Biosensors and Bioelectronics 203 (2022) 114046

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/bios

t.)

Check for

Novel diagnostic and prognostic factors for the advanced melanoma based [%&s
on the glycosylation-related changes studied by biophysical
profiling methods

Anna Sobiepanek *, Patrycja D. Kowalska *”, Magdalena Szota , Tomasz M. Grzywa %",

Jakub Nowak ¢, Pawet K. Wtodarski ¢, Ryszard Galus ", Barbara Jachimska ¢, Tomasz Kobiela® "

@ Faculty of Chemistry, Warsaw University of Technology, Warsaw, Poland

b polish Stem Cell Bank, Warsaw, Poland

¢ Jerzy Haber Institute of Catalysis and Surface Chemistry Polish Academy of Sciences, Krakow, Poland

9 Department of Methodology, Centre for Preclinical Research, Medical University of Warsaw, Poland

¢ Department of Immunology, Medical University of Warsaw, Warsaw, Poland

f Doctoral School, Medical University of Warsaw, Warsaw, Poland

8 Department of Physical Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Krakow, Poland
" Department of Histology and Embryology, Medical University of Warsaw, Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords: Melanoma is a life-threatening disease due to the early onset of metastasis and frequent resistance to the applied
Melanoma. treatment. For now, no single histological, immunohistochemical or serological biomarker was able to provide a
Theranosties o precise predictive value for the aggressive behavior in melanoma patients. Thus, the search for quantifying
Quartz crystal microbalance with dissipation . . X . . . s . .

itori methods allowing a simultaneous diagnosis and prognosis of melanoma patients is highly desirable. By inves-
monitoring

tigating specific molecular interactions with some biosensor-based techniques, one can determine novel prog-
nostic factors for this tumor. In our previous study, we have shown the possibility of a qualitative in vitro
distinguishing the commercially available melanoma cells at different progression stages based on the mea-
surements of the lectin Concanavalin A interacting with surface glycans present on cells.

Here, we present the results of the quantitative diagnostic and prognostic study of both commercial and
patient-derived melanoma cells based on the evaluation of two novel factors: lectin affinity and glycan visco-
elastic index obtained from the quartz crystal microbalance with dissipation monitoring (QCM-D) measurements.
Two approaches to the QCM-D measurements were applied, the first uses the ability of melanoma cells to grow as
a monolayer of cells on the sensor (cell-based sensors), and the second shortens the time of the analysis (sus-
pension cell based-sensors). The results were confirmed by the complementary label-free (atomic force micro-
scopy, AFM; and surface plasmon resonance, SPR) and labeling (lectin-ELISA; and microscale thermophoresis,
MST) techniques. This new approach provides additional quantitative diagnosis and a personalized prognosis
which can be done simultaneously to the traditional histopathological analysis.

Surface plasmon resonance
Microscale thermophoresis
Lectin-carbohydrate interaction

Przybylo, 2013). Several risk factors for melanoma were identified
mainly as excessive exposure to ultraviolet radiation, skin phenotypes

1. Introduction

Cutaneous melanoma remains a threat to global health with
increased incidence and mortality rates, in 2020, the number of cases
per year was 324,635 and 57,043, respectively (Sung et al., 2021).
Melanoma skin cancer develops from melanocytes, cells responsible for
producing the photoprotective pigment - melanin (Marczynska and
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[-I11, the melanocytic nevi’s presence and the patient’s specific medical
history (Mayer et al., 2014; Gajda and Kaminska-Winciorek, 2014).
Melanoma aggressive nature and poor prognostic characteristics are due
to its ability to metastasize to various locations. In the early growth
phase patients have higher capabilities of survival. However, excision of
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the primary tumor might not prevent metastases in different organs
(Elder, 2016). Effective therapy has not been developed yet, due to the
low susceptibility of melanoma to standard cancer treatment methods,
like radio- and chemotherapy, and the emergence of resistance to tar-
geted therapies.

Thus identifying patients at high risk of metastases development
seems crucial (Davey et al., 2016; Sobiepanek et al., 2020b). The stan-
dard melanoma diagnostics relies on the observation of dermatoscopic
patterns (ABCDE criteria, ugly duckling, or the Glasgow 7-point check-
list; Mayer et al., 2014; Gajda and Kaminska-Winciorek, 2014), histo-
pathological assessment (IHC staining of S100 protein, gp100,
cytoplasmic protein Melan-A, transcription factors like SOX10 and
MITE-1; Prieto and Shea, 2016) or genetic pattern diagnostics (detection
of BRAF, NRAS, CDKN2A and EPHA3 mutations; Elder, 2016). The
qualification of some prognostic factors is essential for deciding about
the goals and the treatment method. Various approaches were taken to
evaluate the prognosis of patients with cutaneous melanoma. The pre-
vious studies have identified demographic and clinical factors, which
may affect melanoma patient prognosis. However, the sex, age group,
localization and histological type were not statistically significant in
melanoma survival (Lideikaite et al., 2017). On the other hand, the
prediction of the disease-free and overall survival based on the Breslow
thickness-to-diameter ratio (BDR) is a useful complementary diagnostic
tool in cutaneous melanoma assessment; and a cut-off point of 0.15
could be its prognostic limit (Pinero-Madrona et al., 2019). It was
proven that no single histological, immunohistochemical or serological
biomarker was able to provide a precise predictive value for the
aggressive behavior in melanoma patients, regardless of the clinical
stage or tumor size; even though the investigated by the IHC staining
biomarkers (e.g., HMB-45, PCNA, Ki-67, MMP-2, CD44 and nm23) are
well-known to be important in the diagnosis of melanoma (Kycler et al.,
2006). Recently, a commercial 31-genetic expression profile (31-GEP)
test (DecisionDx-Melanoma, Castle Biosciences Inc, USA) has been
validated to predict the risk of metastatic melanoma for patients clas-
sified as either class 1 (low risk) or class 2 (high risk). Furthermore, the
AJCC Individualized Melanoma Outcome Prediction Tool is often used
by clinicians to estimate survival rate and appropriate management
recommendations (Farberg et al., 2017). In general, to establish a
satisfactory approach for the prognostic analysis, the investigation of
melanoma survival should be performed through years on numerous
patient group sizes. If necessary, it could also be limited to investigations
for one-, five- or ten-year survival (Lideikaite et al., 2017).

It is necessary to establish new diagnostic methods to confirm the
presence of biomarker characteristics for melanoma and assign the
malignancy potential of cells in the collected excision. The advanced
nanotechnological methods, which bring crucial biophysical informa-
tion describing normal and cancerous cells/tissues, may be the solution
(Sobiepanek and Kobiela, 2018). The distinction between those cells
with the measured parameter can be useful as an additional diagnostic
procedure. For example, the quartz crystal microbalance (QCM) uses
changes in resonant frequency to observe the mass shifts on the sensor
(Wang et al., 2012), while the surface plasmons resonance (SPR) utilizes
changes in the refractive index of thin metal layers (like gold surfaces) to
quantify the binding process of the biomolecule to the sensor surface
(Komorek et al., 2021). The atomic force microscopy (AFM) in the
spectroscopy mode allows to measure the forces between the probe
(functionalized or bare tip) and the sample as a function of their mutual
separation. By this method, the determination of cell elasticity and
quantification of the ligand-analyte interaction is possible (Lekka et al.,
2012; Sobiepanek et al., 2017; Herman et al., 2021). The main advan-
tage of these label-free methods is the possibility of using native bio-
molecules. At the same time, they permit to quantify the molecular
interaction occurring between the molecules by means of the kinetic
and/or thermodynamic analysis, as well as viscoelastic properties in the
case of investigations performed on the quartz crystal microbalance with
dissipation monitoring (QCM-D). A study carried out on cells/tissues as
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models avoids the long and complicated sample preparations, which
may also influence the results (Sobiepanek and Kobiela, 2018, 2022).

During tumor progression, melanoma cells undergo the epithelial-to-
mesenchymal-like transformation. This process is connected with the
cadherin-switch, the glycosylated proteins localized on the cell mem-
brane. The structural diversity of glycans determines their function in
cell proliferation, differentiation, adhesion, cell-to-cell contact and
migration (Litynska et al., 2001; Janik et al., 2016). For years the
abnormal glycosylation of peptides, proteins and membrane lipids has
been observed in various diseases, including cancer (Przybylo et al.,
2002; Hoja-Lukowicz et al., 2017). Glycosylation is defined as the basic
difference in cells that undergo cancer transformation. Tumorigenesis
and metastasis are frequently associated not only with the altered
structure of oligosaccharides in glycoconjugates present on the surface
of the cells, but also in the changes in their expression. Intense research
has already been performed on the subject with the use of the MALDI-MS
analysis (Pochec et al., 2003; Ciolczyk-Wierzbicka et al., 2004), Western
blot analysis (Laidler et al., 2000; Ochwat et al., 2004) as well as
RT-qPCR analysis (Laidler et al., 2006) after oligosaccharide, protein or
RNA isolation from the cells. Yet, none of the applied methods allow a
prognostic model for melanoma or other cancers. Further studies in this
topic utilizing whole cells as native samples may be more informative
and facilitate diagnosis and prognosis of tumors, as well as the devel-
opment of targeted therapies. Detection of sugar residuals present in the
structure of glycans can be performed with specific lectins as molecular
probes (Senkara-Barwijuk et al., 2012; Sobiepanek et al., 2021).
Although, QCM technology has been used to investigate lectin-glycan
interaction on various cancer cell lines, we are the first group to have
applied these QCM-D measurements to the melanoma cell distinguish-
ment (the comparison of the experimental set up and results can be
found in Supplementary Materials). Our approach focused on the
glycosylation patterns of cells with melanocytic origin combined with
biophysical methods can be used to identify potential markers of ma-
lignancy, establish novel diagnostic procedures and develop treatment
strategies.

In this study, we have used the QCM-D technique with lectin
Concanavalin A (Con A) to evaluate quantitatively two prognostic fac-
tors for melanoma skin cancer with two approaches: by culturing cells
on the sensor’s surface before the measurement (cell-based sensors) or
by attaching suspension of cells to the sensor surface during the mea-
surement (suspension-cell based sensors). As the first melanoma prog-
nostic factor, we qualified lectin affinity (Kp) towards glycans present on
the cell surface. The second one is the viscoelastic index (VI), which
shows the changes in the glycan viscoelastic properties. The efficiency of
these results was further evaluated with complementary methods
(including label-free and labeling techniques). To our knowledge, this is
the first research paper that shows the relative comparison of the results
for the ligand-receptor type measurements performed with the use of
whole cells on the microscale thermophoresis (MST) instrument. The
analysis of the viscoelastic properties of cells makes it possible to classify
them (including patient biopsy) to the type with low or high metastatic
potential, regardless of the experience or subjectivity of the operator.

2. Materials and methods
2.1. Cells

The commercial (ATCC) melanoma cell lines used for this study
were: WM35 (primary radial growth phase (RGP), CRL-2807), WM115
(primary vertical growth phase (VGP), CRL-1675), WM266-4 (the lymph
node metastasis, CRL-1676), MeWo (the lymph node metastasis, HTB-
65), G-361 (the solid tumor metastasis, CRL-1424) and A375-P (ame-
lanotic metastasis, CRL-3224). Normal melanocytes HEMa-LP (PCS-200-
013, ATCC) were used for comparison. Finally, melanoma cells (MM1,
MM7, MM9 and MM16) were isolated from the lymph nodes from a
patient of the Maria Sktodowska-Curie Institute of Oncology with
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confirmed metastasis (total time needed = 2 weeks). Three methods
confirmed the origin and purity of the isolated melanoma cells: cell
immunostaining, gene expression and flow cytometry before they were
used in this study. A full description of the isolation and characterization
of these patient-derived melanoma cell lines (MM1-MM16) is available
in écieiyﬁska et al. (2021).

All cells were cultured in RPMI-1640 medium (VWR) containing L-
glutamine and supplemented with 10% FBS (Life Technologies), as well
as 1% of a penicillin-streptomycin mixture (Life Technologies) in 25
cm? culture flasks at 37 °C in the atmosphere of 95% air/5% COs. Cells
were detached from the flasks using a 0.05% trypsin-EDTA solution
(Life Technologies) and seeded on various types of surfaces depending
on the measurement type (QCM-D, SPR, lectin-ELISA, AFM, MST).
Measurements were performed after culturing cells for 48 h.

2.2. QCM-D lectin-glycan measurements with cell-based sensors

The cell-based experiments were performed using a quartz crystal
microbalance working with the dissipation monitoring mode (QCM-D,
Q-Sense E1, Biolin Scientific). For these measurements, cells were
seeded on the gold sensors coated with polystyrene (Au-PS, QSX 305,
Biolin Scientific) placed in a 24-well plate at the density of 5 x 10* cells/
well (full procedure described in Sobiepanek and Kobiela, 2022). All
measurements were carried out on paraformaldehyde-fixed cells, in the
PBST buffer (PBS/0.025% Tween 20, Sigma Aldrich) at 37 °C and with
the flow rate set to 25 pl/min, with Con A ranging from 1.6 to 16.0 pM.
Each measurement consisted of three steps: washing with PBST (~15
min), lectin-glycan binding (30 min) and washing (30 min), and was
performed in triplicate.

The kinetic parameters of the association (kon) and dissociation (ko)
rate constants, as well as the dissociation (Kp) constant, were deter-
mined using a simple ligand-receptor model as described earlier
(Sobiepanek et al., 2017). Furthermore, the lectin flow rate was
analyzed in detail from the QCM-D sensorgrams during lectin associa-
tion to glycans. Finally, the viscoelastic index (VI) was calculated as a
tangent of the slopes’ angle obtained on the D(f) plots of each mea-
surement (thanks to simultaneous measurements of changes in both
parameters: frequency and dissipation factor; more details can be found
in Sobiepanek and Kobiela, 2022).

2.3. Lectin-ELISA assay

Con A binding to the glycans present on the cell surface was
measured with a multi-mode microplate reader (Synergy H4, Biotek)
with the procedure described in Sobiepanek et al., (2017). Cells were
seeded into the 96-well plate at the density of 1 x 10* cells/well,
incubated for 48 h at 37 °C, fixed and stained with various concentra-
tions of FITC-conjugated Con A (1.6-12.8 pM in PBST, Sigma Aldrich),
Hoechst 33342 dye (1 pg/ml in PBS, Thermofisher). Cells were
measured with the excitation 350 nm and emission 461 nm for nuclei
staining (Hoechst), as well as ex. 490 nm and em. 525 nm for glycan
staining (Con A-FITC). The results are presented in the form of fluo-
rescence intensity (in relative fluorescence units, RFU) dependence as a
function of Con A-FITC concentration. Each experiment was performed
in triplicate.

2.4. Whole-cell SPR measurements of the lectin-glycan interaction

In the angular scan measurement mode, the lectin-glycan interaction
was also analyzed with the multi-parametric surface plasmon resonance
(MP-SPR model Navi 200, BioNavis Ltd.). During these measurements,
cells were seeded on gold sensors coated with polystyrene (Au-PS, Bio-
Navis Ltd.) placed in a 6-well plate at the density of 2.5 x 10° cells/well,
incubated for 48 h and fixed. Measurements were carried out at a 785
nm laser wavelength in the PBST buffer at 37 °C, with the flow rate set to
50 pl/min, and 12.8 pM Con A solution. Each measurement was divided
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into three steps: washing with PBST (~10 min), lectin-glycan binding
(30 min) and washing (30 min), and was performed in triplicate. In
addition, the SPR sensorgram presents the time-dependent changes in
the resonance angle (A®) and the differences in the lectin flow rates
during its binding with glycans were also calculated. Data was analyzed
with the MP-SPR Navi™ data viewer and Sigma Plot software.

2.5. Elasticity measurements of melanoma cells

The elasticity of cells was measured using a commercial atomic force
microscope (XE120 model, Park Scientific Instruments) and an optical
microscope to control the position of the gold-coated silicon nitride
cantilevers (MLCT-C, Bruker) with a nominal spring constant of 0.01 N/
m. Cells were seeded on glass coverslips (Marienfeld, 10 mm diameter)
placed in 24-well plates at the density of 2 x 10* cells/well for 48 h
incubation. All AFM measurements were performed at room tempera-
ture in the RPMI-1640 medium without FBS.

Force curves were collected randomly from chosen cells from the
region around the cell center. The force was set up to 4 nN, the approach
velocity to 9 pm/s and a grid of 4 x 4 points on each cell was selected.
The E values were calculated based on the subtraction of the two force
curves: the calibration curve recorded on the glass coverslip without the
cells and the other curves collected on a given cell (Kobiela et al., 2013).
The obtained force-versus-indentation-curve was analyzed by means of the
Sneddon extension of the Hertz model, assuming that the tip is an infi-
nitely stiff indenter modeled by a parabola (full description available in
Sobiepanek et al., 2016). The results are presented for the indentation
depth of 300 nm. Each experiment was performed in triplicate.

2.6. QCM-D lectin-glycan measurements with the suspension cell-based
sensors

Experiments with the suspension cell based-sensors were prepared in
the following steps: 1 — clean gold sensor (QSX 301, Biolin Scientific)
coating with 0.01% poly-L-lysine solution (PLL, Sigma Aldrich) for 5
min at room temperature; 2 — mechanical detachment of cells from the 6-
well plate, cell centrifugation (581 xg) and resuspension in PBST to the
density of 1 x 10 cells/ml; 3 - QCM-D measurements of cell binding to
Au-PLL sensor (30 min, 37 °C, 25 pl/min); 4 — QCM-D measurements of
the lectin binding to the freshly attached cells (full procedure described
in Sobiepanek and Kobiela, 2022). These measurements were also car-
ried out at 37 °C and with the flow rate set to 25 pl/min, with the Con A
ranging from 0.8 to 3.2 pM. Each experiment was performed in tripli-
cate. Analysis of the lectin-glycan binding was performed analogically
like in subsection 2.2.

2.7. Whole-cell MST measurements of the lectin-glycan interaction

For the microscale thermophoresis (MST) measurements performed
on Monolith.115 instrument (NanoTemper Technologies), cells were
mechanically detached from the 6-well plate, centrifuged at 581xg,
resuspended in PBST and diluted to the density of 5 x 10* cells in 10 pl in
the first sample. In total, 16 dilutions were prepared according to the
geometric dilution quotient of 0.5. Next, 10 pl of the lectin Con A-FITC
solution (100 nM in PBST) was added to each sample with cells in
proportion 1:1 (final concentration of 50 nM lectin in all samples). The
samples were loaded into the capillaries Premium MST (NanoTemper
Technologies) and inserted into the apparatus with the temperature set
at 37 °C. The laser intensity was set to 40% LED power and low MST
power. Data were analyzed with MO.Affinity Analysis software (Nano-
Temper Technologies). The relative comparison of ECsp-like parameter
(the effective dose of ligand) was estimated based on a simple equilib-
rium model and the equation (ECso = Kp + 0.5-[target concentration)),
where it describes concertation at which half of all target molecules are
present in the bound state (more information on the applied model may
be found in the NanoTemper Technologies materials for users). The
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numerical results are presented as a ratio between the obtained ECsq-like
parameter for the primary and metastatic cells. Each experiment was
performed in duplicate.

2.8. Statistical analysis

The statistical analysis was performed using a single-factor ANOVA
with the Student’s post hoc t-test. The statistical significance was
marked on each graph, where the p-value was below 0.05 (*) or 0.1 (#).
The mean values were determined from three independent experiments.

3. Results and discussion

3.1. Evaluation of the methodology for melanoma prognostic factors with
commercial cell lines

We have used lectin Concanavalin A to quantify its interaction with
mannose and glucose residuals present on cells using the QCM-D
method. Different melanocyte-originating cells were seeded on
polystyrene-coated gold sensors, cultured for 48 h and fixed. This
approach is referred to later as the cell-based protocol. Using the sensors
on which these fixed cells were attached, the lectin-glycan interaction
measurements were performed to obtain the real-time changes in two
parameters: frequency and dissipation factor. Changes in frequency are
related to the bound mass of the analyte (Con A) to the sensor’s surface,
which can be further analyzed with various models of interaction. Seven
commercial cell lines were measured with various Con A concentrations.
The relaxation time was calculated for each lectin concentration using a
simple ligand-receptor model from a single measurement. Afterward,
the association and dissociation rate constants, which describe the for-
mation of the lectin-glycan complex, were determined by plotting the
reverse in relaxation time as a function of Con A concentrations (Mori
et al., 2010). Examples of the kinetic analysis results for the two closely
related cell lines (commercial cells isolated from the same patient:
WM115 - primary VGP melanoma and WM266-4 metastasis to the
lymph node) are shown in Fig. 1A. We calculated the dissociation con-
stant from the received linear regressions, whose value for all measured
cells is presented in Fig. 1C. The received nanomolar range of the Kp
values for these measurements is consistent with literature data for other

Biosensors and Bioelectronics 203 (2022) 114046

cell types (Peiris et al., 2012; Li et al., 2013). The normal melanocytes
(HEMa-LP) and non-invasive RGP melanoma cells (WM35) were poorly
distinguishable by affinity (Kp value at the level of 2.85 nM and 2.49 nM,
respectively). The affinity of Con A to glycans was significantly different
for the slightly invasive VGP melanoma cells (WM115, Kp = 0.94 nM) in
comparison with other cells and in the case of all metastatic cells (G-361,
MeWo, WM266-4, A375-P) the affinity was very high (Kp < 0.40 nM).
These data stay in agreement with our previous reports (Sobiepanek
et al., 2017) and fall within the affinity range described in the literature
for lectin-glycan interactions: 0.362 nM (Con A and breast cancer cells
SKBR-3; Peiris et al., 2017) to even 980 uM (HPA and colorectal cancer
cells SW620; Peiris et al., 2012) (full literature comparison can be found
in Supplementary Materials).

To verify the affinity results of the lectin-glycan interaction, we have
used the lectin-ELISA assay. The fluorescence intensity values for Con A-
FITC analysis were plotted against the lectin concentration and are
presented in Fig. 1B. In the following step, the data was fitted by the
linear regression and the obtained results allow us to conclude that with
the rising metastatic potential of cells the slope value has increased.
Slope values (Fig. 1C) for normal cells and cells from both primary sites
(RGP and VGP) are below 900 RFU and for all metastatic cells, these
values are above 900 RFU. However, some metastatic cells present
significantly higher slope values (WM266-4 and A375-P) than others
(MeWo and G-361) without a distinction of the direct site of metastasis
(lymph node, solid tumor).

To further understand the mechanism by which the lectin-glycan
interaction occurs on the cells, we have used the MP-SPR instrument.
It is the most recognized label-free technique for studying the ligand-
receptor interaction. Comparing SPR results with the ones obtained
from QCM-D makes it possible to determine the water content in the
formed layer (Komorek et al., 2020). Two closely related cell lines
(primary VGP WM115 and metastatic WM266-4) were used for this
analysis on the polystyrene-coated SPR sensors and the interaction re-
sults of 12.8 pM lectin Con A with glycans were registered on the SPR
sensorgrams (Fig. 2A). Two stages of the lectin adsorption on the glycans
can be recognized for both cell lines: rapid stage 1 with a strongly
increased signal, and stage 2, which takes some time until the signal
stabilization is almost reached. However, the washing step brings the
signal back to the value from the first stage, which indicates that this

A B Fig. 1. Results of the lectin-glycan
40 4 © WMI115 =826x + 11767 interacti tud 1 te-
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1.5E-03 é 30 o relation of the reverse in relaxation time
® WM266-4 |Y =21.868x +0-0007| E ; plotted as a function of Con A concen-
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E results of the fluorescent intensity for
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Fig. 2. Results of the cell-based measurements of the lectin-glycan interaction study on the primary VGP melanoma (WM115) and the lymph node metastatic cells
(WM266-4) cells. The distinction of the two phases of the lectin flow rate analysis on SPR sensorgram (A) and QCM-D sensorgrams (B) for Con A binding to glycans

present on melanoma cells.

stage determines the effectiveness of the lectin-glycan interaction on the
cells. The primary melanoma cells are distinguishable from the meta-
static ones at both stages based on the slope curve, although the pri-
mary/metastatic ratio changes (stage 1 = 1.62, stage 2 = 0.67). This
difference in the linear regression for both stages of the association can
be explained by the rising concentration of Con A during the experiment,
which binds first to the most available sugar residues and next tries to
bind to the less available sites of the glycans. As identified earlier, pri-
mary melanoma possesses short and less ramified glycans, whereas
metastatic melanoma cells long, branched mannose and glucose types of
oligosaccharides (Ciotczyk-Wierzbicka et al., 2004). In literature, a
higher concentration of Con A increased the monovalent interactions
and limited the possibility of its rebinding to another sugar residue
(Sandoval-Altamirano et al., 2017). It seems that the increment of the
signal may be a characteristic value for a specific cell line at each stage
(primary melanoma gives higher signals at stage 1 and metastatic cells at
stage 2). Moreover, the two stages of the association can also be found in
the QCM-D results after a detailed analysis (Fig. 2B) and the primary/-
metastatic ratio changes of the slop curve are comparable (stage 1 =
1.65, stage 2 = 0.49) with the SPR results. Although the changes in
frequency on the QCM-D results are significantly higher than the signal
on the SPR sensorgrams, this confirms that the hydration in these
measurements plays an important role. Obviously, the degree of hy-
dration of the layer has a crucial influence on the protein layer visco-
elastic properties (Jachimska and Tokarczyk, 2016; Komorek et al.,
2021). Even though SPR gains more attention with the whole-cell
studies such as ligand-receptor interactions or compound uptake (Vii-
tala et al., 2013; Yanase et al., 2014; Suutari et al., 2020), this method is
not easily applied.

The ability to simultaneously measure changes in frequency and
dissipation factor on the QCM-D allows us to obtain more information
about the viscoelastic properties of the lectin-glycan complexes (the
viscoelastic signatures of the cells). Having in mind, that glycans present
on the surface of the cells can be short and lowly-branched, or long and
highly-branched depending on the stage of the tumor progression
(Ciotczyk-Wierzbicka et. Al. 2004), lectin Con A can be used as a mel-
anoma biomarker by detecting changes in these structures with the
QCM-D measurements. Data changes in the dissipation factor (D) versus
changes in the frequency (f) were plotted for each cell line. The example
of the D(f) plots obtained for VGP and metastatic melanoma cells with
Con A concentration of 6.4 uM are present in Fig. 3A. The viscoelastic
index (VI) parameter can describe differences in the viscoelastic prop-
erties of the created lectin-glycan complexes. Its value is equal to the
slope of a line tangent to the curve visible on the Df plots (Sobiepanek
and Kobiela, 2022). The lower the VI value is, the less elastic complex
(short and lowly-branched glycans bound by lectin Con A) is created on
the surface of the sensor. Thus, the linear regression was matched for
each D(f) relation focusing on the first 10 min of the measurement,
which corresponds to the more effective stage 1 of the lectin-glycan
interaction on cells as determined via the QCM-D/SPR analysis. The
obtained VI values enable to order melanoma cell lines according to the
increasing curve angle (ie., cells with increasing tumor potential,
Fig. 3D). When analyzing the total range of VI values for these mea-
surements (Fig. 3B), the lowest values were obtained for normal cells
(HEMa-LP) and RGP cells (WM35) (VI,y < 0.3) (average VI values were
0.12 and 0.26, respectively). But with the rising tumorigenic potential of
cells, the viscoelastic index increased its value (for VGP melanoma the
average VI value was 0.4). Metastatic melanoma cells MeWo and A375-P
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AFM analysis (elastic modulus, E) for different commercial cell lines.

presented the highest average VI values (>0.5) and for WM266-4 as well
as G-361 the VI, value was almost equal to 0.5.

Although a viscoelastic analysis of the QCM-D experiments brings
valuable information about the layer present on the sensor, it is not very
common in the case of the cell study. The Df plots analysis was typically
made for proteins or polymers (e.g., dendrimers) in various conditions
deposited on well-defined surfaces (Jachimska and Pajor, 2012;
Jachimska et al., 2013). In a cell study, it was mainly used in mea-
surements of their adhesion to modified surfaces of the sensors (Zhou
et al., 2012; Kilic and Kok, 2018) or to check the cytotoxic effect of
compounds (cell death - apoptosis/necrosis, morphological/cytoskeletal
changes - rounding, shrinkage lysis) (Fatisson et al., 2011; Nowacki
et al., 2015; Staniszewska et al., 2020). The achieved QCM-D results
show that the flexibility of lectin-glycan complexes (viscoelastic signa-
tures) on cells is due to the co-existence of rigid saccharides and flexible
glycosidic linkage units in glycan structure (Re et al., 2012). The ob-
tained differences of VI values for various cells are connected with the
changes in the studied glycan structure, which occurs during melanoma
development. As MALDI-MS analysis confirmed, metastatic A375-P cells
possess long and highly-branched glycans with terminal mannose resi-
dues and WM35 cells from the primary RGP site relatively short and
lowly-branched glycans with terminal mannose residues (Ciofczyk--
Wierzbicka et al., 2004). Nevertheless, this method brings detailed
knowledge of the hypothetical structures present on cells, it requires
several steps including cell homogenization, electrophoresis and West-
ern blotting, MALDI-MS analysis, and a comparison of the results with
the appropriate database. On the other hand, the LC-MS/MS method can
also be used to determine the carbohydrate composition, sequence and
branching of monosaccharides, inter-glycosidic linkages as well as
anomeric connectivity, but it requires a similar process of the sample
preparation (Zhou et al., 2017). Our results do not show the exact
composition of carbohydrates in glycans, but it enables to observe the
flexibility of the lectin-glycan complex (a characteristic viscoelastic
signature of each cell type) as well as the affinity of lectin to glycans

(Sobiepanek and Kobiela, 2022), which was proved to be sufficient for
the quantitative distinction all cell type: normal cells, primary tumor site
cells and metastatic cells.

This stays in contrast to the measurements of elastic properties of
cells performed with the AFM technique in the force spectroscopy mode,
where the biomechanical parameters of the investigated cells permit to
distinguish only melanocytes from melanoma cells (Fig. 3C-D). The
average value of the elastic modulus was almost two times higher for the
HEMa-LP cells (E = 5.22 + 1.89 kPa). This result stays in line with other
literature data, which suggests that cancer cells are generally softer than
normal cells - less resistant to deformation (Lekka et al. 1999, 2012;
Gostek et al., 2015). Interestingly, the E values for VGP W115 and
metastatic WM266-4, which were isolated from the same patient, were
significantly different. These results confirm the theory of the more
deformable metastatic cells than cells from the primary site. However,
one must bear in mind that stiffness is a dynamic property of melanoma
cells and the cell ability to vary their degree of elasticity towards both
very low and very high values (Weder et al., 2014). Therefore, changes
in melanoma cell stiffness cannot be interpreted clearly and the AFM
analysis for diagnostic purposes in the case of patients with melanoma
should be approached with extreme caution.

Considering the established cell-based model on the commercially
available cell lines, the affinity of lectin Con A is much higher to the
metastatic melanoma cell lines than to cells from the primary site and
normal cells. Furthermore, the viscoelastic properties of the created
complexes increased with the rising metastatic potential of the cells. For
metastatic melanoma cells both parameters have high values: the af-
finity of Con A to glycans on cells (Kp < 0.5 nM) and the viscoelastic
index (VI > 0.5). As shown, the established method is universal and can
be applied for all kinds of cells irrespective of the occurrence or absence
of mutations in genes typical for melanoma (e.g., BRAF — not identified
in the MeWo cell line).
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3.2. Verification of the cell-based method to rate the high/low metastatic
potential of patient cells

Four different melanoma cell subtypes were isolated from a lymph
node of a patient with confirmed metastasis, and next their purity and
origin were confirmed before use in this study within 2 weeks from the
biopsy. These cell lines varied in morphology (epithelioid shape of MM1,
MM?7, MM9 and spindle of MM16), doubling times (32-33 h for MM7
and MM9, 42-43 h for MM1 and MM16) (ScieZyﬁska et al., 2021) and
even elastic properties (Fig. 4A). These cells can be divided into two
groups based on the cell elastic values: cells with medium stiffness
(MM1 = 4.7 + 1.3 kPa, MM16 = 3.0 + 1.4 kPa and MM9 = 2.3 + 0.5
kPa) and stiffer cells (MM7 = 6.6 + 2.9 kPa). These cell populations are
heterologous in terms of cell elasticity, which is frequently observed in
cancer cells, including commercial melanoma cell lines (Bobrowska
et al., 2019). The QCM-D measurements of the lectin affinity to the
isolated melanoma cells (Fig. 4B) show that the MM1 cells presented the
highest Kp value 2.1 nM (similarly to RGP melanoma cells WM35 = 2.5
nM) and MM16 cells the value of 1.0 nM (almost equal to the Kp value
received for VGP cells = 0.9 nM). The remaining 2 subtypes of the iso-
lated cells (MM7 and MM9) were of identical affinity values like for the
metastatic cell lines (0.2-0.3 nM). Thus, the received affinity results
suggest that especially cells MM7 and MM9 have a high metastatic po-
tential. The results of the lectin-ELISA assay (Fig. 4C), though slightly
lower than for commercial cells, show that the slope values for MM7 and
MMO cells are between 500 and 700 RFU and for MM1 and MM16 cells
350-500 RFU. This confirms that a higher metastatic potential is
observed in MM7 and MM9 cells. When analyzing the viscoelastic index
of the isolated cells (Fig. 4D-F), the average values enable to distinguish
cells with a rising tumorigenic potential. MM1 and MM16 cells present
the VI value comparable to melanocytes and RGP melanoma (VI,, <
0.3). The VI values are also comparable for MM7, MM9 cells and VGP
melanoma (VI;;~0.3), which have a slight invasive potential. With
respect to these results, MM1 and MM16 cells may be treated as cells
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with a lower metastatic potential, and MM7 as well as MM9 as cells with
a rising metastatic potential. The presented results confirm that the
isolated melanoma cells have different glycosylation profiles measured
by the cell-based QCM-D protocol. The described prognostic factors of
lectin affinity and viscoelastic index allowed us to assess the metastatic
potential of these cells much more accurately and quantitatively than
the traditional diagnostic procedures.

3.3. The usability of the suspension cell-based sensors to receive reliable
melanoma prognostic factors

The QCM-D cell-based procedure described above is carried out for at
least 3 days (1- cell seeding, 2- potential time for the drug addition, 3-
measurements and result analysis), which is quite long. If this procedure
were to be included as a standard diagnostic test, it should be shortened.
For this aid, we have further modified the procedure to enable a faster
distinction of the cells by using a suspension of cells directly in the
measurements and eliminating the cell seeding part on the sensors (1-
day procedure = measurement and analysis of the result, Fig. 5A). Cells
were transferred into suspension by a gentle mechanical detachment
and their concentration was evaluated to use the same number of cells
for each experiment. The first part of the QCM-D experiment required
binding the cells from the suspension to the surface of the sensor. This
was realized by modifying a gold sensor with a poly-L-lysine solution, a
positively charged polymer facilitating cell adhesion through the
attraction of their negatively charged membrane (Sobiepanek et al.,
2020a). Cells were introduced into the chamber and the cell binding to
the surface was measured through QCM-D. The attached cells were
washed with a PBST buffer solution, and the lectin Con A was inserted
into the chamber for the lectin-glycan interaction measurement. As
investigated by Wang et al. (2012), the concentration of lectin had to be
reduced due to the PLL-coating of the sensor and higher probability of
the non-specific binding. Thus, the Con A concentration applied for the
lectin-glycan interaction was in the range of 0.8-3.2 pM. The kinetic and
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Fig. 4. Results obtained with the isolated melanoma cells. A — elastic modulus of cells obtained by means of AFM measurements. B — the corresponding relation of the
reverse in relaxation time plotted as a function of Con A concentration for QCM-D measurements. C — lectin-ELISA results of the fluorescent intensity for bound Con
A-FITC to the cells. D - the example of Df plots for the 7th overtone of the QCM-D interaction measurements performed on the isolated melanoma cells for the 6.4 pM
concentration of Con A. E — an overview of the obtained viscoelastic index values for Con A concentrations (1.6-12.8 pM) interacting with glycans present on isolated
melanoma cells. F — quantitative results recieved from the AFM analysis (elastic modulus, E), the QCM-D kinetic analysis (affinity, Kp), the lectin-ELISA analysis

(equation) and the QCM-D viscoelastic analysis (viscoelastic index, VI).
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viscoelastic analysis results are presented in Fig. 5B and C, respectively.
The association rate constants differ significantly for the primary mel-
anoma sites (RGP and VGP) and metastatic melanoma cells, which
translates into the lectin affinity values presented in Fig. 5G. The Kp
values are 5- to 10-times different depending on the analyzed cell lines.
This means that it is easier to distinguish cells based on the kinetic
analysis of the lectin-glycan interaction with the suspension cell-based
sensors than in the cell-based procedure (Kp value was only 2- to
3-times different). The viscoelastic analysis of the created complexes
(Fig. 5C-D) shows that the primary RGP site (WM35) and VGP site
(WM115) were of much lower VI values (VI,, < 0.2) than the VI values
for the metastatic cells (VI,, > 0.25), allowing for a clear distinction
between melanoma progression phases. With this analysis, one must
bear in mind that the VI values strongly depend on the lectin concen-
tration and must be lower than in the case of the cell-based procedure.
To our knowledge, this was the first attempt to perform the
ligand-receptor QCM-D analysis on adherent cells which were trans-
ferred to suspension for measurement.

The specific form of the cells in these measurements limits the
number of methods used to compare and evaluate the lectin-glycan
interaction. Microscale thermophoresis is a labeling technique, which
permits to follow the interaction of molecules in suspension in real-time.
Typical biomolecular interactions measured by means of MST range
from protein-DNA, protein-protein, protein—small molecule and pro-
tein-liposome interactions, where the concentrations of each molecule
are well-known (Jerabek-Willemsen et al., 2014). However, in our case,
the direct value of the affinity was not possible to calculate due to the
unknown concentration of glycans on the surface of the cell. Thus, the
relative comparison of the effective dose of ligand was estimated based
on a simple equilibrium model and the equation to receive the param-
eter ECso-like at which half of all target molecules are present in the
bound state. The results of lectin Con A-FITC interacting with glycans
present on the whole cells in suspension are gathered in Fig. 5F and the
resulting ratio of ECsp-like values in Fig. 5G. The primary VGP cells
exhibited significantly lower ECso values than all metastatic cells

(100-times different). This is one of the first approaches to the whole-cell
study by means of MST techniques, as most of the described analysis
utilizes cell lysates for their known molar concentration (Magnez et al.,
2017). The other noted attempt is the measurement of the interaction
between labeled anti-CD42b antibody and CD42b receptor expressed on
the surface of human platelets (Lindahl and Macwan, NanoTemper
application note).

4. Conclusions

The analysis of biomolecular interactions has become essential for
developing innovative, more efficient techniques for the diagnosis and
prognosis of various cancers. Currently, because there are no single
histological, immunohistochemical or serological biomarkers recog-
nized for predicting melanoma aggressive behavior and the prognosis
for melanoma patients is poor due to the frequent development of
resistance to drugs, advanced research conducted for this tumor is
essential. Thus, the presented study aimed to establish a quantitative
distinguishment of cells from different progression stages of melanoma
based on the glycosylation profile of cells. Both established procedures
of the lectin-glycan interaction performed on cell-based sensors and the
suspension cell-based sensors show the possibility of differentiating cells
from the following stages of melanoma progression. This was achieved
by characterizing two prognostic factors from the QCM-D lectin-glycan
measurements: the affinity and viscoelastic index. Lectin Con A has a
much higher affinity towards metastatic melanoma cells, where the af-
finity for the primary melanoma and melanocytes is lower. On the other
hand, the viscoelastic index obtained from the lectin-glycan measure-
ments shows that the value significantly rises with the increasing cell
potential for metastasis. These results were confirmed by complemen-
tary biophysical methods: AFM, SPR and MST. It is worth mentioning
that this is the first research paper showing the relative comparison of
the results for the ligand-receptor type measurements performed with
the use of whole cells on the MST instrument. Our methodology was
successfully applied not only on the commercially available human cell
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lines, but also verified with cells isolated from a patient with confirmed
melanoma metastasis (in 2 weeks) validating its usability to distinguish
the metastatic potential of cells. Especially important for the patient’s
health are the results obtained with the suspension cell-based sensors;
where the duration of the procedure was significantly shortened (from 3
to 1 day) compared to the cell-based sensors with a simultaneous in-
crease in sensitivity (10-times different affinity values). Considering our
results, the proposed model can be a milestone to personalized diag-
nosis, prognosis and therapy monitoring.
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