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Abstract

Lipid nanoparticles are used widely as anticancer drug and gene delivery systems.
Internalizing into the target cell is a prerequisite for the proper activity of many
nanoparticulate drugs. We show here, that the lipid composition of a nanoparticle
affects its ability to internalize into triple-negative breast cancer cells. The lipid
headgroup had the greatest effect on enhancing cellular uptake compared to other
segments of the molecule. Having a receptor-targeted headgroup induced the greatest
increase in cellular uptake, followed by cationic amine headgroups, both being superior
to neutral (zwitterion) phosphatidylcholine or to negatively-charged headgroups. The
lipid tails also affected the magnitude of cellular uptake. Longer acyl chains facilitated
greater liposomal cellular uptake compared to shorter tails, 18:0>16:0>14:0. When
having the same lipid tail length, unsaturated lipids were superior to saturated ones,
18:1>18:0. Interestingly, liposomes composed of phospholipids having 14:0 or 12:0-
carbon-long-tails, such as DMPC and DLPC, decreased cell viability in a concertation
dependent manner, due to a destabilizing effect these lipids had on the cancer cell
membrane. Contrarily, liposomes composed of phospholipids having longer carbon
tails (16:0 and 18:0), such as DPPC and HSPC, enhanced cancer cell proliferation. This
effect is attributed to the integration of the exogenous liposomal lipids into the cancer-
cell membrane, supporting the proliferation process. Cholesterol is a common lipid
additive in nanoscale formulations, rigidifying the membrane and stabilizing its

structure. Liposomes composed of DMPC (14:0) showed increased cellular uptake
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when enriched with cholesterol, both by endocytosis and by fusion. Contrarily, the
effect of cholesterol on HSPC (18:0) liposomal uptake was minimal. Furthermore, the
concentration of nanoparticles in solution affected their cellular uptake. The higher the
concentration of nanoparticles the greater the absolute number of nanoparticles taken
up per cell. However, the efficiency of nanoparticle uptake, i.e. the percent of
nanoparticles taken up by cells, decreased as the concentration of nanoparticles
increased. This study demonstrates that tuning the lipid composition and concentration

of nanoscale drug delivery systems can be leveraged to modulate their cellular uptake.

Keywords: liposome, cancer, targeting, lipid, cell signaling, metabolism

Introduction

Breast cancer is the most prevalent cancer among women [1]. Triple-negative breast
cancer (TNBC) is a subset of this disease, in which the malignant cells do not display
estrogen, progesterone, or HER2 receptors on their membrane. These receptors are
leveraged for targeting medicines to breast cancer; in their absence, medicinal options
become limited and the prognosis of TNBC patients, poor [2].

Nanotechnology is widely used in breast cancer management [3-10], offering improved
diagnostic accuracy and therapeutic efficacy [11-13]. Liposomes are vesicles composed
of a lipid bilayer that surrounds an inner aqueous core [14]. Hydrophilic drugs can be
loaded into the liposomal aqueous core, hydrophobic drugs can be incorporated into the
lipid bilayer, and proteins can transcend both regions [15]. Nanoscale liposomes are
applied as drug carriers in first-line breast cancer management [16-20]. Tailoring
liposome towards improved uptake by TNBC cells may offer new treatment modalities
for this condition.

Liposomes can be composed of various lipids, as long as they obey structural laws for
configuring a stable bilayer [21, 22]. A dimensionless Packing Parameter (PP)
describes the architectural nature of each lipid: PP=V/(A*L); where V is the volume
of the hydrophobic lipid tail, 'A' is the cross sectional area of the hydrophilic head, and
L is the length of the lipid tails [21]. To construct stable liposomes the average PP of
the lipids constituting the bilayer must be between 0.7 to 1.2 [14], and the length of the
acyl chains should be between 14 and 22 carbons . Phosphatidylcholine (PC) is a

common liposomal building block, participating in a structural, metabolic and cell-
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signaling processes . PC can be supplemented with other types of lipids to modify the
membrane properties [23]. For example, to rigidify the bilayer and reduce its
permeability, the bilayer can be enriched with sterols, such as cholesterol [22, 24].
The lipid bilayer can be in several physical states, depending primarily on its
composition and on the temperature of the system. Below the phase transition
temperature (Tm) the lipid bilayer is in a solid-ordered phase (SO, also known as the
ordered gel phase and Lg). Above the Tm the lipid bilayer transforms to the liquid-
disordered phase (LD, also known L). Adding cholesterol to the lipid bilayer (usually
above ~30mol%) the bilayer assumes a liquid-ordered phase (LO) [14].

To improve targeting to disease sites the corona of the liposomes has been decorated
with targeting moieties that bind specifically to cancer cells [25-27]. Alternatively, to
‘disguise’ the liposomes from the immune system and to increase circulation time,
polyethylene glycol (PEG) and other polymers have been conjugated to the liposome
surface [7, 28]. Several recent comprehensive studies have addressed the effect PEG
has on cellular uptake [29-31], however the effect lipids have on the cellular uptake has
not been studied thoroughly [16], especially for the case of triple-negative breast cancer
[32].

Here, we investigated how various lipid components affect the uptake of 100-nm
liposomes, i.e. lipid nanoparticles by triple-negative breast cancer cells. For that, we
screened lipids in a systematic manner, altering different segments of the molecule, and
testing each segment’s effect on cellular uptake, as well as the cellular viability after

engulfing these nanoparticles.
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Materials and Methods

Materials. DMPC(1,2-dimyristoyl-sn-glycero-3-phosphocholine,) DPPC(1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), HSPC(hydrogenated soybean
phosphatidylcholine), DOPC(1,2-dioleoyl-sn-glycero-3-phosphocholine,) DOPS(1,2-
dioleoyl-sn-glycero-3-phospho-L-serine), DOPA(1,2-dioleoyl-sn-glycero-
3phosphate),DSPE(1,2-Distearoyl-sn-glycero-3-phosphoethanolamine,) DSPG(1,2-
distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol), PEG2000-DSPE ((1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N[amino(polyethylene  glycol)-2000] )were all
purchased from Lipoid (Ludwigshafen, Germany). Cholesterol, Hoechst, and pyranine
(1-hydroxypyrene-3,6,8-trisulfonic acid) were purchased from Sigma-Aldrich
(Revohot, Israel). Rhodamine-DSPE and DLPC (1,2-dilauroyl-sn-glycero-3-
phosphocholine) were obtained from Avanti Polar Lipids (Al, USA).

Cell culture.4T1 cells, a mammary carcinoma cell line was purchased from ATCC [33].
The cells were grown in either DMEM/RPMI medium, supplemented with 10% FCS

and 1% of L-glutamine, penicillin and streptomycin.

Liposome preparation. Liposomes were prepared by ethanol injection method and

subsequent extrusion [34]. In brief, lipids were dissolved in absolute ethanol at 65 °C,
mixed with 35mM pyranine in buffer (10mM HEPES, 100mM NaCl, pH 7.4), then
extruded through polycarbonate membranes (Whatman, Newton, MA, USA) with pore
sizes of 400, 200 and 100 nm. Particle size was determined using dynamic light
scattering (ZSP Particle Sizer, Malvern, UK). Unencapsulated substance was removed
by 12-14 kDa dialysis membrane (Spectrum Labs, Breda, Netherlands) against
isosmotic buffer (10mM HEPES, 150mM NaCl, pH 7.4). Rhodamine labeled liposomes
were also prepared at the same method. 16:0 Liss Rhod PE or 14:0 Liss Rhod were
added to the lipid mixture at 0.1% molar ratio. When lipids used were not soluble in
ethanol (different head group experiment), the phospholipids were first dissolved in
chloroform and then evaporated using a rotary evaporator (Rotavap R-210, Buchi,
Flawil, Switzerland). The created film was rehydrated in the encapsulate solution and

then extruded through polycarbonate membranes as described above. HSPC, DMPC,

DPPC, and DLPC (100% mol, 100mM) liposomes for flow cytometry analysis and
viability test were prepared after lipid dissolution in ethanol at 70 °C,40 °C,60 °C and
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40 °C respectively. The molar ratio, size, PDI and zeta-potential measurements of the

prepared liposomes are presented in Table S2 (supplementary, Formulations 1-16).

Lipid concentration. High pressure liquid chromatography (HPLC) was implemented

to measure the lipid composition and concentration of each liposomal formulation.
Instrumentation and Chromatographic apparatus: The device used was HPLC (1260
infinity, Agilent Technologies, Santa Clara, California, USA) equipped with a
quaternary pump system, auto sampler, a column heater, a diode array UV detector and
an ELSD. Chromatographic conditions: Lipid separation was completed using Agilent
Poroshell 120 EC-C18 4.6x50 mm 2.7-micron column preheated to 45° employing the
method of Shibata et al (2013). The mobile phase consisted of two solutions; A 4mM
ammonium acetate buffer (pH 4.0) and B 4mM ammonium acetate in methanol, at flow
rate of Iml/min. The starting conditions were a mixture of 20% A and 80% B followed
by a linear gradient up to 100% B for 10 min. Then following 10 min at 100% B, the
solvent composition gradually returned to the opening conditions after 5 min. ELS
detector settings were defined at appropriate temperature and nitrogen flow to evaporate
the samples at a temperature of 40°C, gas flow rate of 1.60SLM and of gain 1.0 in order
to evaporate the samples properly. Sample injection volume was 20ul Liposome
samples were injected after dilution of either 1:100 or 1:50 in dialysis buffer, along with
suitable standards mixtures (Figure S1).

Application of liposomes to 4T1 cells. 4T1 cells were seeded on 96 well-plate at density

of 2x10* cells per well at volume of 200pl and incubated at 37 °C and 5% CO2 overnight.
Liposomes of different compositions were incubated with the cells. At each time point,
the media was removed and cells were washed with PBS. Liposome formulations were
diluted according to lipids' concentrations determined by HPLC (with Lipid
concentration calibrated from HPLC output presented in Figure S1(B), supplementary.
PBS buffer to a final concentration of 100uM lipids and placed on cells for various
incubation times. In some experiments (confocal, flow cytometry and MTT), cells were
incubated with liposomes after dilution with the media (10%) to reach final lipid
concentration of 5SmM.

Uptake determination by fluorescence spectroscopy. At predetermined time points, the

cells were washed three times with cold PBS to rid of unassociated liposomes followed
by addition of 10mM EDTA. After 10 min incubation at 37 °C, cells were detached and

transferred to 96 flat bottom black polystyrene plate for fluorescence reading according
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to pyranine spectra (excitation=415nm (pH-independent), emission 510nm), the
fluorescence measured correlated to the total amount of liposomes affiliated with the
cells whether bound or internalized (Figure S2, supplementary). The uptake for each
formulation was determined by pyranine fluorescence intensity after 100uM liposome
application to cells. To obtain the uptake ratio, the values were normalized to the
Fluorescence value (uptake) obtained by the reference formulation (Table S2,
formulation 1, supplementary).

Evaluation of liposomes' cellular uptake using Flow cytometry. 4T1 cells were seeded

onto 24-well plate at density of 8X10%cells per well in 0.5ml RPMI and allowed to
attach overnight (37 °C, 5% CO.). Fluorescent liposomes (labeled with Rhodamine
Excitation 570nm, emission 590nm) were applied for 1, 4, 16 and 24 hours. Then, cells
were washed with PBS, detached using trypsin and centrifuged with PBS at 500xg for
5 min. The samples measured with BD FACSAria-11lu cell sorter (laser 561nm and
610/20 (Red) filter), the results were analyzed using FCS Express software.

Liposomes and 4T1 cancer cells viability. 4T1 cells were seeded onto 96-well plate at

2.5x10* cells in 200pl medium per well and allowed to attach overnight, liposomes
were diluted in cell culture media to achieve final concentration of 5mM and applied to
cells for 48-hour incubation at 37 °C, 5% CO,. Then, MTT assay (Sigma-Aldrich
(Revohot, Israel)) was used to measure cell viability. Cell viability of liposomes' treated

cells was normalized to the viability of untreated cells.

Growth rate of 4T1 cells. To follow up cancer cells' growth rate after incubation with

different lipid based liposomes, InCell 2000 analyzer was used. 4T1 cells were seeded
onto 96-well plate at density of 1.25X10* cells per well (200ul). 5 min before reading,
nucleus staining using Hoechst (1 pg/ml) was conducted. Cells were counted at three-
time points, To (before liposomes addition), 24 and 48 hours after incubation with
liposomes. Using INCell investigator software, cells were counted according to

Hoechst staining and normalized to their number at To to obtain the growth rate.

Membrane integrity assay using propidium iodide. Propidium iodide (PI) stains

dead cells as a result of porous membrane. Once entered the cells, Pl binds to DNA
increasing its fluorescence. Cells were incubated with DMPC liposomes for 20,28,42
and 52 hours. Then PI reagent was diluted to 2.5 uM with warm PBS and added to the

cells. After incubation of 30 min at (37 °C, 5% CO>), PI fluorescence intensity was
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measured by spectrophotometer (Infinite M200PRO Tecan multimode microplate
reader) (Excitation 535nm and Emission 617nm). The values obtained were normalized
to DMPC liposomes 100% mol values.

Cell cycle assay by flow cytometry .4T1 cells were seeded onto 24-well plate at density
of 8X10%cells per well in 0.5ml RPMI and allowed to attach overnight. HSPC, DPPC
and DMPC (100% mol) liposomes were applied to the cells for 20-hour incubation.

Cells were washed, detached and centrifuged as described before. Cells were
resuspended in 100ul cold PBS, then 1ml 70% ethanol were slowly added and followed
by vortex. Cells were incubated on ice for 20 min and centrifuged at 400xg for 5 min.
cells were resuspended in Pl master mix (1ml= (40ul PI(Img/ml), RNase 10
pl(10mg/ml) and 950 pl PBS) at final concentration of 0.5x108 cells/ml. After 30 min
incubation at RT, cells were analyzed using BD LSR-II Analyzer (Biosciences, San
Jose, CA, USA). Results were analyzed using Cell cycle analysis program in FCS
Express (De Novo software).

Liposome visualization using Confocal microscopy. Cells were seeded on 8 wells p-

slide (Ibidi) at density of 4X10* cells per well in 700 pl medium. Labeled liposomes
were prepared, by incorporating Rhodamine labeled lipid (16:0 Liss Rhod PE or 14:0
16:0 Liss Rhod) into liposome. liposome was diluted in cell medium (10%) and added
to cells for 48 hours. After incubation, cells were washed three times with PBS. Then,
cell membrane was stained using biotin streptavidin-Alexa Fluor 488 staining, cell
nucleus was stained using Hoechst (1pg/ml).
Cells were viewed using LSM 710 laser scanning Confocal microscope (Zeiss,
Oberkochen, Germany). Acquisition was performed using the ZEN software and
applying the 405nm, 488nm and 543nm lasers.

Cell lipid extraction. Lipids were extracted according to the method of either Folch or

Bligh and dyer [35]. Briefly, for 1ml cell sediment, 3.75ml of 1:2 chloroform: methanol
was added and 1.25 ml of chloroform and DDW, each step was followed by vortex.
The sample was then centrifuged at 200xg for 5min. A two phase system was created
and the bottom organic phase containing the lipids was collected. The solvent was
evaporated using rotavapor R-100 (Buchi, Switzerland) and extracted lipids were

dissolved in chloroform.

Cancer_cells' Lipid composition _and detection. Lipid samples were dissolved in

chloroform and 10ul samples were placed on Thin layer chromatography (TLC) silica
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gel 60 F254 glass plate (Merck Millipore, Germany), along with known standards
(Avanti, Albaster, Alabama). The spots were dried and the plates were developed at
room temperature in mobile phase composed of CHCls: EtOH: H>O: EtsN (30:35:7:35)
or CHCIs: MeOH: H,0 (65:25:4). For Lipid detection, the plates were fully dried and
stained to detect the lipids on the plate. General stain copper sulfate (10% copper sulfate
Il in 10% phosphoric acid) was used to observe all lipids in the sample. The
phospholipid specific stain molybdenum blue was used to detect phosphate containing
lipids, Figure S3.

CryoTEM images of the liposomes

DPPC and DMPC lipid dispersions at concentration of 5 mM were prepared at
controlled-environment verification system at 25 °C and relative humidity of 100%.
Samples were examined using Philips CM120 9 cryo-electron microscope operated at
120 kV. The specimens were equilibrated in below —178 °C, then acquired at low-dose
imaging mode to minimize electron beam radiation damage, and recorded at a nominal
under focus of 4-7 nm to enhance phase contrast an Oxford CT-3500 cooling holder
was used. Images were recorded digitally by a Gatan MultiScan 791 CCD camera using

the Digital Micrograph 3.1 software package.
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Results and Discussion

Triple-negative breast cancer (TNBC) has limited treatment modalities . Nano-
liposomes are lipid-based vesicles that are widely used for cancer diagnostics and
targeted drug and gene delivery [4, 5, 11, 23, 36-43]. Here, we studied the effect
different lipid components have on the uptake of nano-liposomes by TNBC cells. We
conducted a systematic screen, testing how different segments of the lipid molecules,
including the headgroup, the acyl tails, and excipients used for stabilizing liposomes,
affect nano-liposomal uptake, Figure 1A, Table S2 supplementary.

To test the effect the lipid headgroup has on the cellular uptake we compared 100-nm
100 uM liposomes composed of hydrogenated soybean phosphatidylcholine (HSPC),
to liposomes having a serine headgroup (in phosphatidylserine, PS), or an amine (in
phosphatidylethanolamine, PE), or glycerol (in phosphatidylglycerol, PG), or
phosphatidic acid (PA) headgroup. Among lipids having the same chain length and level of
saturation of 18:0, PE showed greater uptake than PC, which in turn, was slightly superior to
PG. The cationic amine head group on PE increased nanoparticle’ uptake by 2-fold. Previous
studies have shown that the amine headgroup interacts electrostatically with negatively charged
lipids and glycans on the cancer cell membrane [44], or, alternatively, the amine headgroup
may bind serum proteins that facilitate the trafficking of the particles to unspecific endocytic
receptors on the cancer cell [45]. In non-phagocytic cells, negative charge on the particle has
been shown to reduce cellular uptake due to electrostatic repulsion between the negatively-
charged particle and the negatively-charged cell membrane. This can explain the lower uptake
of the anionic PG-nanoparticles compared to zwitterionic PC. When comparing PA and PS,
both having similar 18:1 lipid tails, PA demonstrated a significantly 4-fold greater uptake. This
can be explained by PA’s receptor-driven signaling role in breast cancer [46]. For example, PA
has been shown to trigger survival and migration cascades by activating the mTOR, Ras, MEK,
ELK and EGFR pathways [47-50]. PA was also shown to promote lipid insertion into cells by
enhancing dynamin-based membrane remodeling, which plays a role in receptor-mediated
endocytosis [51]. In addition, PA has been shown to affect local membrane curvature, thereby
facilitating membrane bending and fusion during endocytosis [52]. These findings can together
explain the enhanced uptake of PA liposomes.

These data suggest that targeting cell-specific receptors generates greater uptake
compared to unspecific binding to the cell [53]. Triple negative breast cancer (TNBC) cells
are characterized by low, or absence, of the expression of hormone receptors for progesterone,
estrogen and human epidermal growth factor receptor 1l (HER2), thereby limiting therapeutic

targeting options [54, 55]. However, recent studies show that alternative targeting approaches
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can be used to improve specificity towards TNBC. Overexpressed cell-surface ligands such as
EPCAM (epithelial cell adhesion molecule), epithelial growth factor receptor (EGFR),
intercellular adhesion molecule—1(ICAM1) have been used for improving targeting to TNBC
tumors in vivo, and even clinically [55, 56]. However, these ligands are not overexpressed in
all TNBC tumors or patients. Therefore, effective targeting should be based on a molecular
diagnosis of the biomarkers expressed by each patient’s tumor, and then, based on the patient’s
own expression profile targeted medicine should be engineered to treat the patient’s own tumor.
The acyl chain length of the lipids composing the liposomes also affected the cellular
uptake. Specifically, lipids with longer (18:0, HSPC) acyl chains showed greater uptake
compared to DPPC (16:0) and DMPC (14:0), respectively, Figure 1D. Furthermore,
incorporating an unsaturated lipid (DOPC, 18:1) in the liposome, enhanced the cellular
uptake compared to liposomes composed solely of HSPC (18:0), Figure 1C. As the tail
lengths of saturated lipids increase, the phase transition temperature (Tm) of the lipid
bilayer increases respectively (HSPC,18:0,52°C>DPPC,16:0,41°C>DMPC,14:0,23°C)
[57]. Introducing a single unsaturated bond to the lipid tail (18:1) significantly reduces
its phase transition temperature to —17 °C [58]. These data suggest that the length of the
lipid tail, as well as its saturation state, both play an important role in facilitating cellular
uptake. Cancer cells have an increased abundance of oleic (18:1) and palmitoleic (16:1)
acids, Table S1, supplementary. The enhanced cellular uptake of lipids with long
unsaturated tails may be explained by their similarity to the lipids in the cancer cell.

Cholesterol is a common molecular additive in lipid-based drug delivery systems,
rigidifying the membrane and enhancing its stability [22, 24]. DMPC liposomes (14:0,
Tm = 24 °C)[57] enriched with cholesterol showed improved cellular uptake, Figure
2B. Contrarily, HSPC liposomes (18:0, Tm = 52 °C)[59] enriched with cholesterol
demonstrated a reduced cellular uptake, Figure 2A. This occurred both at 37 and 4 °C;
at 37 °C both endocytosis and fusion cellular uptake mechanisms are active, while at 4
°C endocytosis is retarded [60, 61]. HSPC has a phase transition temperature of 52 °C,
granting the liposome a faceted and rigid structure at physiological temperature
(Tm>37 °C), Figure 2C [62]. Hard and faceted particles have been shown to have
improved endocytic uptake compared to round and soft particles [63-65]. Adding
cholesterol to HSPC transforms the hard and faceted membrane to a rigid and rounded
structure, due to transforming the membrane from a solid-ordered phase to a liquid-
ordered phase [66]. This cholesterol-induced structural transformation, from a faceted

to a rounded membrane, was imaged using cryoTEM, Figure 2C(1). DMPC’s phase
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transition temperature is 24°C, forming soft and rounded liposomes at physiological
temperatures, Figure 2C(11). This structure, in which the lipid bilayers are in a liquid
disordered phase, is less favorable for cellular uptake [63-65]. Adding cholesterol to
DMPC liposomes rigidifies the membrane transforming it to a liquid-ordered phase,
resulting in improved cellular uptake, Figure 2C(11) [63, 67-69]. Uptake experiments
at 37°C demonstrate a decline in HSPC internalization when supplemented with
cholesterol, suggesting that endocytosis of rigid and rounded particles is less efficient
compared to endocytosis of the faceted and solid particles. Contrarily, DMPC uptake
increased at 37°C, when supplemented with cholesterol. Soft DMPC particles without
cholesterol are taken up mainly by fusion rather than by endocytosis. Evident of this, is
the similar uptake level of DMPC liposomes without cholesterol, at both 4 and 37°C.
When supplemented with cholesterol, DMPC liposomes demonstrated a significant
increase in uptake at 37°C, which is indicative of endocytosis. The uptake of DMPC
and HSPC liposomes, with and without cholesterol, by fusion or by endocytosis, was
confirmed using confocal microscopy (discussed below in Figure 4). Our results
suggest that the effect of cholesterol enrichment is lipid dependent, affecting both
cellular uptake and cell viability. Adding cholesterol to DMPC liposomes, gradually
cancelled their toxic effect on TNBC cells (Figure 3C). Contrarily, when 40%
cholesterol was added to HSPC and DPPC liposomes the cell viability was not as
elevated as in cells treated with the cholesterol-free formulation (Figure 3A).

To summarize, cholesterol decreases the membrane fluidity and increases its rigidity
[67, 68]. Hard and faceted particles have been shown to be preferable for cellular uptake
compared to soft and round particles [63]. To improve cellular uptake, the rigidity and
configuration of the nanoparticles should be accounted for [63, 69, 70].

Then we tested the effect of the concentration of the particles in the cell media on the
cellular uptake. As the concertation of particles in the cell culture media increases, the
total number of particles per cell increased, Figure 2D(I). However, interestingly, as the
concentration of particles in the media increased the uptake efficiency (i.e., the fraction
of particles in solution taken up by cells), decreased, Figure 2D(I1). This suggests that
as the number of particles taken up by cells increases, the efficiency of the endocytosis
process decreases . The reduced efficiency at higher concentrations may be explained
by the ability of the cell membrane to conduct a finite number of endocytosis events
simultaneously [71, 72]. In vitro studies are usually conducted in an environment

having a great excess of nanoparticles-per-cell. Efficiency of the drug delivery process
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must take into account the number of particles that need to enter each cell in order to
achieve the therapeutic outcome.

Cancer cell proliferation requires the formation of new membranes; thus, tumor cells
activate de novo lipid synthesis in order to supply their proliferation needs [73]. Even
though lipogenesis is accelerated in cancer cells [74], their rapid proliferation requires
also exogenous lipid sources [75]. Therefore, cancer cells source lipids from their
microenvironment to supply the metabolic needs and increase proliferation [75-78].
Aggressive cancers have been shown to source more exogenous lipids compared to less
aggressive ones [75]. In this study, the correlation between liposomal uptake and their
effect on cancer cell’ proliferation was also addressed. Interestingly, we noticed that
liposomal uptake affected the proliferation of cancer cells. Liposomes, taken up by the
cancer cells become a source of lipids, fueling cellular proliferation. We noticed that
while proliferation increased in cancer cells treated with phospholipids (5mM) having
18 or 16-carbon-long tails (HSPC and DPPC, respectively), cells treated with 14- or
12-carbon-long lipids (DMPC and DLPC) had decreased proliferation, Figure 3.
Confocal microscopy demonstrated that the membranes of cells treated with DMPC or
DLPC were destabilized, while cells treated with HSPC remained intact, Figure 4 . The
short acyl chains do not integrate well among the longer lipid chains that are naturally
present in the cancer cells. Adding cholesterol to the DMPC formulation cancelled this
effect, Figure 3C. Cholesterol is found abundantly in the cell membrane and is a key
component in membranes phase behavior. When added to DMPC, cholesterol may
stabilize the cell membrane, overcoming the destabilizing effect of DMPC alone, Figure
4A [79, 80]. DMPC destabilizing effect was noticed at 0.5mM and higher
concentrations, Figure 3D. The HSPC proliferative effect was also examined at wider
concentration range, where a 20-35% increase in cell viability was detected, Figure XX,
supplementary. Cell membrane integrity was examined also using the cell-impermeable
intercalating fluorescent dye — propidium iodide. DMPC-treated cells showed an
increasing fluorescent signal over time, indicative of an increased membrane
permeability, compared to the fluorescent signal of DMPC-cholesterol liposomes,
Figure 3F. Confocal microscopy, Figure 4, and temperature dependent uptake, Figure
2, tests also suggest that DMPC-cholesterol liposomes are taken up through
endocytosis, while DMPC liposomes alone fuse to the cells. Moreover, cells treated
with HSPC showed increased proliferation, having 18%=z5 of cells in the G2 (pre-

mitosis) phase, compared to 8%=z2 of untreated cells in G2, Figure 3G. These findings
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indicate that liposome lipids can be taken up and utilized by the cells to perform
metabolic growth related processes.

While cell internalization is a prerequisite for the proper activity of many nanomedicines, it is
only the first step. Tuning the particle composition can alter the uptake mechanism, shifting
from endocytosis to fusion [81, 82]. Inside the cell, escaping the endosome without
compromising the integrity of the drug is critical for facilitating proper therapeutic activity [81,
83, 84]. Targeting intracellular organelles, such as the nucleus or mitochondria, will allow
developing new and more sophisticated drugs that treat the proteome and repair metabolic

pathways .

Conclusions

Liposomes and other nanotechnologies are emerging medical tools, owned to their
ability to target therapeutic and diagnostic agents to diseased tissues [5, 16, 36, 85-89].
This study demonstrates that the uptake of liposomes by triple-negative breast cancer
cells can be tuned by selecting the lipid composition and concentration (Tablel). We
found that using phosphatidic acid (PA) in the liposome formulation had the greatest
uptake effect compared to unspecific cellular binding moieties. Furthermore, the degree
of lipid’s chain saturation affects cellular uptake, specifically, the monounsaturated
phospholipid DOPC(18:1) was superior to saturated lipids of the same length. Among
lipids with saturated tails, HSPC (18:0) was superior to shorter saturated lipids. The
natural lipid composition of breast cancer cells has high levels of long monounsaturated
lipids, possibly explaining why liposomal lipids of a similar molecular composition
grant enhanced cellular uptake [90, 91]. Longer lipids such as HSPC(18:0) and
DPPC(16:0) promoted proliferation, while the shorter lipids, DMPC(14:0) and
DLPC(12:0), destabilized the cell membrane resulting in cell death.

In summary, we show here that the liposomal composition affects the cellular fate and
viability, emphasizing the importance of tailoring the lipid composition of

nanoparticles in order to achieve the desired therapeutic outcome
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Modifying parameter

"Increased/ erer:reased uptake

"Chain length o=

t

1‘ Chain saturation @

t

" Cholesterol ’

With DMPC" with HSPC‘

Head group @

PA,PE{ PS,PG |

Table 1: Summarizing the effects different lipid components have on the uptake

of liposomes by triple negative breast cancer cells.
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(A) Modification of liposome’s lipids properties
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Figure 1: The uptake of liposomes (100uM) composed of various lipid compositions by triple 419
negative 4T1 breast cancer cells. (A) Schematic representation of the systematic screening approach of 420
the study. The effect of lipid head moieties, fatty acid chains length and saturation, and cholesterol on 421
the cellular uptake were studied. (B) The effect of different lipid head groups (PA, PE, PC, PS and PG) 422
on cellular uptake were quantified over time. (C) The effect of the lipid tail fatty acid saturation was 423
compared. (D) The effect of the acyl chain length on cellular uptake was studied. Phospholipids with 424
different fatty acyl chain length (18, 16 and 14-carbon-long tails) were compared (I) over 24 hours, using 425
flow cytometry (Il). Error bars represent standard deviation from 3 independent repeats. *Significant 426
difference between the reference formulation and the other formulations, where *p<0.05, **p<0.01, 427

***p<(0.001 according to a Student’s t-test with a two-tailed distribution with equal variance. 428
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Figure 2: Effect of cholesterol and the ratio of liposomes-per-cell on the cellular uptake. (A, B) The
uptake of liposomes composed of HSPC (18:0) or DMPC (14:0), with or without cholesterol, was studied

at 4°C and 37°C. (C) CryoTem images of the effect of cholesterol on a DPPC liposome structure,
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transforming from a faceted to rounded structure upon adding 40mole% cholesterol into the membrane.
(I1) DMPC liposomes without/with cholesterol (40mole%). Scale bars represent 10nm. (D) (1) 4T1 cells
were incubated with HSPC liposomes at increasing concentrations and the uptake was recorded. (1) The
efficiency of liposomal uptake (the percent of liposomes taken up from the solution relative to their
concentration in the media) was measured. Error bars represent standard deviation from 3 independent
repeats. *Significant difference, where *p<0.05, **p<0.01, ***p<0.001 according to a Student’s t-test

with a two-tailed distribution with equal variance.
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Figure 3: The effect of the liposome lipid composition on the viability of cancer cells. (A) Cancer
cell viability 48-hours after incubating with different liposomes(5mM), with and without cholesterol,
normalized to the viability of untreated breast cancer cells. (B) Cancer cell proliferation rate as a function
of treatment with different formulations. (C) The effect of DMPC liposomes(5mM), enriched with

cholesterol at different concentrations, on the viability of triple-negative 4T1 cancer cells. (D) The effect
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of DMPC liposomes at different concentrations(0.1mM-5mM) on the viability of 4T1 cells. (E) The
effect of DLPC (12:0) liposomes on cancer cell viability. (F) Cell membrane permeability, measured
using propidium iodide fluorescence intensity over time after incubating 4T1 cells with DMPC
liposomes. (G) Cell cycle analysis by flow cytometry after incubating the cells with HSPC, DPPC and
DMPC-liposomes compared to untreated cell. The percentage of cells in the G1(protein synthesis phase),
S (DNA synthesis phase) and G2( pre mitosis) phases are presented. Error bars represent standard
deviation from 3 independent repeats. *Significant difference between the untreated group and the other
formulations treated groups, where *p<0.05, **p<0.01, ***p<0.001 according to a Student’s t-test with

a two-tailed distribution with equal variance.

19

447
448
449
450
451
452
453
454
455

456


https://en.wikipedia.org/wiki/Mitosis

(A) Liposomes Nuclei Cell membrane Merged

Control

HSPC+
Cholesterol

HSPC

DMPC+
Cholesterol

DMPC

(B)

Figure 4: The lipid formulation can destabilize the membrane of the cancer cell. (A) Representative
images of DMPC and HSPC-liposomes (5mM) uptake by 4T1 cells after a 48 hr incubation. Liposome’s
lipid layer was labeled red (Rhodamine), cell nucleus was labeled blue (Hoechst) and cell membrane was
labeled green (Alexa Fluor 488), overlay images, scale bars represent 20um. (B) Representative images
demonstrate membrane destabilization after incubation with DMPC-liposomes after 48 hours, scale bars

represent 2um.
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