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A B S T R A C T

An ideal cancer therapy targets the tumor cells selectively without damaging healthy tissues. Even though the
tumor-specific markers are limited, these molecules can be used for the delivery of anti-cancer drugs as an active
targeting strategy. Since the lymphatic system plays a critical role in the dissemination of cancer cells, the drugs
directed through lymphatics can feasibly reach to the sites of metastasis. LyP-1 is a peptide that binds to the p32
receptor which is highly expressed not only on the lymphatic endothelium but also on the malignant cells; thus,
making this peptide ligand a preferable candidate to mediate active targeting of lymphatics and cancer cells. In
this study, different formulations of LyP-1 containing lipid-based nanopharmaceutics so-called self-micro-
emulsifying drug delivery systems (SMEDDS) were developed and tested for their efficacy in targeting breast
cancer. Following the selection of non-toxic formulation, doxorubicin hydrochloride and LyP-1 were co-ad-
ministered in the SMEDDS, which resulted in a significant increase in in vitro cytotoxicity in p32-expressing
breast cancer cells, 4T1 and MDA-MB-231. Accordingly, the uptake of LyP-1 in the SMEDDS by the cancer cells
was demonstrated. The expression of p32 was detected in the 4T1 tumor tissues which were efficiently targeted
with LyP-1 in the SMEDDS. When doxorubicin was co-administrated with LyP-1 in SMEDDS via intraperitonial
administration, tumor growth and metastasis were significantly reduced. In conclusion, a novel and efficacious
SMEDDS formulation containing LyP-1 with a droplet size less than 100 nm was developed for the lymphatic
targeting of breast cancer.

1. Introduction

The real challenge of conventional anticancer therapy is to over-
come the undesirable collateral damage on healthy tissues, especially
with high renewal capacity [1]. Thus, studies that adopted a passive or
active therapy approach aim to selectively and effectively deliver the
drugs into the tumor [2]. The receptors on the surface of tumor cells can
be targeted by the drug delivery systems bearing specific ligands. These
approaches not only enable the delivery of low dose chemotherapeutics
but also ensure the effectiveness [3].

The lymphatic system plays crucial roles in homeostasis, lipid ab-
sorption and immune response, albeit serving as a path for the meta-
static spread of cancer cells [4]. Thus, lymphatics has become a pre-
ferable target for anti-cancer drug delivery systems [5–8]. LyP-1 is a
nonapeptide (CGNKRTRGC) with an ability to bind its specific receptor

p32 (gC1qR/HABP), which can be highly found on tumor-related
lymphatics, macrophages, and cancer cells [9,10]. Elevated levels of
p32 is found on the surface of cancer cells while it is intracellularly
expressed in normal cells; therefore, p32 found on cancer cells and
lymphatic endothelium is more accessible by LyP-1 [9,11–13].

In addition to its tumor homing abilities, LyP-1 can deteriorate the
viability of MDA-MB-435 breast cancer cells in a dose-dependent
manner. Repeated administration of LyP-1 was shown to hamper the
tumor progression and the development of new lymphatics in the tu-
mors established with MDA-MB-435 [10]. Accordingly, LyP-1 has be-
come a preferred molecule for the active targeting of cancer and lym-
phatics in cancer diagnosis and treatment studies. This peptide has been
used in formulations prepared with liposomes [14–17], dendrimers
[18,19], microbubbles [20–22], SMEDDS [23], micelles [24,25], na-
noparticles [11,26–32], and mesoporous nanospheres [33].
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The self-emulsifying drug delivery systems (SEDDS) are isotropic
systems which consist of oil, surfactant and cosurfactant/cosolvent
mixtures and form thermodynamically stable micro/nanoemulsions by
gentle agitation upon dilution with aqueous media [23,34–44]. The
droplet size of SEDDS is defined between 100 and 300 nm, while self-
microemulsifying drug delivery systems (SMEDDS) form stable micro-
emulsions with droplets less than 100 nm [34,45]. The SEDDS are
commonly developed for the oral administration of peptide/protein
drugs and poorly water-soluble drugs. The permeation enhancer effect
and protection against lipases are the advantages of these systems [46].
The SEDDS can also enable parenteral and oral administration of cancer
therapeutics such as paclitaxel [47–49], docetaxel [50] and erlotinib
[51].

In this study, the SMEDDS formulations harboring LyP-1 peptide
were developed for selective targeting of lymphatics and breast tumors.
The therapeutic efficacy of the system alone or in combination with
doxorubicin hydrochloride (Dox HCl) was evaluated in vitro on p32-
expressing breast cancer cells and in vivo on tumor-bearing mice. Here,
we report a novel and efficacious formulation of LyP-1-containing
SMEDDS with a droplet size less than 100 nm for the targeting of che-
motherapeutics into breast tumors.

2. Materials and methods

2.1. Materials

Cyclic LyP-1 and LyP-1-FAM peptides were purchased from
Innovagen AB (Sweden). Labrasol®, Maisine™, Peceol™ and Gelucire®

44/14 were kind gifts from Gattefossé (Lyon, France) and kindly pro-
vided by KURA Chemical Products Trade Inc. Co. (Istanbul, Turkey). All
other chemicals were analytical grade, unless otherwise stated.

2.2. Preparation and characterization of SMEDDS formulations

Preformulation studies were performed utilizing ternary phase
diagrams to select the optimum excipients to obtain self-emulsification
with droplet size under 100 nm for lymphatic targeting. Caprylocaproyl
polyoxyl-8 glycerides (Labrasol®), lauroyl polyoxyl-32 glycerides
(Gelucire® 44/14), oleoyl polyoxyl-6 glycerides (Labrafil® M1944 CS),
D-[alpha]-tocopheryl polyethylene glycol succinate (TPGS) and poly-
sorbate 80 (Tween® 80) were used as surfactants; glyceryl monooleate
(Type 40) (Peceol™), glyceryl monolinoleate (Maisine™ 35-1), soybean
oil, sunflower oil and alpha tocopherol as the oil phase and poly-
ethylene glycol 300, propylene glycol and diethylene glycol monoethyl
ether (Transcutol® HP) as cosolvents to determine the optimum for-
mulation components for the SMEDDS. All the excipients selected were
pharmaceutical grade and suitable for both oral and parenteral ad-
ministration. For the selection of the oil phase, the excipients were
evaluated in the order of increasing lymphatic uptake of the prepared
formulations [36,52,53]. All prepared formulations were evaluated in
terms of physical stability, droplet size distribution and liquid crystal
formation. For the preparation of blank liquid SMEDDS formulations
(without peptide and/or Dox HCl); the oil phase, surfactant and co-
solvents were simply mixed at ratios predetermined by ternary phase
diagrams. The excipients were weighed in screw-capped borosilicate
vials and the mixture was heated up to 55 °C, which is 5 °C above the
melting point of the solid excipients, and constantly stirred at 700 rpm
to give a homogenous mixture. All the formulations were kept for 24 h
at ambient temperature to reach equilibrium before characterization
studies. The formulations containing the peptide or Dox HCl were
prepared by mixing the peptide, Dox HCl or both after the formulations
have reached equilibrium, followed by dilution with PBS or cell culture
media.

SMEDDS formulations were evaluated in terms of organoleptic
properties for physical stability (i.e. phase separation, creaming, coa-
lescence etc.). Liquid crystal formation was assessed under Polarized

Light Microscope (Leica DM EP, Germany). The droplet size and zeta
potential of the formulations were determined using Malvern Nanosizer
ZS 2000 (United Kingdom).

2.3. Cell culture and colorimetric viability assay

MDA-MB-231 cell line (ATCC, LGC Promochem, Rockville, MD,
USA) was cultured in high-glucose DMEM whereas 4T1 cell line was
grown in RPMI 1640 media. The media was supplemented with L-
glutamine (4mM), 1% penicillin and streptomycin (Biochrom, Berlin,
Germany) and 10% fetal bovine serum (Biological Industries, Kibbutz
Beit HaEmek, Israel) and maintained in a humidified incubator with 5%
CO2 at 37 °C.

In vitro anti-cancer efficacy of LyP-1 and/or Dox HCl either in so-
lution or in the formulations was tested on MDA-MB-231 and 4T1
breast cancer cells. The cells were seeded into (MDA-MB-231 and 4T1,
2× 104 cells/well) 96-well plates. The next day serial dilutions of the
agents and the formulations were applied and incubated for 24 and
48 h. The amount of viable cells was assessed with 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Briefly, MTT solution was added into the wells at a concentration of
1 μg/mL, and after 4 h of incubation, lysis solution (23% sodium do-
decyl sulfate in N,N-Dimethylformamide) was added to dissolve the
formazan crystals. The absorbance was measured at 570 nm using a
plate reader (VersaMax™ Microplate Reader, Molecular Devices, USA).

2.4. Cellular uptake studies

The uptake of LyP-1 was evaluated on 4T1 cells, which has been
reported to express the p32 receptor [54,55]. 4T1 cells (2× 105 cells/
mL) were incubated with the LyP-1 labelled with a fluorescent probe
(LyP-1-FAM) at 1 μM, 3 μM, 9 μM, and 27 μM concentrations, which
were either prepared in culture medium or in SMEDDS formulations.
FAM alone was used as a control. Upon 1 and 5 h incubation at 4 °C and
37 °C, the cells were washed and suspended in phosphate buffered
saline (PBS) and the median fluorescence intensity (MFI) values were
measured utilizing a flow cytometer (BD FACSAria II, USA).

2.5. Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR was performed to confirm the expression of p32 in 4T1 cells
and in the tumor tissues established in mice. Isolated RNA (RNeasy Mini
Kit, QIAGEN, Germany) was converted to cDNA by reverse transcrip-
tion using oligo (dT) primers (QuantiTect Reverse Transcription Kit,
QIAGEN, Germany). The primer oligonucleotide sequences used were
as follows: mouse p32 forward 5′- CGGTCGTCCTTCCCTCTG-3′, reverse
5′-AACGAAGGCCTTGTCTCCTTC-3′; mouse β-actin forward 5′-CACTG
TCGAGTCGCGTCCA-3′, and reverse 5′-CCATCACACCCTGGTGCCTA-3′.
The products (mouse p32, 278 bp; mouse b-actin, 214 bp) were run on
agarose gel (2%) electrophoresis, stained with ethidium bromide and
documented under UV light.

2.6. Western-Blot analysis

The protein levels of p32 in the MDA-MB-231 and 4T1 cell lines and
in the 4T1 tumors established during in vivo studies were assessed by
Western-Blot. The cells (2× 106) were washed with ice-cold PBS, lysis
buffer (RIPA, 400 μL) was added and then the cells were harvested by
scraping. All procedures were performed on ice. Tumor tissues were
homogenized in the lysis buffer (200 μL per 5mg tissue) with zircon
beads (BeadBeater, Biospec, USA). The lysates were centrifuged for
15min at 12.500 rpm at 4 °C and supernatant fractions were collected.
The bicinchoninic acid (BCA) assay was used for determining the
amount of protein. The samples were denatured (5min at 95 °C), and
equal amount of protein was loaded on polyacrylamide gel electro-
phoresis (SDS-PAGE) after dilution with 2× Laemmli sample buffer.
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The separated proteins on the gel were transferred to polyvinylidene
fluoride membrane (PVDF, 0.45 μm) by semi-dry transfer (Pierce Fast
Semi-Dry Blotter, Thermo Scientific, Germany). Anti-p32 (60.11;
Abcam, USA) (1:200 dilution) and goat anti-mouse IgG (GAM- HRP;
BioLegend, USA) (1:5000 dilution) were used as the primary and sec-
ondary antibodies, respectively. Imaging was performed with
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Scientific, Germany) and images were taken using a Kodak Gel Logic
1500 Imaging System (Carestream Health, Rochester, NY, USA).

2.7. In vivo experiments with 4T1 Tumor-bearing mice

Eight-week-old inbred female BALB/c mice (Kobay Inc., Ankara,
Turkey) were housed under environmentally controlled standard con-
ditions. All procedures were approved by the Institutional Ethical
Committee of Hacettepe University, Ankara, Turkey (Approval Number:
2012/14-11). 4T1 breast cancer cells (2.5× 104) were inoculated into
mammary fat pads of the mice. When the mean diameter of the tumors
reached to ∼0.4 cm, the mice were separated into 6 experimental
groups. Three groups received LyP-1 in PBS (3mg/kg, n=7), Dox HCl
in PBS (5mg/kg, n=8), and the combination of LyP-1 and Dox HCl in
PBS (3mg/kg LyP-1 and 5mg/kg, Dox HCl, n= 8). Another three
groups were treated with LyP-1 in SMEDDS (3mg/kg, n= 8), Dox HCl
in SMEDDS (5mg/kg, n=8), and the combination of LyP-1 and Dox
HCl in SMEDDS (3mg/kg LyP-1 and 5mg/kg, Dox HCl, n= 8). The
composition of the formulation (T9-F21) used in animal studies is as

follows: TPGS: Labrasol (1:5) (55%), Peceol (5%), propylene glycol
(40%). These formulations were administered twice a week by in-
traperitoneal route. Geometric mean of the tumor diameters was mea-
sured for 4 weeks.

2.8. Histopathological evaluation

Histopathological changes and metastatic foci were evaluated in the
tumors, mesenteric lymph nodes, lungs, and liver samples which were
resected and fixed in 10% formalin solution. All tissue samples were
embedded in paraffin and, 4 µm sections were cut and stained with
routine hematoxylin and eosin (H&E) protocol. Complete sampling of
liver and lungs was performed for all groups. The evaluation was per-
formed using a conventional light microscopy (Olympus CX41, USA) by
a specialist in pathology.

2.9. Analysis of biodistribution

The 4T1 tumor-bearing or healthy (control) mice were in-
traperitoneally injected with LyP-1-FAM solution (200 µL) in PBS
(3mM) or the LyP-1-FAM in the SMEDDS formulation (3mM). After
16 h, the animals were sacrificed and peripheral blood, peritoneal fluid,
liver, mammary and mesenteric lymph nodes, and tumor tissue samples
were collected. The cells were freshly isolated by mechanical agitation
of the tissues, filtered through 0.45 μm pore-sized filters and subjected
to gradient separation according to Histopaque®1119 protocol. These

Fig. 1. Ternary phase diagrams of selected SMEDDS formulations A. T8 B. T9 C. T11 D. T12. The formulations are coded as the number of ternary phase diagram (T) -
the formulation number in the same diagram (F).
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isolated cells were analyzed by flow cytometry (488 nm excitation) and
fluorescence intensities from LyP-1-FAM-labelled cells were obtained.
Alternatively, the tissues were finely sliced (∼3 mm) and fluorescence
emission was visualized under UV light (Kodak Gel Logic 1500 Imaging
System, Carestream).

2.10. Statistical analysis

Statistical analysis of non-parametric groups was performed uti-
lizing the Kruskall-Wallis test among two groups and the Mann-Whitney
U test when there were more than two groups. The groups, which ex-
hibited statistical difference, were further evaluated by multiple com-
parison tests. The results of the in vivo studies were evaluated by
Generalized Estimating Equations (GEE) to determine the differences
among the repeated measurements within the groups. The statistical
difference between qualitative data was determined with Chi Square
test. All results were expressed as mean ± SD, unless indicated
otherwise.

3. Results

3.1. Preparation and characterization of the SMEDDS formulations

The combinations of excipients giving stable SMEDDS formulations
were determined using ternary phase diagrams (Fig. 1). The stable
microemulsion regions for all mixtures studied were found to be con-
sisting of 50 – 80% surfactant, 10 – 45% co-solvent and 5 – 15% oil. The
most stable formulations were formed when Peceol or Maisine were
used as the oil phase, PEG 300 or Propylene Glycol as the co-solvent,
TPGS:Gelucire 44/14, TPGS:Labrasol, Labrasol:Tween 80 or Labrafil
M1944:Gelucire 44/14 as the surfactant mixtures. The selected for-
mulations contained either Maisine (5%), PEG 300 (40%) and
TPGS:Gelucire 44/14 (1:5 ratio, 55%); Peceol (5%), propylene glycol
(35%), and TPGS:Labrasol (1:5 ratio, 60%); Peceol (5%), propylene
glycol (40%), and TPGS:Labrasol (1:5 ratio, 55%); Peceol (5%), pro-
pylene glycol (45%), and TPGS:Labrasol (1:5 ratio, 50%) or Peceol
(5%), PEG 300 (35%), and Labrasol:Tween 80 (1:2 ratio, 60%).

The selected formulations formed clear, stable microemulsions with
no sign of physical instability such as phase separation, creaming,
coalescence or turbidity (data not shown). In addition, no crystal liquid
formation was observed, which could occur due to high surfactant
content of the SMEDDS formulations. The droplet size of the SMEDDS
formulations was found to be in the range of 15.36 – 19.16 nm.
Addition of the peptide in the formulations had no effect on droplet size
except for formulations T8-F21, T9-F21 and T12-F17 (p > 0.05), and
the droplet size of the peptide-containing formulations was in the range
of 14.95–76.43 nm.

3.2. In vitro cytotoxic efficacy of LyP-1 and Dox HCl administered in the
SMEDDS formulations on p32-expressing breast cancer cells

In order to confirm the presence of p32, the specific receptor for
LyP-1, on MDA-MB-231 and 4T1 cells, both gene and protein expression
were analyzed. Both 4T1 and MDA-MB-231 cells expressed the p32
protein (32 kDa), and it was higher in MDA-MB-231 cells than in 4T1
cells. In the tumor tissue samples obtained from the mice which were
previously inoculated with 4T1 cells, p32 was also detectable (Fig. 2A).
The presence of p32 in the 4T1 cells and tumors was also evaluated in
terms of gene expression. The p32 transcripts were highly amplified
both in the 4T1 cells and tumors (Fig. 2B).

Following the confirmation of the cell lines to be positive for p32,
the cytotoxic effect of Dox HCl and LyP-1 combination was evaluated
for 48 h on 4T1 and MDA-MB-231 cell lines. The concentration of Dox
HCl was held constant at 0.15 µM in order to evaluate the additive ef-
fect of LyP-1, which was used at increasing concentrations. A dose-
dependent synergistic effect was observed with LyP-1 as it increased the

anti-tumor cell activity of Dox HCl on MDA-MB-231 cell line starting
from 31.25 µM concentration in 48 h (Fig. 3A). For the 4T1 cell line,
this effect was detected with 125 µM and 250 µM LyP-1 when combined
with 0.15 µM Dox HCl (Fig. 3B). LyP-1 influenced the MDA-MB-231
more potently than the 4T1 cell line, which could be attributed to
higher expression levels of p32 in the MDA-MB-231 as compared to 4T1
(Fig. 2A). Even though administration of Dox HCl and LyP-1 treatment
with the SMEDDS formulations decreased the amount of viable breast
cancer cells, the effect of LyP-1 was not clear potentially due to masking
by the high potency of Dox HCl when administered in the SMEDDS
(Fig. 4).

3.3. The efficacy of cellular uptake of LyP-1 in the SMEDDS formulation

The uptake of LyP-1-FAM prepared in solution and in the SMEDDS
formulation by the 4T1 cells was concentration- and time-dependent at
37 °C (Fig. 5A). After 1 h of incubation with 27 µM LyP-1-FAM in so-
lution, the median fluorescence intensity (MFI) was 101 ± 7.7, while
the intensity increased to 138.12 ± 3.28 in 5 h (p < 0.01). The uptake
was higher when the peptide was applied in the SMEDDS formulations
(MFI, 116.75 ± 0.75 in 1 h; 153.25 ± 9.01 in 5 h), (Fig. 5B and C).

Since the energy-dependent endocytic cellular uptake pathways are
hampered at 4 °C [56], additional studies were performed at this tem-
perature to support the observations on the specificity of LyP-1 as a
ligand mediating cellular entry. Therefore, the fluorescence intensity
obtained at 37 °C indicates both the internalized and cell surface-bound
LyP-1 peptide whereas at 4 °C the majority of fluorescence signals
would only derive from the peptide that was bound onto the cell
membrane (Fig. 5B and C). Accordingly, the fluorescence intensity of
the peptide in solution was 5.6 ± 2.5 after 1 h incubation at 4 °C and
increased to 57.5 ± 9.1 at 37 °C, (a 124.6% increase, p < 0.01). A
similar trend was also observed when the peptide was prepared in the
SMEDDS formulation; the fluorescence intensity increased from
25.3 ± 3.1 to 59.5 ± 20.6 at 4 °C and 37 °C, respectively, (a 135.17%
increase, p < 0.01). Following 5 h of incubation, similar results were
obtained which corresponded to the temperature-dependent uptake at
1 h. Accordingly, for the LyP-1-FAM in solution, approximately 24%
increase was obtained when the results at 4 °C and 37 °C were compared
(p < 0.01). Notably, for the LyP-1-FAM in the SMEDDS, this increase
was even more significant (∼95.1%, p < 0.0001) (Fig. 5B and C).
Therefore, the uptake of the peptide was enhanced when administered
in the SMEDDS formulations especially following extended incubation
at 37 °C. In addition, the reduction in the fluorescence intensity values
at 4 °C could be attributed to the receptor-mediated endocytosis of the
peptide potentially through the p32 pathway.

Fig. 2. The expression of p32 in the MDA-MB-231 and 4T1 breast cancer cell
lines, and the 4T1 tumor tissues studied. (A) p32 protein (32 kDa) levels were
studied by Western-Blot. B-actin (42 kDa) was used as house-keeping protein as
loading control. Each sample was studied in duplicates. (B) p32 expression in
the 4T1 cells and tumors was evaluated by RT-PCR. The p32 amplicons were
visualized after agarose gel electrophoresis. B-actin was amplified as house-
keeping gene. NC: negative control.
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3.4. Combination of LyP-1 and Dox HCl in the SMEDDS formulations
decelerates tumor growth and metastasis

The mice bearing 4T1 breast tumors were administered with LyP-1
and/or Dox HCl in PBS solution or in the SMEDDS formulations and
were followed for 14 days. The PBS-treated control group had a survival
rate of 66% by the day 28. On the other hand, the animals administered
with the blank SMEDDS formulations had the lowest survival rate
(57.14%). The groups treated with LyP-1 in solution and LyP-1 in the
SMEDDS formulations showed 85.7% and 87.5% survival rates, re-
spectively. All the other tumor-bearing animal groups survived through
the study period.

The combination of Dox HCl and LyP-1 either in solution or in the
SMEDDS formulations significantly reduced the tumor growth when
compared to the tumor-bearing animals treated with Dox HCl in solu-
tion or in the SMEDDS formulations (Fig. 6). In addition, even though
not reaching to the level of statistical significance, the tumors tended to
have smaller diameters when treated with LyP-1 (Fig. 6). Thus, com-
bination of LyP-1 with Dox HCl appeared to negatively influence tumor
progression. Expectedly, the tumor burden in the groups treated with
the Dox HCl in SMEDDS, the Dox HCl and LyP-1 in solution, and Dox
HCl and LyP-1 in the SMEDDS formulations was less than the untreated
control animals (data not shown). Therefore, the anti-tumor activity of
Dox HCl and LyP-1 in the SMEDDS formulations and in solution was
demonstrated.

The breast cancer metastases were evaluated in the liver, lungs and

lymph nodes of the tumor-bearing animals. The animals that received
the combination of Dox HCl and LyP-1 in the SMEDDS formulations
displayed the lowest frequency of metastasis (12.5%), in contrast to
LyP-1 in the SMEDDS formulations (p < 0.05), Dox HCl in solution and
Dox HCl in SMEDDS (p < 0.2) (Table 1). The number of metastatic foci
was similarly reduced whether Dox HCl was administered in solution
(25%) or in the SMEDDS formulation (25%) (Table 1). Collectively, the
SMEDDS formulations developed in this study endorsed the anti-cancer
efficacy of Dox HCl and LyP-1 both in terms of tumor growth and
metastatic spread.

3.5. LyP-1 in the SMEDDS formulations preferentially accumulates in the
tumor tissue

The tumor-bearing or healthy mice were injected with LyP-1-FAM
and tissue samples of liver, mammary lymph nodes, mesenteric lymph
nodes, and tumors were collected. The fluorescence intensity obtained
from the tissues showed that the peptide in the SMEDDS formulations
preferentially accumulated in the tumor tissues (Fig. 7A). Alternatively,
LyP-1 in solution was distributed in the liver, peripheral blood, peri-
toneal fluid, tumor and mesenteric lymph nodes. A high amount of the
peptide was found in the mesenteric lymph node, liver, peripheral
blood and tumor when administered in the SMEDDS formulations
(Fig. 7A). Additionally, the florescence intensity of the LyP-1-FAM in
solution was compared to that in the SMEDDS formulations by a flow
cytometry approach at the cellular level. The LyP-1-FAM in the

Fig. 3. The amount of viable cells after treatment with Dox HCl and LyP-1 combination in solution on (A) MDA-MB-231, (B) 4T1 cell line (*p < 0.05** p < 0.01;
*** p < 0.001; **** p < 0.0001, n= 4). All peptide concentrations were administered with 0.15 µM of Dox HCl. Dox stands for 0.15 µM Dox HCl solution. Change
in the amount of viable cells (%) were expressed as percentage of control cells ± SD.

Fig. 4. The amount of viable cells after treatment with Dox HCl and LyP-1 combination in SMEDDS on (A) MDA-MB-231, (B) 4T1 cell line (**** p < 0.0001, n=4).
All peptide concentrations were administered with 0.15 µM of Dox HCl. Dox stands for 0.15 µM Dox HCl solution. Change in the amount of viable cells (%) were
expressed as percentage of control cells± SD.
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SMEDDS formulations in the cell suspensions obtained from mesenteric
lymph nodes and from the tumors possessed high-level fluorescence
which confirmed the tissue biodistribution data (Fig. 7B and C).

The in vivo administrations were performed via the intraperitoneal
route and numerous macrophages, which are known as the major cell
type to collect and interfere with the dissemination of exogenous ma-
terials, were present in the peritoneal cavity [57]. Peritoneal lavages
were performed, and the presence of LyP-1-FAM fluorescence was ex-
amined in CD206-positive macrophages. When the peptide was ad-
ministered in solution, its accumulation in the macrophages was higher
than when the peptide was in the SMEDDS formulations. LyP-1-FAM
was distributed throughout the total immune cells in the peritoneal
cavity but not much in the macrophages (Supplementary Fig. 1). The
mesenteric lymph node uptake of the peptide was found to be highest
when delivered in the SMEDDS formulations (Fig. 7B). The uptake in
the liver was evaluated by means of immune cell type; the total liver
cells were found to show higher fluorescence intensity in both healthy

and tumor-bearing mice. In the peripheral blood, the highest intensity
was recorded in the tumor-bearing mice that were administered with
LyP-1-FAM in the SMEDDS formulations (Supplementary Fig. 2). The
distribution in total splenocytes and macrophages in the spleen were
found to be similar; however, the escape potential from the macro-
phages was observed when the peptide was administered in the

Fig. 5. The uptake of LyP-1-FAM by the 4T1 cells
was analyzed by flow cytometry. (A) The influ-
ence of time and concentration of LyP-1-FAM was
evaluated. The uptake of LyP-1-FAM in solution
and SMEDDS formulations was evaluated (B)
after 1 h-long and (C) 5 h-long incubations at
37 °C and 4 °C, (n= 3). Data are presented as
mean fluorescent intensity± SD.

Fig. 6. The % change in tumor sizes of the treat-
ment groups of tumor-bearing BALB/c mice
(**p < 0.01; *** p < 0.001). Data are presented
as mean ± SD. The treatment groups were ad-
ministered twice a week with A. LyP-1 in PBS
(3mg/kg, n= 7), Dox HCl in PBS (5mg/kg,
n= 8) or the combination of these chemother-
apeutics (3 mg/kg LyP-1+5mg/kg Dox HCl,
n= 8) in PBS, and B. LyP-1 in SMEDDS (3mg/kg,
n= 8), Dox HCl in SMEDDS (5mg/kg, n=8) or
the combination of these chemotherapeutics
(3 mg/kg LyP-1+5mg/kg Dox HCl, n=8) in
SMEDDS formulation. C. % of mice with metas-
tasis after histopathological evaluation.

Table 1
% of mice with metastasis after histopathological evaluation.

Solution SMEDDS

LyP-1 50% (3/6)+ 71.4% (5/7)*

Dox HCl 25% (2/8)** 25% (2/8)**

LyP-1+Dox HCl 37.5% (3/8) 12.5% (1/8)

* p < 0.05 and,
** p < 0.2 vs LyP-1+Dox HCl SMEDDS.
+ (number of animals with metastasis/total number of animals in group).
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SMEDDS formulations to the tumor-bearing mice (data not shown).

4. Discussion

4.1. Preparation and characterization of the SMEDDS formulations

One of the most critical steps for the formation of self-micro-
emulsifying drug delivery systems is the selection of excipients to form
the desired microemulsions in accordance with the pharmaceutical
purpose of the formulation [37]. Even the excipients, which are espe-
cially produced for self- emulsification, may not end up with a suitable
SMEDDS formulation. Therefore, preformulation studies are crucial for
achieving the optimum formulation. The self-emulsification could be
affected from the oil/surfactant properties, surfactant ratio, and oil/
surfactant percentage [34,40]. All the excipients selected for this study
were suitable for both parenteral and oral administration. The excipient
mixtures, which formed droplets under 100 nm were selected for fur-
ther studies to increase the lymphatic absorption of the peptide.

The zeta potential values of the blank formulations were approxi-
mately neutral due to the high proportion of the non-ionic surfactants.
LyP-1 is a nonapeptide (CGNKRTRGC) with positive charged amino
acids, such as lysine and arginine; thus, making the net charge of the
peptide slightly positive. The zeta potential of the peptide formulations
was approximately neutral as expected with no significant effect of the
charge of the peptide. Stable SMEDDS with droplet size between
12.92 ± 0.07 and 294.07 ± 1.77 nm were obtained. The SMEDDS
formulations for further studies were selected by considering the dro-
plet size distribution, physical stability and surfactant concentration.
The T9-F21 formulation, which was used for animal studies had a
droplet size of 15.36 ± 0.08 nm and 25.01 ± 1.93 nm in the absence
and presence of the peptide, respectively [58–60].

4.2. In vitro cytotoxic efficacy of LyP-1 and Dox HCl administered in the
SMEDDS formulations on p32-expressing breast cancer cells

MDA-MB-231 cell line was treated with the blank SMEDDS for-
mulations in order to confirm that the anticancer activity observed was
solely due to the peptide but not the formulation. After 24 and 48 h of
incubation, the blank formulations and the control group led to similar
cell viability, indicating that the bioactivity was in fact due to LyP-1.

The anticancer activity of the peptide was evaluated in the range of
15.6 – 250 μM, and dose-dependent activity could be clearly seen on the
MDA-MB-231 cell line. This data was supported by the Western-Blot
analyses confirming the higher expression of p32 receptor in this cell
line. Up until now, the in vitro anticancer activity of the peptide was
only shown using the MDA-MB-435 cell line [10], and with the present
work, it was also shown utilizing the MDA-MB-231 and 4T1 cell lines
and supported with the in vivo data.

The effect of combination therapy was assessed using the lowest
effective concentration of Dox HCl (0.15 μM) to evaluate the possible
synergistic effect of the peptide in both the 4T1 and MDA-MB-231 cell
lines. The addition of LyP-1 (250 μM) in the treatment regimen in-
creased the efficacy of Dox HCl, leading to a decrease in cell viability
from 74.3% to 49.6% following 48 h of incubation in the MDA-MB-231
cell line.

The effect of the SMEDDS formulation in the combination therapy
was observed by delivering LyP-1 and Dox HCl in the SMEDDS for-
mulations. Although the concentration-dependent anticancer effect of
the peptide appeared to be interfered by the formulation, the efficacy of
Dox HCl appeared to increase when delivered in the SMEDDS for-
mulation.

4.3. The efficacy of cellular uptake of LyP-1 in the SMEDDS formulations

LyP-1-FAM was efficiently uptaken by the 4T1 cells. It appeared that
the peptide uptake by the 4T1 cells was higher when delivered in the
SMEDDS as compared to the one in solution. The temperature-depen-
dent uptake of the LyP-1-FAM confirmed the internalization of the
peptide via energy-dependent pathways (i.e. receptor-mediated en-
docytosis). The administration of the peptide in the SMEDDS formula-
tions enabled both easy transport through enhanced cellular permea-
tion and sustained peptide stability.

4.4. p32 expression

Western-Blot analyses and polymerase chain reaction confirmed the
expression of p32 expression in the cell lines and tumor tissue samples.
The expression of p32 was observed to be higher in the MDA-MB-231
cell line when compared to the 4T1 cell line. These results are in par-
allel with the in vitro cell viability data, which implied the prominent

Fig. 7. A. UV images of the tissues from healthy and tumor bearing mice (liver, mammary lymph node, mesenteric lymph node, tumor) treated with either LyP-1-
FAM solution or LyP-1-FAM SMEDDS. B. Flow cytometry histogram plots showing fluorescence intensity of LyP-1-FAM solution (plot in white) and LyP-1-FAM
SMEDDS (plot in gray) in mesenteric lymph node. C. Flow cytometry histogram plots showing fluorescence intensity of LyP-1-FAM solution (plot in white) and LyP-1-
FAM SMEDDS (plot in gray) in tumor tissue.
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concentration-dependent toxicity of LyP-1 in the MDA-MB-231 cell line
as a result of p32 expression.

4.5. Combination of LyP-1 and Dox HCl in the SMEDDS formulations
decelerates tumor growth and metastasis

The tumor model used for in vivo studies is a commonly preferred
model, which is superior for its high tumor progression rate and for-
mation of metastasis. This model is called a ″triple negative model″
representing 15% of the breast cancer cases in humans that do not
express the PR, ER and HER2 receptors [61]. The progression is ag-
gressive, and the potential of metastasis is high as it leads to metastasis
in the liver, lung, lymph nodes etc. when administered via the mam-
mary fat pad [62]. This aggressive tendency was also observed in the
28th day of inoculation with loss of animals bearing large tumors in the
study groups. Despite the aggressive progression of the tumors, the
difference in % change in tumor size among the control groups (PBS
and blank SMEDDS) and the combination therapy groups were found to
be significant. The difference between the Dox HCl and the combination
therapy (Dox HCl+ LyP-1), both in solution and in the SMEDDS for-
mulation, demonstrated the synergistic effect of the peptide. This
phenomenon could be explained by the ″bystander effect″in addition to
the anticancer activity of the peptide. LyP-1 and RGD peptides have
been shown to exert an additional effect for the drug, which they are
administered together even when there is no covalent bond between the
drug and the peptide [63]. In the present work, the same effect was
observed in the combination therapy when LyP-1 was delivered to-
gether with Dox HCl.

4.6. LyP-1 in the SMEDDS preferentially accumulates in the tumor tissue

Intraperitoneal administration is an alternative for i.v. injection in
small laboratory animals, and it has similar pharmacokinetic aspects
with respect to oral administration. The absorption of the drug is slower
as compared to the one obtained with i.v. injection, and drug molecules
absorbed by the mesenteric vessels reach the liver via the portal vein
[64]. The absorption of the peptide delivered in the SMEDDS for-
mulations followed the regular absorption pathway in the tumor-
bearing mice. The high level of accumulation in the mesenteric lymph
nodes supported the lymphatic targeting achieved by LyP-1. The ac-
cumulation of the peptide in the liver when delivered in both the so-
lution and the SMEDDS formulations was an expected result due to i.p.
administration. The CD206 labeling showed that the peptide accumu-
lated less in the macrophages when compared to the total immune cells
in the samples collected from the peritoneal cavity and liver following
administration of the SMEDDS formulations in tumor-bearing mice.
This result demonstrated the possibility of the escape of the peptide in
the SMEDDS formulations from the macrophages in the areas especially
containing high population of immune cells.

The highest amount of LyP-1 in the systemic circulation was found
when the peptide was delivered in the SMEDDS formulation in tumor-
bearing mice implying the possible absorption enhancing of the for-
mulation excipients. Similarly, the accumulation of the peptide in the
tumor tissues also increased when the peptide was administered in the
SMEDDS formulation. The high levels of peptide accumulation in the
tumor tissue macrophages could be explained by the expression of the
p32 receptor on the tumor-related macrophages leading to LyP-1 ac-
cumulation in the tumor macrophages, tumor lymphatics and tumor
cells following i.v. injection [9,10,65]. The UV images also confirmed
the accumulation of LyP-1 in the SMEDDS formulation in the me-
senchymal lymph nodes and tumor tissue in the tumor-bearing mice.

5. Conclusions

Stable lipid-based drug delivery systems (SMEDDS) with droplet
size under 100 nm have been developed, and the potential of these

novel drug delivery systems to combat tumor growth in breast cancer
has been shown in tumor bearing mice. LyP-1 and Dox HCl have been
successfully co-administrated in the same delivery system without any
further chemical process. This approach could be applicable for the
delivery of other anticancer drugs.
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