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Abstract: Isolation and characterization of new biologically active substances affecting cancer cells
is an important issue of fundamental research in biomedicine. Trehalose lipid was isolated from
Rhodococcus wratislaviensis strain and purified by liquid chromatography. The effect of trehalose lipid
on cell viability and migration, together with colony forming assays, were performed on two breast
cancer (MCF7—low metastatic; MDA-MB231—high metastatic) and one “normal” (MCF10A) cell
lines. Molecular modeling that details the structure of the neutral and anionic form (more stable at
physiological pH) of the tetraester was carried out. The tentative sizes of the hydrophilic (7.5 Å) and
hydrophobic (12.5 Å) portions of the molecule were also determined. Thus, the used trehalose lipid is
supposed to interact as a single molecule. The changes in morphology, adhesion, viability, migration,
and the possibility of forming colonies in cancer cell lines induced after treatment with trehalose
lipid were found to be dose and time dependent. Based on the theoretical calculations, a possible
mechanism of action and membrane asymmetry between outer and inner monolayers of the bilayer
resulting in endosome formation were suggested. Initial data suggest a mechanism of antitumor
activity of the purified trehalose lipid and its potential for biomedical application.

Keywords: bacterial natural disaccharide; trehalose tetraester; Rhodococcus wratislaviensis; breast
cancer; anticancer activity; molecular modeling

1. Introduction

The isolation, characterization, and study of the properties of new bioactive compounds are
a crucial part of the fundamental research in the field of biology and medicine and provide unlimited
opportunities for new drug discoveries [1,2].

Biosurfactants are naturally occurring surface-active biomolecules produced by a variety of
microorganisms [3–6].
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Usually, biosurfactants have an amphiphilic character, with molecules possessing both hydrophilic
and lipophilic/hydrophobic components/moieties, which is a predisposition for their unique biological
properties. Microorganisms produce many different, in some cases unique, amphiphilic metabolites that
can be classified into several groups based on their chemical structure: (i) glycolipids, (ii) phospholipids,
(iii) lipopeptides and lipoproteins, (iv) fatty acids, (v) neutral acids, and (vi) polymeric and particulate
surfactants [5,6]. Glycolipids are the most commonly used biosurfactants. Trehalolipids, or trehalose
lipids (TL), synthesized by most species belonging to the mycolates group of microorganisms [3–6],
are glycolipids containing a trehalose carbohydrate moiety. The hydrophilic trehalose moiety is
combined with long-chain aliphatic or hydroxyl acids and linked with an ester moiety.

Due to their structural and functional diversity, biosurfactants appear to be an attractive group
of molecules with great potential to be used in numerous industrial, biotechnological, and medical
applications [7–10].

Recently, trehalose lipids were proved to be a good alternative to conventional medicines. Due to
their surface activity, they could be considered as possible anticancer therapeutics [11,12]. According to
published data, in vitro cell death in various human carcinomas has been triggered after treatment
with TL biosurfactant [11–13].

However, the effect of trehalose lipid (Scheme 1) on the changes in morphology, viability,
proliferation, and migration ability of breast cancer has not been studied in depth.
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The objective of this work is to isolate glycolipid biosurfactants produced by Rhodococcus
wratislaviensis strain BN38, to model their conformation at physiological pH and to determine the
tentative sizes of the hydrophilic and hydrophobic portions. In addition, the antitumor activity of
the anion form of trehalose lipid tetraester against human breast cancer cell lines was evaluated,
regarding cell viability, migration, and clonogenic capacity.

2. Materials and Methods

2.1. Bacterial Strain and Cultivation

The biosurfactant-producing strain Rhodococcus wratislaviensis BN38 used in this study was isolated
and taxonomically identified as described previously [14]. The strain was cultivated in mineral salt
medium, containing in (g L−1): K2HPO4 •3H2O (4.8); KH2PO4 (1.5); (NH4)2SO4 (1.0); Na3(C6H5O7)
2H2O (0.5); MgSO4 • 7H2O (0.2); yeast extract (0.1), supplemented with trace element solution with
the following composition in (mg L−1): CaCl2 • 2H2O (2.0); MnCl2 4H2O (0.4); NiCl2 •6H2O (0.4);
ZnSO4 •7H2O (0.4); FeCl3 •6H2O (0.2); Na2MoO4 • 2H2O (0.2), and 2% n-hexadecane. The medium
was shaken at 120 rpm for 7 days at 28 ◦C.
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2.2. Detection of Biosurfactant Production

Surface tension (ST) measurement and emulsifying activity were used to screen biosurfactant
production. Samples of the culture media of the selected strain were centrifuged at 8000 g for 20 min.
Surface tension of the supernatant fluid of the culture was measured by the ring method using
a DuNouy ring tensiometer (Kruss T 10, Hamburg, Germany). The emulsifying activity of the culture
supernatant was estimated by adding 0.5 mL of sample fluid and 0.5 mL of kerosene to 4.0 mL of
distilled water. The tube was vortexed for 10 s, held still for 1 min, and then examined for turbidity of
a stable emulsion.

2.3. Purification

The surface-active compounds were isolated by liquid−liquid extraction with methyl-tert-butyl
ether. The isolated products were analyzed by thin layer chromatography on silica gel G60, using
chloroform/methanol/water (65:15:2), as mobile phase, and visualized with a sugar-specific reagent
anthrone (10H-anthracene-9-one) in sulfuric acid and heated to 150 ◦C for 2–3 min. The crude glycolipid
mixture was dissolved in chloroform/methanol/water (65:15:2, v/v/v) and afterward separated by using
medium-pressure liquid chromatography.

The obtained main fractions with surface activity were identified with 1H NMR, 13C NMR,
and ESI-MS analysis as succinoyl 2,3,4,2′-trehalose tetraester with molecular mass of 876 and
848, respectively.

2.4. Computational Details

The molecular modeling of the structure and possible interactions between two molecules of
TL was carried out using density functional theory (DFT) calculations. DFT is a powerful method
capable of accurate results at a relatively low cost. Geometry optimization was carried out at the
B3LYP/6-31G (d, p) level of theory. The crystal structure of α, α-trehalose (Cambridge Crystallographic
Data Centre (CCDC) identifier DEKYEX, deposition number 1138536) [15] was used in the modeling of
the trehalose tetraester. Ester R fragments with 6 and 8 CH2-groups (1st glucose) and 8 CH2-groups
(2nd glucose) were attached to the parent α, α-trehalose. The neutral and the anionic form with
one negative charge on the X carboxylic group, corresponding to the pH 7 structure of this trehalose
tetraester were considered. After geometry optimization, frequency calculations were performed at
the same level of theory. No imaginary frequency was found for the lowest energy configurations of
any of the optimized structures.

The differences ∆Eel, ∆Eth, P∆V (work term), and ∆S between the product (TL dimer) and reactant
(TL) were used to evaluate the gas-phase free energy of the complex formation, ∆G, at T = 298.15 K
according to the equation:

∆G = ∆Eel + ∆Eth + P∆V − T∆S. (1)

The complex formation is thermodynamically favorable if the calculated value of ∆G is negative,
and the process is unfavorable if the value of ∆G is positive.

Solvation effects were accounted for by employing the solvation model based on density (SMD) [16]
scheme and performing single point calculations in water (ε = 78).

Gaussian 09 suites of programs were used for all calculations [17].
Molecular graphics images were made using PyMOL [18].

2.5. Cell Lines and Culture Conditions

All cell lines (MCF-10A, MCF-7, and MDA-MB-231) were purchased from the American
Type Culture Collection—ATCC (Manassas, VA, USA). The human breast adenocarcinoma cell
lines (MCF-7 low-metastatic and MDA-MB-231 high-metastatic) were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% sodium
pyruvate, 1% MEM non-essential amino acids (NEAA) without antibiotics. As control in all
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experiments, the non-tumorigenic breast epithelial cell line (MCF-10A) were cultivated in DMEM
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS, 1% sodium pyruvate,
1% non-essential amino acids (NEAA), 20 ng/mL human epithelial growth factor (hEGF), 10 µg/mL
insulin, 0.5 µg/mL hydrocortisone without antibiotics. All cell lines were maintained in a humidified
atmosphere with 5% CO2 at 37 ◦C.

2.6. Trehalose Lipid Tetraester (TL)

The isolated TL from R. wratislaviensis was dissolved in DMSO (Eurobio Scientific, Les Ulis,
France) to obtain a master stock solution at a concentration of 5.7 mM (5 mg/mL) and stored at 4 ◦C.
The working solution (570 µM) was freshly prepared prior to each experiment in the appropriate
culture medium. Final DMSO concentrations in each sample were calculated previously (lower than
1%) to provide absence of DMSO—relative toxicity.

2.7. Cell Viability (MTT) Assay

The cytotoxic activity of TL on the cultured cells was measured by an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) colorimetric test [19]. The cells were
grown in 96-well plates at a density of 1 × 105 cells/mL. After overnight incubation, the cells were
treated with different concentrations (from 10 to 100 µM) of the test compound and incubated for
24 and 48 h. Later, the MTT solution (20 µL of 5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was
added to each well, and the plates were re-incubated for an additional 4 h. Finally, the medium was
removed and 100 µL of lysis buffer (10% SDS, 0.01 M HCl) was added to solubilize the formed formazan
crystals. The amount of formazan crystal was determined by measuring the absorbance at 570 nm
using a Thermo Multiskan Spectrum spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and the half-maximal inhibitory concentration (IC50) of the pure compound was calculated by
GraphPad software. All experiments were performed in triplicate, at least three times independently.

2.8. Wound Healing (WH) Assay

MCF10A, MCF7, and MDA-MB231 cells (7 × 105 cells/well) were seeded in a CytoSelect™
24-well Wound Healing Assay plate containing 12 wound field inserts (Cell Biolabs Inc., San Diego,
CA, USA) and allowed to adhere overnight. After the adherent period, the wound field inserts
were removed, and the detached cells were washed three times with 500 µL of sterile PBS (1×).
Fresh medium (500 µL), containing 75 µM of TL was added afterward, and wound healing was
maintained for 24 h. Cell migration was monitored and documented under phase-contrast microscope
Carl Zeiss Jena (Zeiss, Berlin, Germany) with 10×magnification at 0 and 24 h post-induction of wound
area [20]. Wound closure was measured and quantified using Image J software version 1.8.0_112 [21].
The experiment was repeated at least two times.

2.9. Colony Forming Cell (CFC) Assay

The in vitro cell survival assay was performed with minor modifications according to
Franken et al. [22]. In brief, MCF10A, MCF7, and MDA-MB231 cells were seeded in 6-well plates at
a density of 500 cells/mL. The cells were allowed to adhere overnight and treated the next day with the
selected concentration of TL. After 9 days of incubation period, the medium was removed, and cell
colonies were stained with a 2% solution of methylene blue in 50% ethanol [23], and all colonies
consisting of more than 50 cells were enumerated.

2.10. Cell Morphology Imaging

To assess changes in cell morphology, all cell lines (treated and untreated) were examined under
phase-contrast light microscope (Zeiss, Berlin, Germany). Furthermore, all cell cultures were monitored
for the presence of cytopathic effect (CPE).
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2.11. Statistical Analysis

All statistical analyses were performed using Microsoft Excel Software. Data are reported as
means ±SD. To evaluate the statistical significance of experimental data, comparisons between treated
and control probes and cancer and normal cell lines were performed by Student’s t-test. Each P-value
lower than 0.05 was considered statistically significant.

3. Results and Discussion

Biosurfactants represent a broad group of natural disaccharides with bacterial origin with
a promising potential for biomedical applications. In this study, we tested the anticancer effect of TL
applied at different concentrations (10–100 µM) for 24 and 48 h against two types of breast cancer cell
lines high-metastatic MDA-MB231 and low-metastatic MCF7, as well as against the control non-cancer
epithelial cell line MCF10A.

Figure 1A–C shows the cell viability obtained for all cell lines 24/48 h after treatment.
Negative controls (without any treatment) were included in the figures as 100%. As shown in
Figure 1B, the highest treatment effect was found for the low-metastatic cell line MCF7, followed by
high-metastatic MDA-MB231 (Figure 1A), and almost no effect on the normal line MCF10A (Figure 1C).
This result differs from the usual one in which the highly metastatic MDA-MB231 cell line is more
strongly affected. In Figure 1D are presented the GraphPad calculations of the IC50 doses at 48 h:
MDA-MB231—770 µM; MCF7—108 µM, and healthy MCF10A cells—1026 µM, respectively.
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Figure 1. Number of viable cells after treatment with trehalose lipids (TL) at different concentrations
(10, 25, 50, 75, 100 µM), presented as a percentage of control (untreated) cells, analyzed by MTT
assay. Presented in (A–C) results are respectively for: MDA–MB23, MCF7 cancer cells, and normal
MCF10A cell line; black solid columns present data after 24 h incubation and the striped columns after
48 h. All data are means ±SD from three independent experiments. Statistical analysis: (i) All results
are statistically significant versus controls at corresponding incubation time (p-value <0.05); (ii) All
presented data from 24 h are statistically significant versus data from 48 h (p-value <0.01); (iii) Cancer
lines versus Normal cells: all variations between data in (A) are significant versus data in (C): p-value
<0.001 for both 24/24 and 48/48 h type comparison; all variations between data in (B) are significant
versus data in (C): p-value <0.05 for 24/24 h and p-value <0.01 for 48/48 h comparison. (iv) Data from
cancer cell lines’ comparison were calculated also as a statistically significant result (p-value <0.01
for both 24/24 and 48/48 h variations). (D) GraphPad data calculation of the half-maximal inhibitory
concentration (IC50)—number of viable cells 48 h after treatment with TL in different concentrations,
as a percentage of control (untreated) cells. Values are means ±SD from at least three independent
experiments at triplet repetitions.

The results show decrease in the percentage of viable cells with increasing TL concentrations
and exposure times, thus suggesting the cytostatic/cytotoxic effect of trehalose lipid on the treated
cancer cell lines. It is interesting to note that the viability of the normal MCF10A cell line, which is
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less affected by TL at concentrations of 10–50 µM after 48 h treatment, has an increased viability of
up to 100% (including standard deviation) compared to the treatment for 24 h which is probably
related to an increase in the survival rate. a similar dependence was also observed after treatment
with TL at concentrations of 75 and 100 µM for 48 h, even though the decrease of the survival rate
was relatively low (10%–20%, respectively). Moreover, the absence of strong influence on the survival
rate of normal cells and on the other hand decreasing of cancer cell viability, but not more than 45%,
is a very promising result for future studies and applications of TL in chemotherapy (for example in
combination with conventional anticancer drugs).

The next step of our study was to analyze the migration capacity of the cells after TL treatment.
a wound healing assay is a laboratory technique used to study cell migration and cell–cell interaction.
The cell migration is a hallmark of wound repair, cancer invasion and metastasis, angiogenesis, etc.
Cell invasion and migration are involved in the dissemination of cancer cells, which is the main cause of
resistance to treatment and can lead to locoregional or metastatic recurrence after cancer treatment [24].
In vitro analysis of the cell migration is useful to follow alterations in cell migratory potential as
a response to experimental treatments. Since IC50 was not reached for all cell lines, we chose 75 µM as
an appropriate subcytotoxic concentration for further analysis (cell migration and colony formation).
At this concentration, all cell lines showed the maximum decrease in cell survival (see data in Figure 1).

After 24 h of TL treatment, a widening of the gap was detected in all cell cultures (Figure 2B).
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agreement with the data from the MTT assay (Figure 1). Moreover, in this case there are qualitative 

Figure 2. (A) Wound closure rate of breast normal/cancer cells 24 h after treatment with subcytotoxic
concentration TL (75 µM), analyzed by CytoSelect™—wound healing (WH) assay. Calculated wound
area of MCF10A normal cells (green columns), high-metastatic MDA-MB231 cell line (red columns)
and low-metastatic MCF7cell line (blue columns) are presented as a percent of initial wound area at the
initial zero time. All data are the means ±SD from two independent experiments and three independent
calculations via ImageJ software; *p < 0.05 versus MCF10A normal cells, ** p < 0.01 versus MCF10A
normal cells; # p < 0.05—all variations versus corresponding controls are statistically significant. (B) Cell
migration capacity of normal MCF10A cells (top panel) and cancer cells (high-metastatic MDA-MB231
cells—middle panel; low-metastatic MCF7 cells—bottom panel) after treatment with subcytotoxic
concentration (WH assay). Images were obtained after 24 h incubation by phase-contrast microscopy,
magnification 10×.

However, the strongest effect of TL was observed on the low-metastatic MCF7 cell line
(Figure 2B—bottom panel), which can be explained by the effect of TL on the cell membrane and
is in agreement with the data from the MTT assay (Figure 1). Moreover, in this case there are
qualitative morphological changes—visibly rounded cells compared to the controls (0 h) as shown in
Figure 2B—bottom panel.
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It could be suggested that this is due to the biosurfactant nature of TL, which together with
the survival data obtained, is a prerequisite to believe that it has a cytostatic effect rather than
cytotoxic—cells stop dividing but are still vital at subcytotoxic concentrations.

On Figure 2A the same results are calculated in percentage by using Image J software version
1.8.0_112. As can be seen from Figure 2A, the gap filling rates, expressed in percentage, are very
close between the two cancer lines but statistically significant. It should be noted that the treatment
concentration of TL (75 µM) for the low-metastatic cell line is very close to the value of IC50 (108 µM),
while for the high-metastatic cell line it is almost ten times lower than IC50 (770 µM). In this case,
cell lines with different metastatic potential reacted in a similar manner after treatment with the
same concentration (75 µM). That suggests a different mode of action of TL on different types of
cells. At an equal number of biosurfactant molecules per single cell, surface modification of the
cell membrane is similarly expressed by cytoskeleton reorganization followed by suppressing the
migration. According to Sarkar et al. [25], trehalose does not readily cross the cell membrane but can
be efficiently loaded into the mammalian cells via endocytosis. Obviously, MDA-MD231 needs more
molecules of TL (higher threshold) into cells to be killed.

The next step in the study involved a colony formation test. This method provides information
on the effect of long-term treatment on the number of colonies formed after 9 days of treatment with
subcytotoxic TL concentration (75 µM). Measuring the ability of an individual cell to form colonies
(a population of at least 50 cells) gives a real idea of the number of cells with preserved clonogenicity
in the cell population. This method has become the gold standard for assessing cellular sensitivity and
for determining the percentage of vital to apoptotic cellular fraction under experimental conditions,
both in cell lines and in primary cell cultures.

A strong anticlonogenic effect was found on all three cell lines after treatment with subcytotoxic
concentration (75 µM)—no colonies were found 9 days after treatment compared to untreated control
cells (Figure 3).
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Figure 3. (A) Clonogenicity of normal MCF10A cells (top panel) and cancer cells (MDA-MB231
cells—middle panel; MCF7 cells—bottom panel) after long-term treatment with subcytotoxic
concentration TL concentration (75 µM), analyzed by colony forming cell (CFC) assay. Untreated cells
were used as a control. (B) Total number formed colonies of MCF10A, MDA MB231, and MCF7
breast cell lines after long-term treatment with subcytotoxic TL concentration (75 µM). All data are the
means ±SD from two independent experiments and three independent enumerations; **p < 0.01 versus
MCF10A normal cells, *** p < 0.001 versus MCF10A normal cells; ### p < 0.001—high-metastatic versus
low-metastatic cancer cell line.
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In our view, this effect is partly due to the alterations in cell morphology, such as changes in the
tubulin cytoskeleton, which prevents the formation of the mitotic spindle and subsequent cell division.
This explanation is in consistent with our assumption of the existence of cytostatic rather than cytotoxic
effect of TL on the tested cell lines.

According to Nasr Eldeen et al. [26], trehalose induces autophagy processes, the first step of
which was assumed to be endosome formation. On the other hand, Mackeh et al. [27] reported
a relationship between autophagy and microtubules. The authors also point out that more and more
anticancer drugs cause autophagy as a cellular opening after treatment. In view of the obtained results
(change of cell morphology—rounding of the treated cells) and the references found, we can speculate
that the foundations of the molecular mechanism of action of TL are based precisely on the effect
of autophagy-mediated cytoskeletal cancer cells by triggering spliced signaling pathways. It is the
direction in which future research will continue.

Some theoretical (quantum-chemical) computations were made in order to obtain information for
the structure of the studied TL biosurfactant and to shed some light on the possible mechanism of its
action in vivo.

A molecular modeling, which details the size of the hydrophilic and hydrophobic portions of the
glycolipid molecule (TL), was carried out. The optimized structure of the most stable rotamer of TL is
visualized in Figure 4. The tentative sizes of the hydrophilic (about 7.5 Å) and hydrophobic (about
12.5 Å) portions of the molecule are also shown.
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Amphiphiles (both synthetic and natural) are characterized with a strong tendency to self-assemble
into a diversity of supramolecular structures/aggregates (micelles, vesicles, nanofibers, nanotubes,
etc.) [28]. The possibility of applying biosurfactants in practice as functional materials depends on
their self-organizing and self-assembling properties [29].

Molecular modeling of the TL structure and possible aggregation of two TL molecules into a larger
unit was carried out using density functional theory (DFT) calculations. The optimized structure of
a possible dimer is visualized in Figure 5. TL in (i) its neutral and (ii) non-protonated (anionic) state
with one negative charge on the carboxylic group (thus corresponding to the pH 7.4 structures, the pH
of extracellular fluid) was taken into account.
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A self-assembly process is a spontaneous (exergonic) process that leads toward equilibrium.
An exergonic reaction is a reaction where the change in the free energy, ∆G, is negative. For the TL
dimer formation reaction from neutral molecules a negative ∆G value (−0.12 kcal mol-1) has been
calculated at the B3LYP/6-31G (d, p) level of theory, whereas for the TL dimer formation from TL anions
a positive value has been obtained (60.51 kcal mol-1). In water environment, the respective ∆G values
for the TL dimer formation from neutral and anionic forms are 6.85 and 11.86 kcal mol-1, respectively.
It can be concluded that at physiological pH 7.4 the self-assembly process for TL in anionic state (with
negative charges on the carboxylic groups) is unfavorable at ε = 1 (lipid, approximated by the gas
phase) and ε = 78 (water). Thus, the TL in the extracellular fluid is expected to be mostly monomeric.
This suggests that the used biosurfactant interacts as a single molecule.

It is interesting that at the same concentration of the used biosurfactant (75 µM that is below the
critical micelle concentration—300 µM) [30] the viability, migration, and colony forming responses
are different (Figures 1–3). This could be due to the “molecular basis” of the action of the trehalose
lipid biosurfactant, connected with the physicochemical reorganization of both monolayers of the cell
membranes. It is known that the trehalose lipid biosurfactant isolated from Rhodococcus sp. could be
considered as a weak detergent that prefers membrane incorporation over micellization. According to
our theoretical model (Figure 4) the length of used TL is in the range of 20 Å. It is widely known that
ions such as K+, with a ion radius between 1.4 and 1.6 Å, freely pass through small pores. That is
why it is difficult to suggest that a monomeric biosurfactant such as TL could be transported into the
somatic cells through the small pores.

TL, used at a concentration below the critical micelle concentration is a negatively charged
(anionic) molecule, which expresses lipid–membrane interaction, due to the pore/defect formation
and the leakage of small molecules—small fluorescent rays or K+ ions, through the liposomes or
human erythrocytes membrane [30,31]. According Zaragosa et al. [31] the above biosurfactant induces
changes in the morphology (positive and negative curvatures) expressed in spherocyte or echinocyte
formation. Unfortunately, the suggested “molecular basis” for the mechanism of interaction of TL with
erythrocytes could fit partly (surface morphology deformation) to explain the interaction with the use
of somatic cells.

Contrary to the erythrocytes, the epithelial breast cells as MCF10A, MDA MB231, and MCF7 have
microvilli and the presence of nucleus. On the other hand, the surface electric charges, surface roughness,
morphological, internal microenvironment and cytoskeleton network structures, and phospholipid
composition of healthy and cancer cells are different (depending on metastatic potential) [32–34].



Polymers 2020, 12, 499 10 of 11

After treatment with TL for both breast cancer cell lines, a strong cytopathic effect accompanied with
cell shrinkage and membrane blebbing were observed (Figure S1).

The changes in morphology and migration allow speculation on the following mechanism of
interaction: the used monomeric biosurfactant interacts and penetrates into the outer leaflet of the
membrane, segregates into different sizes (depending on the surface electrical charges and interactions)
and could provoke the appearance of asymmetry between the outer and inner monolayer of the
bilayer in the membrane. Such asymmetry in both monolayers could result in membrane invagination
and, eventually, endosome formation with different sizes into the cells, depending on their type
of malignancy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/499/s1,
Figure S1: Figure S1. Changes in cell morphology of normal MCF10A cells /top panel/ and cancer cells
/MDA-MB231 cells – middle panel; MCF7 cells – bottom panel/ 48 h after treatment with subcytotoxic concentration
TL concentration (75 µmol), analyzed by phase-contrast light microscopy. Untreated cells were used as a control.
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