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ABSTRACT

Objective: Circulating tumor cells have an important role in the pathogenesis of metastasis. Metastasis occurs 
through few steps including arrival of circulating tumor cells to distant tissue and organs, their adherence to the 
target tissue, and then formation of a new tumor. To understand the mechanism of this process it is necessary to 
investigate the interaction of cancer cells with other molecules and cells of the target tissue, and most importantly 
interaction with lipids forming the cellular membrane. 
Methods: To better understand the process of cancer cell adhesion onto lipid membranes and the ionic interactions 
that are involved in cell adherence, surfaces functionalized with tethered bilayer lipid membrane (tBLM) were uti-
lized in this work as an experimental platform. Either lipid surfaces functionalized with cationic POEPC: PC or anio-
nic POPS: PC fwere examined to observe the ionic interaction of charged phospholipid membrane and MDA-MB-
231 breast cancer cells.
Results: Adhesions of MDA-MB-231 breast cancer cells and NIH-3T3 mouse fibroblast cells to positively charged 
POEPC: PC lipid surfaces,and their dissemination was observed during examinations using Surface Plasmon 
Resonance (SPR) method. The results were further confirmed with cell viability and proliferation studies that shows 
cationic POEPC: PC lipid surfaces were able to facilitate and increase the cell adhesion. 
Conclusion: These results reveal the cationic phospholipid structures favour the enhanced cancer cell adhesion.
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ÖZ

Amaç: Dolaşımdaki kanser hücrelerinin metastaz oluşmasındaki rolleri önemlidir. Metastaz kanser hücrelerinin 
diğer organ ve dokulara ulaşması, ve sonrasında hedef dokuya tutunması sonucunda yeni bir tümör oluşumunun 
başlaması ile gerçekleşir. Bu mekanizmanın çözümlenebilmesi için kanser hücrelerinin hedef dokudaki diğer 
moleküllerle, hücrelerle ve en önemlisi hücre zarını oluşturan lipitlerle etkileşiminin incelenmesi gerekmektedir.
Yöntem: Bu çalışmada, kanser hücrelerinin fosfolipit hücre zarına tutunma sürecini ve hücre tutunmasına etki eden 
iyonik etkileşimleri daha iyi anlayabilmek için yüzeye tutturulmuş katmanlı lipit membranlar (tBLM) ile 
fonksiyonlandırılmış yüzeyler deneysel platform olarak kullanılmıştır. Katyonik POEPC: PC veya anyonik POPS: PC ile 
fonksiyonlanmış lipit yüzeyler, fosfolipit hücre zarı ve MDA-MB-231 meme kanseri hücreleri arasındaki iyonik 
etkileşimi gözlemlemek için incelendi.
Bulgular: Yüzey Plazmonu Rezonansı (SPR) ile yapılan incelemelerde MDA-MB-231 meme kanseri hücrelerinin ve 
NIH-3T3 fare fibroblast hücrelerinin pozitif yüklü POEPC: PC lipit yüzeylere tutunduğu ve yayıldığı gözlemlendi. Bu 
sonuçlar ayrıca hücre canlılığı ve hücre büyümesi analizleri ile doğrulanarak katyonik POEPC: PC lipit yüzeylerinin 
hücre tutunması prosesini hızlandırdığı ve artışa neden olur yönde etkilediği gözlemlendi.
Sonuç: Elde edilen sonuçlar katyonik fosfolipit yapının fazla olduğu hücre zarının kanser hücrelerinin tutunmasını 
kolaylaştırdığını kanıtlamaktadır.

Anahtar kelimeler: Meme kanseri, metastaz mekanizması, yapay lipit membranlar, kanser hücrelerinin tutunması
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InTRoDuCTIon

Cancer is one of the most important cause of death 
in developed countries, it is not the primary tumor 
but metastases are fatal most of the time. Circulating 
tumor cells (CTCs) have an important role in meta-
static cascade. CTCs that circulate in blood stream 
reach to distant organs, and then proceed with new 
tumor formation after finding a suitable niche. 
However different types of cancer cells can settle 
and form metastases at different tissues (1). Cancer 
cells prefer a suitable microenvironment for settle-
ment and development. This process is directly 
related with the interaction of the cancer cell surface 
molecules and surrounding cells such as endothelial 
cells (2,3). Despite increasing investigation and study 
of cancer cells, little attention has been paid to the 
investigation of interactions between cancer cells 
and surrounding microenvironment.

Mostly cell adhesion occurs based on electrostatic or 
biorecognition interactions, however cell adhesion 
studies generally suffer from lack of any suitable 
experimental platform. There are various surfaces 
both synthetic and biomimetic, developed and also 
utilized for cell adhesion, proliferation and differen-
tiation (4). Artificial lipid membranes have received 
considerable attention by researchers for various 
biological applications as biosensors and sensor 
interfaces, drug delivery carriers, imaging agents and 
biofunctionalized surfaces for living material attach-
ment (4). In this regard, mimicking the real cell 
microenvironment via lipid membrane model offers 
the most suitable experimental platform to study 
cancer cell adhesion. Lipid bilayers offer unique pos-
sibilities for controlled functionalization of solid sur-
faces. Lipid membranes containing zwitterionic prop-
erties, that have both positively and negatively 
charged head groups such as phosphatidylcholine, 
are prone to fouling and unspecific adsorption of 
proteins (5,6). Not only the native mimicking behav-
iour of lipids hence they are already an important 
component of a cell membrane, but also fluidity and 

soft nature of lipid membrane system provides the 
most suitable physiological environment for cell 
adhesion. Controlled functionalization of surfaces 
with lipid bilayers is an important step towards the 
development of bioactive surfaces employed in cell-
based studies (7-13). 

Herein, a tethered bilayer lipid membrane (tBLM) 
functionalized platform has been utilized for cancer 
cell adhesion studies (Figure 1). A comparative study 
has been provided for two oppositely charged sur-
faces to show the importance of electrostatic inter-
actions on cancer cell adhesion studies. Adhesion 
behaviour of MDA-MB-231 breast cancer cells were 
investigated using Surface Plasmon Resonance (SPR), 
also NIH-3T3 mouse fibroblast cells were utilized as 
a control cell line. Besides attachment of cells onto 
lipid membrane functionalized surfaces, prolifera-
tion and toxicity behaviour of the cells were investi-
gated to see the long-term viability of cancer cells at 
designed microenvironment.

MATERIALS and METHoDS

Surface Preparation and tBLM Formation: Gold 
slides (Nanodev Scientific, TR) were cleaned using 
piranha solution (3:1, conc. H2SO4, 30% H2O2). After 
washing step, slide surfaces weredried with N2 gas 
to remove any moisture. Self-assembly of tBLM was 
performed as described previously (14). Self-assembly 
of P19 spacer were completed by incubating gold 
surface with 0.01 mg/ml peptide solution (pH: 7.0) 
followed by activation of the terminal COOH groups 

Figure 1. Schematic representation of selective cell adhesion. 
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by using 0.4 M EDC and 0.1 M NHS for 10 min, then 
0.2 mg/ml DMPE solution (in PBS with 0.1% TritonX-
100) was added to the solution, and incubation was 
completed in 60 min. For the formation of bilayer 
L-α-Phosphatidylcholine (PC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS) and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-ethylphosphocholine 
(POEPC) (Avanti Polar Lipids, AL, US) lipid mixtures in 
corresponding ratios were used. Either 1.0 mg/ml 
anionic POPS:PC (1:3) or cationic POEPC:PC (1:3) (15) 
vesicles were added and incubated for 90 min for 
bilayer formation, and 50 nm vesicles were prepared 
by extrusion method as described elsewhere (14). 
After each step, rinsing was performed by using PBS 
buffer. All steps were carried out at room tempera-
ture. 

Protein Adsorption onto tBLM Surface: Protein 
adsorption studies were carried out by using BCA 
protein kit (Bicinchoninic Acid, Pierce Thermo Fisher 
Scientific, USA) and BSA (Bovine serum albumin, 
Sigma Aldrich) were used to analyse the protein 
adsorption on tBLM surfaces. Standard solutions and 
corresponding dilution series from 0 to 2000 µg/ml 
BSA were prepared according to the manual of the 
BCA kit. For each concentration 3 replicates were 
used. Then 25 µL of each BSA solution was separated 
to measure the initial solutions. Later, 200 µL of each 
BSA solution was incubated with either POEPC:PC or 
POPS:PC functionalized surfaces for 2 hours at 37°C. 
After incubation period, 25 µL of BSA solution were 
used to measure final protein concentration.

Cell Culture and Cell Viability: MDA MB 231 human 
breast adenocarcinoma cells (ATCC HTB-26) and NIH 
3T3 Mouse fibroblast cells (ATCC CRL-1658) were cul-
tured in high glucose DMEM (GIBCO, ThermoFischer 
Scientific) containing L-glutamine supplemented with 
10% FBS (GIBCO, ThermoFischer Scientific), 50 units/
ml penicillin, and 50 units/ml streptomycin. Cells 
were cultured up to ~90% confluency in a humidified 
environment (5% CO2, 37°C), and harvested cells 
were used further for cell adhesion studies.

To investigate the cell proliferation and viability, glass 
slides were used for microscopy imaging. SLB func-
tionalized, either POPS:PC or POEPC:PC, glass slides 
were prepared as explained previously (16) and used 
as a cell adhesion platform. Cells were seeded at SLB 
functionalized glass slides with starting number of 
1x103 cells/slide and incubated at 24-well plates for 
7 days. Culture medium was replenished every 2 
days.

For cell viability experiments, live/dead assay 
reagents CytoCalcein™ Green and Propidium Iodide 
(PI) dye (AATBioquest) was used in equal proportions 
and added into assay buffer solution. Cells were 
stained with dye solution at 37°C for 30 min and live/
dead analysis was performed using a fluorescence 
microscope (Zeiss Observer Z1), image analysis and 
cell counting were done via ImageJ software (NIH). 
Trypan Blue Assay (Sigma Aldrich Co., USA) and 
Alamar Blue Assay (Santa Cruz Biotechnology Inc., 
USA) were performed to quantify the cell prolifera-
tion and viability for (1/3/5/7 days) culture.

Cell Adhesion Studies via SPR: Right after tBLM for-
mation on gold slides, freshly harvested MDA MB 
231 or NIH 3T3 cells in culture medium was incu-
bated in the flow cell of SPR setup (Nanodev Scientific, 
TR). SPR measurement was taken in kinetic mode to 
observe the cell adhesion behaviour on tBLM func-
tionalized surfaces.

RESuLTS 

Cell Interaction with Lipid Bilayer Surface: The fab-
rication and detailed characterization of tBML sur-
faces have been described previously (14). Kasemo et 
al. (15), used the same lipid content for the formation 
of lipid bilayers, which confirms the formation of 
oppositely charged bilayers. The lipid bilayer func-
tionalized solid surface acts as an attachment plat-
form for cell adhesion. This work shows the effect of 
ionic charge of the surface on cell adhesion process. 
PC is one of the main lipid components of a cell 
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membrane; therefore PC-based tBLM surfaces were 
prepared which contain either anionic POPS or cat-
ionic POEPC lipids (Fig 2a). 

Protein adsorption facilitates the cell adhesion and 
proliferation. Protein adsorption, hence cell adhe-
sion is directly related with surface interactions, and 
the major driving forces include surface energy, 
hydrophobicity and ionic interactions. Here as a first 
step protein adsorption onto charged tBLM mem-
branes was investigated to estimate the cell adhe-
sion behaviour. BSA is negatively charged at pH 7.0 
since its pI (isoelectric point) is 4.7 (17). Therefore it 
mimics the negatively charged membrane surface. 
Amount of adsorbed proteins on tBLM surface func-
tionalized with positively charged POEPC lipids 
showed an increase and reached to steady-state (Fig 
2b). As shown in the same graph similar behaviour is 
also observed for positively charged POPS lipids 
however the amount of adsorbed protein was rela-
tively low compared to POEPC lipid surface. 

Later, cell adhesion on a tBLM surface was moni-
tored by SPR in kinetic mode right after tBLM forma-
tion. Cell-lipid membrane interaction is a kinetic 

Figure 2: (a) Chemical structures of lipids utilized to functionalize the 
solid surface, (b) Protein adsorption profiles of negatively charged and 
positively charged lipid surfaces, (c) SPR kinetic measurements for cell 
adhesion on to negatively charged and positively charged lipid surfaces 
for both MDA-MB-231 and nIH 3T3 cell lines.
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Figure 3. Cell attachment to lipid bilayer via ionic interactions. 48 hour culture of MDA-MB-231 cells on (a) POEPC:PC and (b) POPS:PC functionalized 
solid surface, NIH 3T3 cells on (c) POEPC:PC and (d) POPS:PC functionalized solid surface. (Scale bar 100μm).
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event that takes place less than 100 nm distance. 
Here a surface sensitive evaluation technique; name-
ly SPR, was utilized to investigate the cancer cell 
adhesion process onto charged lipid bilayers. SPR 
provides a real-time and a label-free evaluation for 
ionic interactions of cells with charged lipid surface 
in a close proximity. Real-time cell adhesion behav-
iours of MDA-MB-231 breast cancer cells and NIH 
3T3 fibroblast cells (control group) were investigated 
for both POEPC:PC and POPS:PC functionalized bilay-
ers (Fig 2c). Reflectivity of the surface changes 
through the cell adhesion onto charged lipid surfac-
es; in other words increasing reflectivity is explained 
as increasing interaction as well as cell adhesion. As 
shown in Figure 2, both cell lines showed high affin-
ity to the POEPC:PC functionalized surfaces due to 
cationic nature of the surface. The reflectivity change 
was observed as 8.5% for MDA-MB-231 cell adhe-
sion. However very low affinity and binding was 
observed, and the reflectivity change was less than 
1% when negatively charged POPS:PC functionalized 
surfaces were utilized.

Cell adhesion and proliferation profiles were also 
investigated via microscopy imaging. As represented 
in Figure 3, microscopy images and area coverage 
data confirm that cell adhesion and proliferation was 

favoured and facilitated when the solid surface was 
functionalized with positively charged POEPC lipids. 
MDA-MB-231 and NIH 3T3 cells spread more over on 
positively charged POEPC lipid surfaces in 48 hours 
compared to negatively charged POPS lipid surfaces, 
where less cell attachment is observed (Figure 3). 
Surface coverage was more than 90% with POEPC:PC 
functionalized surfaces (Figures 3a and 3c) while it 
was around 30-40% with POPS:PC functionalized 
bilayers (Figures 3b and 3d).

Cell Proliferation and Viability on Lipid Bilayer 
Surface: The viability of the cells on lipid functional-
ized surfaces and their proliferation behaviours were 
further checked on POEPC:PC and POPS:PC function-
alized surfaces. At the end of 24 hour, when posi-
tively charged POEPC:PC was used cell viability and 
proliferation was higher than POPS:PC functionalized 
samples (Fig 4a). Cell proliferation was significantly 
increased for positively charged POEPC:PC lipid sur-
faces after 24 hours. Cell proliferation was triggered 
with the increasing cell adhesion when initial cell-
surface contact is established successfully. However 
no significant proliferation ratio was observed for 
the negatively charged POPS:PC lipid surfaces, 
because of the limited interaction and repelling of 
negatively charged cell surface and surface lipids.

Figure 4. (a) Proliferation profiles of MDA-MB-231 and NIH 3T3 cells on POPS:PC and POEPC:PC functionalized solid surfaces for 7 days of culture time, 
(b) Cell viability analysis of MDA-MB-231 and NIH 3T3 cells on POPS:PC and POEPC:PC functionalized solid surfaces for 72 hours. 
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Further, the viability of adhered cells on either 
POEPC:PC or POPS:PC functionalized surfaces were 
evaluated both via alamar blue assay (Figure 4b) and 
live-dead assay (Figure 5). As expected the number 
of the live cells (Figure 5) and cell viability (Figure 4b) 
was higher for MDA-MB-231 cells when positively 
charged POEPC:PC lipid surface was used (Figure 5a). 
Cell viability was significantly reduced when POPS:PC 
lipid surface utilized (Fig 5b) indicating the unfa-
voured interaction of the cells and the surface.

DISCuSSIon

Understanding the cancer cell-microenvironment 
interactions is essential hence it plays a vital role in 
new tumor formation process. Surface characteris-
tics and lipid content of cell membrane have an 
important effect on the cell adhesion process. Cell 
adhesion to the surface begins with nonspecific 
interactions between cell and the surface. When 
cells reach to close proximity they start to adhere to 

the surface and become flattened. Cell adhesion 
occurs specifically through cell-membrane receptor 
interactions, while nonspecific interactions are most-
ly driven by ionic and hydrophilic interactions. 

The main aim of this work was to investigate the 
interaction between charged lipid membrane sur-
faces and cell adhesion which might give clues about 
the mechanism of metastases. Herein, lipid mem-
brane (tBLM) functionalized surfaces were utilized to 
investigate the cell-surface interactions and cancer 
cell adhesion profiles on lipid functionalized surfaces.
First, the cell adhesion profiles of MDA-MB-231 
breast cancer cells and NIH-3T3 fibroblast (control 
group) cells were investigated on negatively and 
positively charged lipid membrane surfaces by using 
SPR and microscopy; then cell proliferation and also 
viability was evaluated. As illustrated in Figure 1, 
surface charge highly affects the cell adhesion pro-
cess. Positively charged tBLM surface favours the cell 
adhesion due to ionic interactions. 

Figure 5. Live-dead assay of MDA-MB-231 cells on (a) POEPC:PC and (b) POPS:PC functionalized solid surface, and NIH 3T3 cells on (c) POEPC:PC and (d) 
POPS:PC functionalized solid surface. Live cells were represented by green colour while the dead cells were represented by red. (Scale bar 100μm).
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This favoured electrostatic interaction was first con-
firmed by SPR data which indicated that there was a 
strong binding event observed for positively charged 
POEPC:PC functionalized surface while there is no bind-
ing for negatively charged POPS:PC functionalized sur-
face. Additionally cell viability and proliferation results 
also assured that positively charged feature of POEPC:PC 
membrane structure creates better microenvironment 
for cells that triggers the cell adhesion when compared 
with negatively charged POPS:PC membrane. 

ConCLuSIon

Current study focuses on investigating the effect of 
surface properties and ionic interactions in cell adhe-
sion process. Here cancer cell adhesion on charged 
tBLM surfaces has been demonstrated. Cell adhe-
sion was significantly enhanced when positively 
charged POEPC:PC lipid surfaces were utilized. The 
cationic POEPC lipids facilitated the cell-lipid surface 
interactions through ionic forces that promote cell 
adhesion, spreading and proliferation. Based on 
these findings it can be concluded that developed 
lipid surface offers a promising platform for cell 
adhesion and cancer cell-based studies.
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