end of experiments. The initial TEER value of cells, for tamoxifen
and raloxifene formulations, were determined as 245 Ω and 285 Ω
respectively. Permeability coefficients (Papp) were calculated at the
end of the Caco-2 cell transport studies. The TEER and Papp values

were shown in Table 2.

3.3. Antitumoral activity studies with MCF-7 and MDA MB-231 cell lines

Breast cancer cell lines MCF-7 and MDA MB-231 were used to in-
vestigate the antitumoral effects of prepared tamoxifen and raloxifene
liposomes, comparing with the solutions. The percentage of antitumoral
activity of tamoxifen and raloxifene formulations on MCF-7 (A and C)

Fig. 1. TEM images of (A) drug free liposomes (B) tamoxifen and DM-β-CD liposomes (C) raloxifene and DM-β-CD liposomes.

Fig. 2. Cumulative amounts of tamoxifen (A) and raloxifene (B) from various formulations transported through Caco-2 cells (error bars represent standard deviations,
n = 3).
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and MDA MB 231 (B and D) were shown in Fig. 3.

3.4. MMP-2 enzyme inhibiton studies with MCF-7 and MDA MB-231 cell
lines

In order to evaluate the effect of tamoxifen and raloxifene liposomes
on MMP-2 enzyme of breast cancer cell lines MCF-7 and MDA MB-231,
both cell lines were cultured with 1 × 104 cells on each well of 96-well
plates. Ray®Biotech Human Elisa Kit was used to determine the amount
of MMP-2 at 450 nm, according to manufacturer protocol. The results of
MMP-2 inhibition studies were given in Table 3 for solutions and ta-
moxifen and raloxifene liposomes.

3.5. In vivo/in vivo correlation studies with Balb-C type female mice

The success of the correlation with the Caco-2 model was evaluated
by using determination coefficients (R2). The graphs were shown in
Fig. 4(A-C) for tamoxifen liposomes and (D-F) for raloxifene liposomes.

3.6. In vivo studies with breast tumor bearing Sprague Dawley female rats

The results of Caco-2 transportation, antitumoral activity, and
MMP-2 inhibition studies were considered together and DM-β-CD
containing formulations were chosen for final tests on breast tumor-
bearing Sprague Dawley type female rats [42–44]. Following the tumor
formation, tumor tissues were investigated histopathologically to prove
the therapeutişc efficacy (Fig. 5A and B). 1200 μg/ml tamoxifen and
raloxifene liposomes and their solutions were applied to rats orally once
a week, for eight weeks. The weight of animals and tumor sizes (length
and width) were measured each week. The alteration in rat weights
(Fig. 5C) was evaluated, tumor areas (Fig. 5D) were calculated and
histopathological investigations were carried out by considering fi-
brotic/necrotic areas at the end of the 8 weeks (Fig. 5E and F).

4. Discussion

In this study, it was aimed to develop new liposome formulations
containing tamoxifen or raloxifene for oral treatment of breast cancers.
Although these two drugs are in the same group and have a similar
mechanism of action, their clinical usages are completely different.
Tamoxifen has been approved by FDA to be used for the prevention of
breast cancer and adjuvant therapy while raloxifene's approval is on
osteoporosis, to prevent or to treat bone loss in postmenopausal women
[21,45]. There are studies about raloxifene's effect on breast tissue
which demonstrated to be like tamoxifen but its effect on the en-
dometrium is just the opposite. There have been no stimuli on the en-
dometrium and no risk for endometrium tumors related to raloxifene
usage. Tamoxifen's stimulative effect on endometrium while treating
breast tumors limited its clinical use. In this study, a liposome

formulation of tamoxifen has been developed to enhance its efficacy,
decrease side effects, and to make it much more suitable for oral de-
livery. On the other hand, it is planned to investigate the effect of ra-
loxifene liposomes on breast tumors to compare it with tamoxifen li-
posomes. The effects of bile salts and cyclodextrins are quite well
known. They enhance the oral drug absorption of poorly soluble drugs
[46,47] It was decided to use absorption enhancers (cyclodextrin de-
rivative DM-β-CD and a bile salt NaTC) in liposome formulations. At the
beginning of the study, DSC (Differential Scanning Calorimetry) studies
were carried out to observe any interactions between the drugs and the
excipients (data not shown). No interactions were recorded. Prior to cell
culture studies, cytotoxic effects of drugs and other formulation ex-
cipients which intended to be used in formulations were investigated.
Their amounts were determined according to the MTT test results. MTT
cytotoxicity assays for cell viability reported to be at least 50% or
preferably higher [48,49]. MTT tests were performed using Caco-2,
MCF-7 and MDA MB-231 cell lines for the same concentrations of ta-
moxifen, raloxifene, NaTC, and DM-β-CD. Considering the MTT tests
results after 24 h, concentrations were chosen as 120 μg/ml for both
tamoxifen and raloxifene and 1.875 mM, 0.15 mM for NaTC, DM-β-CD
respectively. In addition, liposome formulations did not affect cell
viability (Caco-2, MCF-7 and MDA MB 231 cell lines) significantly at
any tested concentration (p ˃0.01). The medium used in Caco-2 trans-
port experiments PG/DMEM (60%/40%), was also tested and Caco-
2 cell viability with the medium was found to be 77.4% and this shows
that all these can be used safely for the experiments.

PG/DMEM (60%/40%) was chosen to use in Caco-2 transport stu-
dies of two drugs (tamoxifen and raloxifene) because, it has been re-
ported that, the use of propylene glycol in the medium during the
transport studies of lipophilic drugs would help to get more accurate
results [50]. It has been also reported that both DM-β-CD and NaTC
enhance permeability by increasing the water solubility and by opening
the tight junctions [51]. According to the Caco-2 transport study re-
sults, DM-β-CD has enhanced permeability of both tamoxifen and ra-
loxifene in solutions and liposomes better than NaTC (Fig. 2). This has
been proved by Papp values and also with TEER measurements
(Table 2). It has been clearly observed that NaTC is an absorption en-
hancer and increased the solubility of both tamoxifen and raloxifene,
but it was not as successful as DM-β-CD. According to the Papp values,
raloxifene + DM-β-CD liposomes had Papp with a value of
4.14 ± 0.12 appeared to have the highest one for raloxifene. When
TEER values were considered together with the permeability coeffi-
cients the opposite enhancements between these two values were ob-
served and this can be as evident for penetration enhancements. Both
tamoxifen and raloxifene have poor water solubilities but they are so-
luble in lipids of liposomes. Since raloxifene is more hydrophobic than
tamoxifen, it has better solubility in lipids and as a result, it showed the
highest permeability coefficient among the other tested formulations.

The mechanism of action is binding to estrogen receptors competi-
tively with estrogen for both tamoxifen and raloxifene. Two breast
cancer cell lines, MCF-7, an estrogen receptor-positive (ER +) breast
cancer cell line [52] and MDA MB-231 and estrogen receptor-negative
(ER -) breast cancer cell line [53] were selected in order to utilize the
antitumoral activity and MMP-2 inhibitions. These are common and
frequently used cell lines cancer researches. According to the anti-
tumoral activity study results, the formulations with the highest anti-
tumoral activities were dimethyl-β-CD containing liposomes on MCF-
7 cells with the value of 28.05% (p < 0.001) and 28.1% for tamoxifen
and raloxifene respectively. Antitumoral activity results are in the si-
milar trend with calculated permeability coefficients for Caco-2 cells.
The lipidic character of liposomes, due to their similarity to the cell
membrane structure is found to be more effective. The antitumoral
activity results were also found to be similar for MDA MB-231 cell line;
although the percentages were significantly lower (p < 0.001). The
reason for this decrease in the antitumoral activity was considered to be
because of estrogen receptor specific action of our SERM group drugs.

Table 2
TEER values and calculated Papp values and at the end of 24 h of Caco-2
transport studies (n = 3).

Formulation Type TEER (Ω) Papp (cm/h)

Tamoxifen Solution 244 1.58 ± 0.01
Tamoxifen + DM-β-CD Solution 226 1.98 ± 0.01
Tamoxifen + NaTC Solution 252 1.68 ± 0.03
Tamoxifen Liposomes 255 0.611 ± 0.02
Tamoxifen + DM-β-CD Liposomes 226 1.22 ± 0.06
Tamoxifen + NaTC Liposomes 253 1.20 ± 0.02
Raloxifene Solution 242 1.53 ± 0.06
Raloxifene + DM-β-CD Solution 209 1.95 ± 0.04
Raloxifene + NaTC Solution 202 1.83 ± 0.14
Raloxifene Liposomes 240 1.60 ± 0.08
Raloxifene + DM-β-CD Liposomes 210 4.14 ± 0.12
Raloxifene + NaTC Liposomes 229 1.61 ± 0.07
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As known, MDA MB-231 is an ER - and more aggressive cell line
compared to MCF-7. A significant effect of dimethyl-β-CD on MMP-2
enzyme inhibitions for both MCF-7 and MDA MB-231 cell lines is no-
teworthy. Dimethyl-β-CD containing liposomes of tamoxifen and ra-
loxifene showed the highest MMP-2 enzyme inhibitions (39.4% and
32.2%) on MCF-7 cells (p < 0.001). Positive effects liposomes and
dimethyl-β-CD, are also quite significant on MMP-2 enzyme inhibition
on both MCF-7 and MDA MB-231 cell lines.

The formulations administered orally to healthy female Balb/C mice

in 100 μl PS with a drug dose of 120 μg and blood samples were taken at
particular time intervals. It seems that, when liposomes were given
orally, they can be distributed through Peyer's patches, via the lym-
phatic vessel in the body [54]. When liposomes reach Peyer's patches,
they are considered as antigenic/foreign matter and phagocytosed. In
this manner, they are protected from acidic or enzymatic degradation in
the gastrointestinal system, in addition, they can pass further and faster
through membranes because of their lipidic character [55]. When they
orally administered, blood concentration-time profiles of liposome

Fig. 3. The growth inhibition % results of tamoxifen formulations for (A) MCF-7 and (B) MDA-MB 231 cell lines and raloxifene formulations for (C) MCF-7 and (D)
MDA-MB 231 cell lines.
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formulations with dimethyl-β-CD indicates that tamoxifen and ralox-
ifene were still in the blood after 24 h. Based on the mentioned findings,
it may indicate that, these developed liposomes may also enter into the
enterohepatic cycle or a kind of sustained release pattern can make
drugs to be present in the blood circulation even after long time per-
iods.

Considering the results of all in vitro and in vivo studies, tamox-
ifen + dimethyl-β-CD liposomes and raloxifene + DM-β-CD liposomes
were selected for oral administration to female tumor-bearing Sprague
Dawley rats. For 8 weeks period, drug solutions and formulations
having the same drug concentration and dimethyl-β-CD were also ap-
plied to the tumor-bearing rats for the comparison. At the end, both
raloxifene and tamoxifen DM-β-CD liposomes were found to be suc-
cessful by means of tumor volume reductions and rat weights varia-
tions. In the groups treated with dimethyl-β-CD liposomes, the less
decrease and fluctuation in rat weights were measured and quite good
general health status were observed. This data confirmed the effective
and well-tolerated therapy. On the other hand, a significant reduction
of weights was observed with the rats in control and solution treated
groups. The assessment of fibro-necrotic areas by histopathological

determination was correlated with the success of the treatment at the
end of the 8-weeks. Although the tumor reduction for ralox-
ifene + dimethyl-β-CD liposomes-treated group was measured as 65%,
according to the histopathological fibrotic-necrotic area evaluations.
This suggests that the treatment efficiency of this group was surpris-
ingly low (5%). On the other hand, the tumor reduction with tamox-
ifene + dimethyl-β-CD liposomes-treated group was found to be 92.5%
and the histopathological fibrotic-necrotic area evaluations suggest that
the treatment efficiency of this group was 50%. This data emphasizes
the importance of histopathological examinations. In our previous
study, we developed a cochleate formulations of raloxifene with di-
methyl-β-CD liposomes, which was found very successful compared to
bare liposomes [56]. Based on our experience it can be concluded that
the formulation type is very effective and distinctive for the drugs for in
vivo characteristics and efficacy. In this study it was also showed that
the possibility of predicting oral tamoxifen and raloxifene absorptions
by evaluating the Caco-2 transport experiments. Caco-2 cell line is
widely used as an in vitro model for evaluating oral drug absorption
[57,58]. Additionally, raloxifene formulations were administered orally
to mice to make in vitro/in vivo correlation to evaluate the success of
the model. Remarkably high correlation coefficients were obtained
considering similar studies. This may indicate the success of performed
Caco-2 studies and the model used.

5. Conclusion

When all results obtained by these studies are assessed all together,
liposomes were found to be a better formulation to enhance oral ab-
sorptions of tamoxifen, especially when formulated with dimethyl-β-
CD. Treatment of tumor-bearing rats with tamoxifen + dimethyl-β-CD
liposome formulations resulted in 92.5% reduction of the tumor area
and represented a 50% of treatment efficiency. Caco-2 transport studies
offer a very useful platform to assess absorption of drugs in vitro and
they can be used without performing any in vivo study. This study also
indicates the importance of performing histopathological studies to-
gether with Caco-2 absorption studies and tumor reduction studies to
evaluate results better in cancer research.

Table 3
The calculated MMP-2 enzyme inhibition values of tamoxifen and raloxifene
formulations for MCF-7 and MDA MB-231 cell lines.

Formulation Type MMP-2 Inbition
(%) ± SS
(MCF-7)

MMP-2 Inbition
(%) ± SS
(MDA MB-231)

Tamoxifen Solution 27.7 ± 4.5 16.2 ± 2.9
Tamoxifen + DM-β-CD Solution 33.9 ± 1.4 20.4 ± 1.7
Tamoxifen + NaTC Solution 29.9 ± 4.8 17.6 ± 1.5
Tamoxifen Liposomes 29.4 ± 2.2 16.1 ± 1.7
Tamoxifen + DM-β-CD Liposomes 39.4 ± 4.9 28.4 ± 3.2
Tamoxifen + NaTC Liposomes 30.1 ± 4.3 20.1 ± 1.9
Raloxifene Solution 13.7 ± 2.4 11.4 ± 1.6
Raloxifene + DM-β-CD Solution 18.9 ± 2.5 14.5 ± 4.0
Raloxifene + NaTC Solution 17.2 ± 2.4 13.6 ± 3.0
Raloxifene Liposomes 23.4 ± 2.5 15.2 ± 2.5
Raloxifene + DM-β-CD Liposomes 32.2 ± 3.3 28.1 ± 2.2
Raloxifene + NaTC Liposomes 28.8 ± 1.7 21.7 ± 2.9
Drug free Liposomes 8.92 ± 2.66 8.92 2.67

Fig. 4. In vitro–in vivo correlation results for tamoxifen and raloxifene liposomes between penetrated amount of tamoxifen/raloxifene (%) passed through apical to
the basolateral side of the Caco-2 cell monolayer and blood tamoxifen/raloxifene levels (A) Tamoxifen liposomes (B) Tamoxifen + DM-β-CD liposomes (C)
Tamoxifen + NaTC liposomes (D) Raloxifene liposomes (E) raloxifene + DM-β-CD liposomes (F) raloxifene + NaTC liposomes (F).

N.B.M. Ağardan, et al. Journal of Drug Delivery Science and Technology 57 (2020) 101612

7



Author contribution

Validation, Formal analysis, Investigation, Writing - Original Draft.
Conceptualization, Methodology, Investigation, Resources. Project ad-
ministration, Writing - Review & Editing, Visualization, Supervision.
Validation, Formal analysis, Investigation. Validation, Formal analysis,
Investigation.

Declaration of competing interest

There are no conflicts to declare.

Acknowledgement

This work was carried out at the Faculty of Pharmacy of Gazi
University as a PhD thesis and supported by a research grant from
TÜBITAK Project Number: 109S221, Gazi University (02/2010–39) and
Novartis Pharmaceutical Company Research Project awards, Turkey.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jddst.2020.101612.

References

[1] F. Cardoso, J. Bischoff, E. Brain, Á. Zotano, H.J. Lück, V.C. Tjan-Heijnen, M. Tanner,
M. Aapro, A review of the treatment of endocrine responsive metastatic breast
cancer in postmenopausal women, Canc. Treat Rev. 39 (2013) 457–465, https://
doi.org/10.1016/j.ctrv.2012.06.011 2013.

[2] C. Acevedo, C. Amaya, J.L. López-Guerra, Rare breast tumors: review of the lit-
erature, Rep. Practical Oncol. Radiother. 19 (2014) 267–274, https://doi.org/10.
1016/j.rpor.2013.08.006.

[3] S.R. Grobmyer, G. Zhou, L.G. Gutwein, N. Iwakuma, P. Sharma, S.N. Hochwald,
Nanoparticle delivery for metastatic breast cancer, Maturitas 73 (2012) 19–26,
https://doi.org/10.1016/j.maturitas.2012.02.003.

[4] A.B. Francken, P.C. Schouten, E.M.A. Bleiker, S.C. Linn, E.J.Th Rutgers, Breast
cancer in women at high risk: the role of rapid genetic testing for BRCA1 and -2
mutations and the consequences for treatment strategies, Breast 22 (2013)
561–568, https://doi.org/10.1016/j.breast.2013.07.045.

[5] N.J. Carty, A. Foggitt, C.R. Hamilton, G.T. Royle, I. Taylor, Patterns of clinical
metastasis in breast cancer: an analysis of 100 patients, Eur. J. Surg. Oncol. 21
(1995) 607–608, https://doi.org/10.1016/S0748-7983(95)95176-8.

[6] A. Nicolini, A. Carpi, Advanced breast cancer: an update and controversies on di-
agnosis and therapy, Biomed. Pharmacother. 57 (2003) 439–446, https://doi.org/

Fig. 5. (A) Breast tissue image of a healthy female rat (x100) (long arrows: normal breast lobules, short arrow: ductus) (B) The image of a tumor of breast tumor
bearing rat with no treatment (x100) (arrows: gland formation) (C) Alteration of rat weights in 8 weeks of time period (D) Alteration of tumor areas in 8 weeks of
time period (E) The image of breast tumor tissue of a rat treated with Tamoxifen + DM-β-CD liposomes once a week for 8 weeks of time period (x100) (upper arrow:
a fibrotic area) (the other two arrows: necrotic areas) (F) The image of breast tumor tissue of a rat treated with Raloxifene + DM-β-CD liposomes once a week for 8
weeks of time period (x100) (between arrows: malignant epithelial islands).

N.B.M. Ağardan, et al. Journal of Drug Delivery Science and Technology 57 (2020) 101612

8



10.1016/j.biopha.2003.09.003.
[7] M.R. Alison, Cancer. Encyclopedia of Life Sciences, Nature Publishing Group, 2001,

http://www.els.net http://onlinelibrary.wiley.com/doi/10.1038/npg.
[8] L.C. Hull, D. Farrell, P. Grodzinski, Highlights of recent developments and trends in

cancer nanotechnology research-view from NCI alliance for nanotechnology in
cancer, Biotechnology Advances 32 (4) (2014) 666–678, https://doi.org/10.1016/j.
biotechadv.2013.08.003.

[9] H.K. Patra, A.P.F. Turner, The potential legacy of cancer nanotechnology: cellular
selection, Trends Biotechnol. 32 (1) (2014) 21–31, https://doi.org/10.1016/j.
tibtech.2013.10.004.

[10] P. Parhi, C. Mohanty, S.K. Sahoo, Nanotechnology-based combinational drug de-
livery: an emerging approach for cancer therapy, Drug Discov. Today 17 (2012)
1044–1052, https://doi.org/10.1016/j.drudis.2012.05.010 17/18.

[11] L.A. Carey, C.M. Perou, C.A. Livasy, L.G. Dressler, D. Cowan, K. Conway, G. Karaca,
M.A. Troester, C.K. Tse, S. Edmiston, S.L.J. Deming, M.C.U. Cheang, T.O. Nielsen,
P.G. Moorman, H.S. Earp, R.C. Millikan, Race, breast cancer subtypes, and survival
in the carolina breast cancer study, J. Am. Med. Assoc. 295 (21) (2006) 2492–2502,
https://doi.org/10.1001/jama.295.21.2492.

[12] B. Weigelt, J.L. Peterse, V.J. van’t Veer, Breast cancer metastasis: markers and
models, Nat. Rew. Cancer 5 (8) (2005) 591–602, https://doi.org/10.1038/nrc1670.

[13] P.M. Barse, Issues in the treatment of metastatic breast cancer, Semin. Oncol. Nurs.
16 (3) (2000) 197–205 Doi: l O.l O53/sone.2000.8114.

[14] B.L. Riggs, L.C. Hartmann, Selective estrogen-receptor modulators- mechanisms of
action and application to clinical practice, N. Engl. J. Med. 348 (7) (2003) 618–629,
https://doi.org/10.1056/NEJMra022219.

[15] I.A. Smith, M. Dowsett, Aromatase inhibitors in breast cancer, N. Engl. J. Med. 348
(24) (2003) 2431–2442, https://doi.org/10.1056/NEJMra023246.

[16] G. Minckwitz, M. Kaufmann, New endocrine approaches in the treatment of breast
cancer, Biomed. Pharmacother. 52 (1998) 122–132, https://doi.org/10.1016/
S0753-3322(98)80090-5.

[17] V.C. Jordan, Tamoxifen or raloxifene for breast cancer chemoprevention: a tale of
two choices-point, Cancer Epidemiol Biomarkers 16 (11) (2007) 2207–2209,
https://doi.org/10.1158/1055-9965.EPI-07-0629.

[18] S.R. Goldstein, S. Siddhanti, A.V. Ciaccia, L. Plouffe, A pharmacological review of
selective ostrogen reseptor modulators, Hum. Reprod. Update 6 (3) (2000)
212–224, https://doi.org/10.1093/humupd/6.3.212.

[19] D.P. McDonnell, The molecular pharmacology of estrogen receptor modulators:
implications for the treatment of breast cancer, Clin. Canc. Res. 11 (2005)
871s–877s, https://doi.org/10.1016/S1043-2760(99)00177-0.

[20] R.M. O'Regan, V.C. Jordan, The evolution of tamoxifen theraphy in breast cancer:
selective estrogen-receptor modulators and downregulators, Lancet Oncol. 3 (2002)
207–214, https://doi.org/10.1016/S1470-2045(02)00711-8.

[21] R.T. Chlebowski, N. Col, E.P. Winer, D.E. Collyar, S.R. Cummings, V.G. Vogel III,
H.J. Burstein, A. Eisen, I. Lipkus, D.G. Pfister, American society of clinical oncology
technology assessment of pharmacologic ınterventions for breast cancer risk re-
duction ıncluding tamoxifen, raloxifene, and aromatase inhibition, J. Clin. Oncol.
20 (15) (2002) 3328–3343, https://doi.org/10.1200/JCO.2002.06.029.

[22] E.S. Konefka, T. Konefka, J. Jassem, The effects of tamoxifen on the female genital
tract, Canc. Treat Rev. 30 (2004) 291–301, https://doi.org/10.1102/1470-7330.
2008.0020.

[23] Y. Liu, M. Hirokazu, N. Michihiro, Nanomedicine for drug delivery and imaging: a
promising avenue for cancer therapy and diagnosis using targeted functional na-
noparticles, Int. J. Canc. 120 (2007) 2527–2537, https://doi.org/10.1002/ijc.
22709.

[24] D.D. Lasic, Novel applications of liposomes, Tibtech 16 (1998) 307–321, https://
doi.org/10.1016/S0167-7799(98)01220-7.

[25] W.T.Y. Loo, N.B. Mary, C.L.W.C. Cheung, Production of matrix metalloproteinases
in specific subpopulations of human-patient breast cancer invading in three di-
mensional culture system, Life Sci. 76 (2004) 743–752, https://doi.org/10.1016/j.
lfs.2004.06.027.

[26] S. Quintero-Fabián, R. Arreola, E. Becerril-Villanueva, J. César Torres-Romero,
V. Arana-Argáez, J. Lara-Riegos, M.A. Ramírez-Camacho, M.E. Alvarez-Sánchez,
Role of matrix metalloproteinases in angiogenesis and cancer, Frontier in Oncology
9 (2019) 1–21, https://doi.org/10.3389/fonc.2019.01370.

[27] L. Zhu, V.P. Torchilin, Stimulus-responsive nanopreparations for tumor targeting,
Integr. Biol. 5 (2013) 96–107, https://doi.org/10.1039/c2ib20135f.

[28] H.U. Bryant, Mechanism of action and preclinical profile of raloxifene, a selective
estrogen receptor modulator, Rev. Endocr. Metab. Disord. 2 (2001) 129–138,
https://doi.org/10.1023/A:1010019410881.

[29] R.D. Miclea, P.R. Varma, A. Peng, S.V. Balu-Iyer, Development and characterization
of lipidic cochleate containing recombinant factor VIII, Biochim. Biophys. Acta
1768 (2007) 2890–2898, https://doi.org/10.1016/j.bbamem.2007.08.001.

[30] J.A. Balfour, K.L. Goa, Raloxifene, Drugs & Aging 12 (4) (1998) 335–341, https://
doi.org/10.2165/00002512-199812040-00006.

[31] R.K. Jha, S. Tiwari, B. Mishra, Bioadhesive microspheres for bioavailability en-
hancement of raloxifene hydrochloride: formulation and pharmacokinetic evalua-
tion, AAPS PharmSciTech 12 (2) (2011) 650–657, https://doi.org/10.1208/
s12249-011-9619-9.

[32] S. Barbieri, F. Sonvico, C. Como, G. Colombo, F. Zani, F. Buttini, R. Bettini, A. Rossi,
P. Colombo, Lecithin/chitosan controlled release nanopreparations of tamoxifen
citrate: loading, enzyme-trigger release and cell uptake, J. Contr. Release 167
(2013) 276–283, https://doi.org/10.1016/j.jconrel.2013.02.009.

[33] P. Artursson, R.T. Borchardt, Intestinal drug absorption and metabolism in cell
cultures: Caco-2 and beyond, Pharm. Res. (N. Y.) 14 (1997) 1655–1658 0006623-
199714120-00031.

[34] O. Mertins, M.I.Z. Lionzo, Y.M.S. Micheletto, A.R. Pohlmann, N.P. Silveira, Chitosan
effect on the mesophase behavior of phosphatidylcholine supramolecular systems,
Mater. Sci. Eng. C 29 (2009) 463–469, https://doi.org/10.1021/la4032199.

[35] G. Fontana, L. Maniscalco, D. Schillaci, G. Cavallaro, G. Giammona, Solid lipid

nanoparticles containing tamoxifen characterization and in vitro antitumoral ac-
tivity, Drug Deliv. 12 (2005) 385–392, https://doi.org/10.1080/
10717540590968855.

[36] J. Trontelj, T. Vovk, M. Bogataj, A. Mrhar, HPLC analysis of raloxifene hydro-
chloride and its application to drug quality control studies, Pharmacol. Res. 52
(2005) 334–339, https://doi.org/10.1016/j.phrs.2005.05.007.

[37] O.N. El-Gazayerly, A.H. Hikal, Preparation and evaluation of acetazolamide lipo-
somes as an ocular delivery system, Int. J. Pharm. 158 (1997) 121–127, https://doi.
org/10.1208/pt0801001.

[38] H. Li, J.H. Song, J.S. Park, K. Han, Polyethylene glycol-coated liposomes for oral
delivery of recombinant human epidermal growth factor, Int. J. Pharm. 258 (2003)
11–19, https://doi.org/10.1016/S0378-5173(03)00158-3.

[39] N.B. Mutlu, Z. Değim, Ş. Yılmaz, D. Eşsiz, A. Nacar, New perspective for the
treatment of alzheimer diseases: liposomal rivastigmine formulations, Drug Dev.
Ind. Pharm. 37 (7) (2011) 775–789, https://doi.org/10.3109/03639045.2010.
541262.

[40] C.L. Stevenson, P.F. Augustijins, R.W. Hendren, Use of Caco-2 cells and LC/MS/MS
to screen a peptide combinatorial library for permeable structures, Int. J. Pharm.
177 (1999) 103–115, https://doi.org/10.1016/S0378-5173(98)00331-7.

[41] Ç. Yücel, Z. Değim, Ş. Yilmaz, Nanoparticle and liposome formulations of doxycy-
cline: transport properties through Caco-2 cell line and effects on matrix metallo-
proteinase secretion, Biomed. Pharmacother. 67 (6) (2013) 459–467, https://doi.
org/10.1016/j.biopha.2013.03.001.

[42] Z.Y. Yang, Z.F. Zhang, X. He, G.Y. Zhao, Y.Q. Zhang, Validation of a novel HPLC
method for the determination of raloxifene and its pharmacokinetics in rat plasma,
Chromatographia 65 (3/4) (2007) 197–201, https://doi.org/10.1365/s10337-006-
0123-4.

[43] P.C. Chan, J.F. Head, L.A. Cohen, E.L. Wynder, Influence of dietary fat on the in-
duction of mammary tumors by N-nitrosomethylurea: associated hormone changes
and differences between Sprague-Dawley and F344 rats, J. Natl. Cancer Inst. 59 (4)
(1977) 1279–1283, https://doi.org/10.1093/jnci/59.4.1279.

[44] P. Kijkuokool, I.S. Parhar, S. Malaivijitnond, Genistein enhances N-nitro-
somethylurea-induced rat mammary tumorigenesis, Canc. Lett. 242 (1) (2006)
53–59, https://doi.org/10.1016/j.yexmp.2011.01.006.

[45] M. Aqil Waheed, A. Ahad, S. SarimImam, T. Moolakkadath, Z. Iqbal, A. Ali,
Improved bioavailability of raloxifene hydrochloride using limonene containing
transdermal nano-sized vesicles, J. Drug Deliv. Sci. Technol. 52 (2019) 468–476,
https://doi.org/10.1016/j.jddst.2019.05.019.

[46] E. Moghimipour, A. Ameri, S. Handali, Absorption-enhancing effects of bile salts,
Molecules 20 (8) (2015) 14451–14473, https://doi.org/10.3390/
molecules200814451.

[47] W. Ferreira da Silva Júnior, D.L. Bezerra de Menezes, L. Carvalho de Oliveira,
L. Scherer Koester, P.D. Oliveira de Almeida, E. Silva Lima, E. Pereira de Azevedo,
V. Florêncio da Veiga Júnior, Á.A. Neves de Lima, Inclusion complexes of β and
HPβ-cyclodextrin with α, β amyrin and in vitro anti-Inflammatory activity, Int. J.
Mol. Sci. 9 (241) (2019) 1–14, https://doi.org/10.3390/ijms2.

[48] Z. Değim, N.B. Mutlu, Ş. Yılmaz, D. Eşsiz, A. Nacar, Investigation of liposome for-
mulation effects on rivastigmine transport through human colonic adenocarcinoma
cell line (CACO-2), Pharmazie 65 (2010) 32–40, https://doi.org/10.1691/ph.2010.
9179.

[49] T. Lindmark, Y. Kimura, P. Artursson, Absorption enhancement through
ıntracellular regulation of tight junction permeability by medium chain fatty acids
in Caco-2 cells, J. Pharmacol. Exp. Therapeut. 284 (1) (1998) 362–369, https://doi.
org/10.1124/jpet.106.113076.

[50] G. Yener, Ü. Gönüllü, M. Üner, T. Değim, A. Araman, Effect of vehicles and pene-
tration enhancers on the in vitro percutaneous absorption of celecoxib through
human skin, Pharmazie 58 (2003) 330–333, https://doi.org/10.1016/S1773-
2247(11)50023-1.

[51] Z. Değim, N. Ünal, D. Eşsiz, U. Abbasoğlu, U. Caco-2 cell culture as a model for
famotidine absorption, Drug Deliv. 12 (2005) 27–33, https://doi.org/10.1080/
10717540590889664.

[52] R.P. Liburdy, T.R. Sloma, R. Sokolic, P. Yaswen, ELF magnetic fields, breast cancer,
and melatonin: 60 Hz fields block melatonin's oncostatic action on ER+ breast
cancer cell proliferation, J. Pineal Res. 14 (2) (1993) 89–97, https://doi.org/10.
1111/j.1600-079X.1993.tb00491.x.

[53] M. Bartucci, C. Morelli, L. Mauro, S. Ando, E. Surmacz, Differential insulin-like
growth factor ı receptor signaling and function in estrogen receptor (ER)-positive
MCF-7 and ER-negative MDA-MB-231 breast cancer cells, Canc. Res. 61 (2001)
6747–6754.

[54] I.T. Degim, B. Gümüşel, Z. Degim, T. Özçelikay, A. Tay, Ş. Güner, Oral adminis-
tration of liposomal insulin, J. Nanosci. Nanotechnol. 6 (9/10) (2006) 2945–2949,
https://doi.org/10.1166/jnn.2006.416.

[55] O. Borges, A. Cordeiro-da-Silva, S.G. Romeijn, M. Amidi, A. Sousa, G. Borchard,
H.E. Junginger, Uptake studies in rat Peyer's patches, cytotoxicity and release
studies of alginate coated chitosan nanoparticles for mucosal vaccination, J. Contr.
Release 114 (2006) 348–358, https://doi.org/10.1016/j.jconrel.2006.06.011.

[56] N.B. Ağardan, Z. Değim, Ş. Yılmaz, L. Altıntaş, T. Topal, The effectiveness of ra-
loxifene-loaded liposomes and cochleates in breast cancer therapy, AAPS
PharmSciTech 17 (4) (2016 Aug) 968–977, https://doi.org/10.1208/s12249-015-
0429-3 2016.

[57] X. Boulenc, E. Marti, H. Joyeux, C. Roques, Y. Berger, G. Fabre, Importance of the
paracellular pathway fort he transport of a new bisphosphonate using the human
Caco-2 monolayers model, Biochem. Pharmacol. 46 (1993) 1591–1600, https://doi.
org/10.1016/0006-2952(93)90328-T.

[58] P. Artursson, J. Karlsson, Correlation between oral drug absorption in humans and
apparent drug permeability coefficients in human intestinal epithelial (Caco-2)
cells, Biochem. Biophys. Res. Commun. 175 (1991) 880–885, https://doi.org/10.
1016/0006-291X(91)91647-U.

N.B.M. Ağardan, et al. Journal of Drug Delivery Science and Technology 57 (2020) 101612

9


