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Resumo

Neste trabalho, utilizamos espectroscopia de força atômica para obtenção do módulo
elástico de células fixadas de melanoma e queratinócitos, com o objetivo de determinar
as condições iniciais de estudos a serem realizados futuramente de culturas de células
confluentes do mesmo tipo. As linhagem celulares utilizadas foram as células HaCaT e as
células de melanoma WM1366, sendo a última derivada de um melanoma de crescimento
radial sendo analisadas tanto as células parentais (células WM1366 shSCR) e as células
WM1366 silenciadas com galectina-3 (WM1366 shGal3).

As células foram localizadas e imageadas no modo AFM contato em meio líquido. Curvas
de força adquiridas na região central das células foram utilizadas para determinar o
módulo elástico, a partir do modelo de contato hertziano por uma ponta piramidal,
permitindo estabelecer um padrão para comparação entre células normais e cancerígenas.
Verificou-se que a célula de melanoma exibe menor módulo de elasticidade (21.8 ± 0.5
𝑘𝑃𝑎) do que as células de queratinócitos (31.9 ± 0.4 𝑘𝑃𝑎) . Para as células WM1366
shGal3 foi encontrado um módulo elástico de 16, 1±0, 6 𝑘𝑃𝑎. Portanto, verificou-se que,
para grandes profundidades de indentação, é possível distinguir entre a mesma linhagem
de melanoma, células que apresentam alterações gerais na organização do citoesqueleto
induzidas pela presença ou ausência da proteína galectina-3.

Por outro lado, para detectar variações locais do módulo elástico ao longo da célula e
identificar regiões subcelulares, caracterizadas por rigidez específica associada a estruturas
locais, foram obtidos mapas de elasticidade nos quais uma única curva de força é adquirida
em cada posição da sonda. Para interpretar estes mapas, a célula foi dividida em regiões
de diferentes alturas e curvas de cada seção de altura foram analisadas e representadas em
histogramas, ajustadas pela função de distribuição binomial. Observou-se que o gradiente
de módulo de elasticidade em células da região nuclear em direção à periferia celular é mais
acentuado em células desprovidas de galectina-3 do que em células parentais. O aumento
do módulo de elasticidade na região pericelular das células desprovidas de galectina-3
sugere que a organização da matriz extracelular nestas áreas é diferente das observadas
em torno das células HaCaT e shSCR WM1366.

Palavras-chaves: AFM, melanoma, queratinócitos, módulo de elasticidade, force
volume.



Abstract

In this work, we used atomic force spectroscopy to obtain the elastic modulus of melanoma
and keratinocytes fixed cells, with the purpose to determine the initial conditions for
studies of confluente cultures of these cells in the future. The cell lines used were HaCaT
cells and WM1366 melanoma cell, the last one is derived from a radial growth melanoma
and both were analyzed, parental WM1366 cells (WM1366 shSCR cells) and galectin-3
silenced WM1366 cells (WM1366 shGal3).

Cells were located and images of them were obtained by AFM contact mode under
liquid conditions. Single force curves acquired in the central region of cells were used
to determine the elastic modulus by the Hertzian contact model for the pyramidal tip,
allowing to establish a comparison patter between cancer and normal cells. It was found
that the melanoma cell (21.8±0.5 𝑘𝑃𝑎) exhibit smaller elastic modulus than keratinocytes
cells (31.9±0.4 𝑘𝑃𝑎). For WM1366 shGal3 was found a elastic modulus of 16.1±0.6 𝑘𝑃𝑎,
therefore, we found that for large indentation depth it is possible to distinguish between
the same melanoma cell line, which represents general alterations in the organization of
the cytoskeleton induced by the presence or absence of the galectin-3 protein.

On the other hand, to detect local elastic modulus variations along the cell and to identify
subcellular regions characterized by specific stiffness associated with local structures, we
took elasticity maps in which a single force curve is acquired in each probe position. In
order to interpret these maps, the cell was sliced into several different heights, curves
of each height section were analyzed and represented in histograms, adjusted by the
binomial distribution function. It was observed that the gradient of elastic modulus in
cells from the nuclear region towards the cell periphery is more pronounced in cells devoid
of galectin-3 than parental cells. The increased elastic modulus in the pericellular region
of cells devoid of galectin-3 suggests that the organization of the extracellular matrix in
these areas is different than those observed around HaCaT and shSCR WM1366 cells.

Key-words: AFM, melanoma, keratinocytes, elastic modulus, force volume.
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1
Introduction

Cancer occurs when normal cells undergo a process called malignant transformation, a
progressive loss of proliferation control at the cellular level, caused by genetic or epigenetic
alterations in the genome of parente cells, that are shared by daughter cells. These cells
can spread to other regions of the body in process called metastasis. Skin cancer is
the most common of all human cancers and there are three major types: basal cell
carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma [1], being the last one
the most aggressive and lethal skin neoplastic 1 disorder. Melanoma is originated from
the malignant transformation of the melanocytes, which are located in the basal layer
of the epidermis, and produce and transport melanin, responsible for the pigmentation
of our skin, hair and eyes. In Brazil, according to the "Instituto Nacional de Câncer
José Alencar Gomes da Silva"[2], 1500 people die every year due to melanoma and it is
estimated that 6000 new cases will be diagnosed during 2018. Despite of advances in
melanoma treatment, mortality from this kind of cancer is still increasing, establishing
as one of the cutaneous diseases with greater growth in this century [3]. Therefore, it
is necessary to develop prognostic biomarkers that can differentiate between malignant
and non-malignant skin lesions and that can identify melanoma patients with high-
risk primary lesions to facilitate greater surveillance [4]. In this way, the discovery of
biomarkers and their application, together with traditional cancer diagnosis could improve
early diagnosis, which is vital for the patient.

Several studies have reported that cancer transformation introduces significant changes
in the cell structure and behavior. Such alterations can affect cell growth, morphology,
cell-to-cell interaction, cell membrane, extracellular matrix and organization of the
cytoskeleton [5, 6]. Hence, these differences may also induce changes in cell mechanical
properties, which can be described through the elastic modulus. The elasticity response
of biological system have been explored using different experimental techniques such as
micropipette aspiration (MA) [8], optical tweezers (OT)[9], magnetic tweezers (MT)[10],
force traction microscopy (TFM)[12], magnetic twisting cytometry (MTC)[11] and atomic
force microscopy (AFM). Among these techniques, the use of AFM to probe the

1Neoplasia is a term used to designates cellular alterations that cause an exaggerated cell growth, i. e.
abnormal cellular proliferation, without control, which leads to the reduction or loss of the differentiation
capacity of the cell.
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mechanical properties of biological systems give us the possibility to obtain measurements
of cell morphology in physiological close conditions with high spatial resolution, as well
as, to study the elastic modulus in a local way by means force spectroscopy. Beside
that, AFM is a technique in which the interaction force between the probe an the sample
surface is measured using a very simple experimental setup. To determine the elastic
modulus by means AFM, the probe is used to induce a local deformation on the cell
surface, applying force in the range of 10−12 to 10−6 𝑁 , which is an optimal interval to
elasticity cell studies, because higher forces may produce damage in the sample and lower
forces may provide non-reliable measurements.

The aim of this work is to determine the initial conditions for studies of confluente
cultures of keratinocytes cells with melanoma cells, modeling the conditions observed in
situ melanomas, i.e., the condition where malignant melanoma cells are still interacting
with keratinocytes in the early phases of melanoma evolution. Another aspect is to verify
the possibility of obtaining a biomarker of the disease malignancy. For this purpose, we
will use two cell lines, keratinocyte cells (HaCaT cell line), and the WM1366 melanoma
cell line. WM1366 cell was derived from a radial growth melanoma, i.e. they derive
from a stage when tumor cells still interact closely with keratinocytes. Changes in the
expression of a variety of molecules define the acquisition of a more invasive phenotype.
Among these alterations is progressive lost of galectin-3 expression (for a review, see
Cardoso et al. [13]). Therefore, here we will use both parental WM1366 cells (WM1366
shSCR cells, which express galectin-3) and galectin-3 silenced WM1366 cells (WM1366
shGal3), as described elsewhere (Bustos et al. [14]). In order to quantify the elastic
modulus of these cells, AFM operating in force spectroscopy mode will be used. Single
force curves acquire in its central region will be used to determine the elastic modulus
allowing to establish a comparison patter between cancer and normal cells. On the other
hand, to detect local elastic modulus variations along the cell and to identify subcellular
regions characterized by specific stiffness associated with local structures, we will be taken
force volume in which a single force curve is acquired in each probe position.

This master dissertation is organized in the following way: chapter one is the present
introduction, together with the fundamentals of the problem and the state of the art,
which will be given in the following sections, it also introduces the basic information about
cell lines, terms used in biomechanics of cell and the significance of cellular deformability
properties. Chapter two relates the materials used in this work, and presents the
fundament and working principle of the AFM technique, as well as, experimental features.
In Chapter three results are shown and discussed and in Chapter four conclusions and
perspective for continuing of this work are given.

1.1 Fundamentals and the state of the art

Eukaryotic cells are delimited by a plasma membrene, which is a semipermeable barrier
that separates the interior of the cells from its environment, and also regulates the
communication between cells. Inside the plasma membrane are the cellular nucleus
and the cytoplasm. The cytosol is considered the fluid phase of the cytoplasm, which
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is composed of about 80% water. The rest corresponds to proteins, metabolites and
organelles. Such high percentage of water suggests to consider the cell as a incompressible
material [22]. Embedded together with the cytosol is the cytoskeleton that consists of
a dynamic and complex network of protein filaments and other associated proteins that
provide structural support to the cell and stabilize the cell shape. Besides it participates
in various other functions such as intracellular trafficking, cell division, and migration.
Outside the membrane is the extracellular matrix that serves as mechanical support to
the cell, but also has a unique role in regulating cell morphology, signaling, migration,
division, and even differentiation [19].

There are many elements that determine the cellular architecture, its function, behavior,
and biomechanical properties. Specifically, the cell body is constantly reorganized by
its internal scaffolding, the cytoskeleton network [18]. Several studies have associated
the cell deformability, in response to external forces, with the cytoskeleton structure,
considering that its elasticity is influenced by the mechanical and chemical environments
including cell–cell and cell–extracellular matrix interactions. The cytoskeleton is mainly
constituted by three types of filaments: actin filaments, microtubules and intermediate
filaments. Each type of filament is distributed throughout the cell in an organized manner,
assuming different structures (permanent or transient) during a cell life, in response to
internal or external signals, as shown in Figure 1.1. It is important to say that the
actin filament have been suggested as the most significant cytoskeleton component for
modulating the mechanical properties of cells [19, 20, 21].

The architecture of the cytoskeleton is dependent on the specific concentration, molecular
state, and organization of each biopolymer component, which also determines the
mechanical deformation characteristics of the cell. Any changes to the cellular
architecture will alter the organisms biological processes and/or the mechanical
properties. As consequently, different types of cells will have a different cytoskeletal
structure, so they will have different mechanical properties. In fact, it has been reported
that different diseases cause significant changes in the cellular stiffness as a result of
rearrangement of cytoskeletal structure. These observations have also been reported for
cancer cells [24]

The mechanical response of any material can be determined through the nature of
deformation generated by the external force. This response can be purely elastic,
viscoelastic or purely plastic. Purely elastic material has an ability to resist an external
force and to return to its original size and shape when the stress is removed. On the
other hand, purely plastic materials undergo irreversible changes of shape in response
to external forces. The remaining deformation types include a combination of elastic
and plastic behaviour, i. e. viscoelastic behaviour. Depending on the value of the
external force acting upon the material, different deformation modes may occur. An
elastic region, where deformation is reversible, occur up to a certain extent of the strain,
the yield strength, where plastic deformation begins. In the case of biological system,
in particular the cell that presents a heterogeneous intern structure, the viscoelastic
behaviour is verified [33].

In order to simplify the theoretical models and also make a significant characterization of
the cell lines, it will be analyzed only the elastic contribution of the cellular mechanical
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Figure 1.1: A schematic of the typical organisation of the cytoskeletal filaments inside an eukaryotic
cell. Each type of filament has distinct mechanical properties, dynamics, and biological roles, but all
share certain fundamental features. Actin filaments are the most abundant cytoskeleton elements, which
form a meshwork below the plasma membrane. The microtubules start from the center located nearby
the nucleus and extend all the way to the actin cortex. The intermediate filaments are concentrated
around the nucleus and extend in lower numbers away from the nucleus. Adapted from Pullarkat et al.
[19].

response, being quantified by means the elastic module or Young’s modulus. In this
way, it is possible a direct comparison between populations of cells, which is decisive in
determining a possible malignant marker.

The elastic modulus is defined as the ratio of the stress along an axis (described as force
per unit area) to the strain along that axis, which is calculated as deformation of the
initial length in the range where Hooke’s law is working, i.e.,

𝜎 = 𝐸𝜀 (1.1)

where, 𝜎 is the applied stress, 𝐸 is a elastic modulus, which is a material constant and 𝜀
is the fractional strain.

Cancer is a disease in which many of the characteristics of normal cell behavior are
lost or perturbed, such as growth, morphology and cellular adhesion. Therefore, it is
expected that the mechanical resistance maintained by the cytoskeletal network and its
organization are altered in cancerous cells in comparison the normal ones [26]. Therefore,
research focused on the correlation between cellular structures and the nano-mechanic
properties of cells could help in the identification of new malignancy biomarkers. In fact,
it has already been demonstrated that cell stiffness can be a marker of the oncological
process in several types of cancer [27, 28].

Several techniques have been developed to measure mechanical response to single cells
and biological materials. According to Du et al. [23] these techniques can be roughly
divided into, methods that probe mechanical properties locally, and methods that deform
cells globally. The first category includes techniques such as atomic force microscopy
(AFM)[29, 30], magnetic twisting cytometry [10] and cytoindentation [12]. Although
these approaches can provide a quantitative mechanical analysis, the biomechanic
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Figure 1.2: Illustration of the AFM experimental setup. Adapted from [28].

response depends significantly on the precise measurement location. As a result, these
techniques generally show a large cell-to-cell spread, thus measurements on a significant
number of cells are required for statistically meaningful results. Techniques in which cells
are deformed globally are laser/optical cell stretching [9] and micropipette aspiration
[8]. Many of these techniques are performed on a per-cell basis. Therefore, they require
single-cell handling which can make them very tedious and slow (several cells per hour).
Furthermore, in many methods it is difficult to control the micro-environment around
the cells to be tested. It would be desirable for testing the effect of environment on
mechanical properties, or for creating physiologically relevant conditions.

In particular, the AFM has emerged as an ideal tool in the biological materials research
ranging from single proteins to living cells [31, 32]. AFM provides topography image
with high vertical and lateral spatial resolution, as well as, it gives information about
mechanical properties, such as elasticity, friction, or adhesion forces, by means of force
spectroscopy mode operation, in close physiological conditions (buffer solutions, in situ,
and in vitro). Also, a minimal sample preparation is requited. In Figure 1.2 it is
illustrated the basic operating principle of an AFM. Among the first works that focus
on the determination of mechanical properties of normal and cancer cells using AFM, it
is the one presented in 1999 by Lekka et al. [6]. In this work were studied normal and
cancerous human epithelial cell lines, being found that the average elastic modulus values
for the cancerous cell were about one order of magnitude lower than the benign cell line.
These results were attributed to poorly developed cytoskeletal elements in metastatic
cell. Recently, Sobiepanek et al. [34] studied the elasticity behavior of melanocytes
(HEMa-LP) and two melanoma cell types (primary RGP WM35 and metastatic A375-
P melanoma cells), which were grown on glass coverslips. In Figure 1.3 it is shown
topographic images of AFM of HeMa-LP, WM35 and A375-P cells, without revealing
significant differences between cell lines. Despite not being found marked morphological
differences between the cells studied, using force spectroscopy, it was determined that
normal melanocytes have a large rigidity compared to melanoma cells (see histograms in
Figure 1.3), which is consistent with that reported by Lekka et al. [6] two decades earlier.
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Figure 1.3: Topographic images of living HEMa-LP, WM35 and A375-P cells, acquired in cultured
medium with a scan rate 0.7𝐻𝑧. The rigidity of living melanoma cells (WM35 and A375-P) is presented
as a percentage of change in relation to the melanocytes(HEMa-LP). In order to determine the elastic
modulus, force curves were collected from the center of the cells, using 4𝑛𝑁 as maximum indentation
force and 9𝜇𝑚/𝑠 as a speed of indentation. Adapted from [34].

On the other hand, Gostek et al. [35], who focused on the nano-characterization of
two different melanoma cell lines with similar morphological appearance but different
metastatic potential, namely, WM115 from vertical growth phase (VGP) and WM266-4
derived from metastasis to skin, demonstrated that the elastic modulus value is dependent
of the indentation depth and cellular density. Figure 1.4 presents Young’s modulus
values obtained for indentation depth of 50𝑛𝑚 (a), 200𝑛𝑚 (b), and 500𝑛𝑚 (c) for living
melanoma cells grown at low (a single cell) and high density (in semi-confluent monolayer
conditions). Fluorescence microscope images are also presented, where it is highlighted
that melanoma cells cultured at higher density have displayed occasional partial overlap
of cells.

Likewise, Chiou et al. [21] analyzed the effective Young’s modulus for MDCK cells as a
function of the cellular density and observed similar results. Topographic images of AFM
are displayed in Figure 1.5 together with the immunofluorescence images for densities of
5, 50, and 500 𝑐𝑒𝑙𝑙𝑠/𝑚𝑚2. Also the effective Young’s modulus for each situation was
calculated (see Figure 1.5(b)), indicating that effectively cell-cell interactions affect the
mechanical properties.

In addition, this dependence on Young’s module on non-tumorigenic and carcinoma
prostate cells was studied [36]. In Figure 1.6(a) are exhibited the results, evidencing
that the influence of neighboring cells on the elasticity measurements will depend on the
type of cell. For example, it was found that the Young’s modulus increased with the cell
density for PZHPV-7 (derived from a healthy gland) and Du145 (brain metastasis), while
for LNCaP (lymph node metastasis) and PC-3 (bone metastasis) lines, Young’s modulus
changes slowly.

Different cellular structures can be probed by varying the indentation depth. The
mechanical response for smaller indentations depths is dominated by the filamentous
network of actin filaments. On the other hand, larger indentations depths allow probing
of cellular regions rich in all cytoskeleton elements and the cellular nucleus. In such case,
the overall elasticity of the whole cell can be obtained. Pogoda et al. [36] reports an
indentation depth scanning from 200 𝑛𝑚 to 1400 𝑛𝑚 for two melanoma cell lines, finding
that the elastic modulus value becomes approximately constant for indentations greater
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Figure 1.4: Fluorescence microscope images of WM115 and WM266-4 cells (a, b) single cells and in
conditions of a semi-confluent monolayer (c, d). The Young’s modulus values as a function of cell density
and indentation depth (e, f, g). Adapted from [35].

Figure 1.5: (a) AFM topographic images in living MDCK cells (a mammalian cell line) and confocal
immunofluorescence images of F-actin (red), 𝛼-tubulin (green), and the nucleus (blue) in stained MDCK
cells that were cultured at densities of 5, 50, and 500𝑐𝑒𝑙𝑙𝑠/𝑚𝑚2, respectively. (b) Effective Young’s
modulus expressed as the mean value of the Gaussian distribution that characterizes each of the
situations. In this experiment 30 cells were probed for each conditions. The data was acquired in
the central region of the cells with 1 𝑛𝑁 of applied force and 1 𝜇𝑚/𝑠 of speed load. Adapted from [21].
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Figure 1.6: (a) Elastic modulus as a function of the cellular density, showing that the mechanical
response to the presence of neighbouring cell depends to the type of studied cell. Cell lines analyzed:
PZHPV-7 - non-tumorigenic prostate cells, PC-3 – prostatic adenocarcinoma initiated from bone
metastasis, Du 145 – metastatic prostate carcinoma from brain metastasis, and LNCaP – metastatic
prostate carcinoma established from the left supraclavicular lymph node metastasis. Adapted from [28].
(b) Dependence of Young’s modulus as a function of the indentation depth determined for two melanoma
cell lines: WM35 (non-metastatic cancer cells from a primary tumor site) and A375 (highly metastatic
cells). Each data point represents a mean calculated for a whole cell (i.e. from 140 locations recorded
on a single cell). Error bars denote standard deviations. Adapted from [36].

Figure 1.7: To measure these properties, an atomic force microscope tip first indents the ∼ 40 − 400
𝑛𝑚- thick soft (stiffness ≈ 200 − 400 𝑃𝑎) glycocalyx surrounding the cell. Upon further indentation,
the tip deforms the very soft (tension ≈ 0.1 − 10 𝑚𝑁 𝑚−1) and thin (∼ 5 − 8 𝑁𝑚) cell membrane -
its contribution is difficult to measure because it is linked to the subjacent, 100 − 1000 𝑛𝑚- thick and
much stiffer (10 − 100 𝑘𝑃𝑎) actomyosin cortex. Moreover, while indenting through the meshwork of
the cytoskeleton, the probe pushes into the viscous cytoplasm (viscosity ≈ 10 − 100 𝑚𝑃𝑎 𝑠) until it
encounters stiff filamentous structures (such as actin or microtubuli; stiffness ≈ 0.1− 1 𝑘𝑃𝑎) and/or the
nucleus (stiffness ≈ 1− 10 𝑘𝑃𝑎). Adapted from [37].
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Figure 1.8: (a) Elastic modulus dependency with the surrounding medium for HaCaT and melanoma
cells after 24ℎ and 48ℎ of culture (M1–Dermal Cell Basal Medium; M2–Eagle’s Minimum Essential
Medium; M3–RPMI 1640 Medium) Adapted from [38]. (b) Plot of the apparent elastic modulus against
loading rate for benig (MCF-10A) and cancerous (MCF-7) human breast epithelial cells at 37∘𝐶. Error
bars indicate standard deviations. Adapted from [40].

than about 700 𝑛𝑚. These results are shown in Figure 1.6(b). It is important to mention
that the authors selected the scanning interval taking into account the substrate effects.
In a recent review published by Krieg et al. [37] is shown a schematic representation of
an adherent mammalian cell with a summary of the mechanical properties of the cellular
structures and compartments, where each cellular region was probed using a particular
indentation depth (see Figure 1.7).

The elastic modulus obtained by force spectroscopy manifests another interesting
dependencies. Zemla et al. [38] illustrate the influence of culture condition on elasticity
of normal HaCaT and melanoma cells, showing that the time of cell culture is equally
important as the composition of culture medium. This can be observed in the Figure
1.8(a). The influence of load rate has been demonstrated for prostate [28], bladder [39],
breast [40], and blood cells [44], being reported that normal cells are more sensitive to
the load rate (the elasticity change is larger) as compared to cancerous ones (see Figure
1.8(b)). In this way, it is essential to stand out that in AFM, it is not possible to
directly control the load rate value. Its value can be indirectly modified by changing
the speed of indentation (load speed). Also, the Young’s modulus value can be affected
by instrumental factors as calibration of cantilever spring constant and photodetector
sensitivity (for more details see Chapter two), as well as by data processing. This includes
determination of the contact point between the tip and the cell surface and the mechanical
models applied to describe the elasticity cell.

In conclusion, the elastic modulus can be determined using force spectroscopy and the
comparison between different cell types is possible, especially for cancer cells, where
large alterations of cell cytoskeleton are expected. Due to the wide variety of factors
that influence the measurement of force curves and data analysis, an absolute value of
Young’s modulus is not obtained. However, the exact knowledge of the absolute Young’s
modulus is not always needed, since effective comparisons can be made when the data
are acquired under the same experimental conditions.
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Figure 1.9: Location of melanocytes in the basal layer of the epidermis. Their communication with
keratinocytes is represented by the transfer of melanin, pigment that gives color to the skin. Adapted
from http://pt-br.biologia-celular-uergs.wikia.com

1.2 Melanoma

Melanoma is the most aggressive form of skin cancer and its incidence has increased in
the last years despite of advances in cancer treatment. Melanoma is originated from the
malignant transformation of the melanocytes, which are located in the basal layer of the
epidermis and produce and transport melanin, responsible for the pigmentation of our
skin, hair and eyes.

Basically, the skin is organized in layers. The first of them is the epidermis, which
is composed mainly by keratinocytes and melanocytes cells. Keratinocytes represent
approximately 80% of epidermal cells and are progressively differentiated controlled
by extrinsic and intrinsic events. Melanocytes are melanin-producing cells that are
limited especially to the basal layer of the epidermis. Through their prolongations,
these cells communicate with the keratinocytes, and this interaction is essential for
their differentiation and function. Under normal physiological conditions, melanocytes
and keratinocytes form the Melanin Epidermal Unit (see Figure 1.9). These cells are
aligned in the area of the basement membrane in the ratio 1 melanocyte for every
5 to 8 keratinocytes. Each melanocyte transports melanosomes to approximately 35
keratinocytes from the upper layers of the epidermis through its extensions. As a result,
pigmentation of the basal layer and the most superficial layers of the skin occurs, which
is mainly responsible for the protection of radiation damage [41].

Under normal conditions, homeostasis 2 determines whether a cell remains quiescent,
proliferates, differentiates, or undergoes apoptosis (reviewed in Bissell et al. [42]).
Dysregulation of the homeostasis may disturb the balance of the epidermal melanin

2Homeostasis is referred to the state of steady internal conditions maintained by living things

http://pt-br.biologia-celular-uergs.wikia.com
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unit and trigger a continuous proliferation of the melanocytes, which may lead to the
development of melanoma. The hallmarks of solid tumours are uncontrolled proliferation,
derangement of cellular and morphological differentiation, invasion, and metastatic spread
to distant organs. These characteristics can be in part attributed to alterations in
adhesion and communication between neoplastic cells and the normal cells in their
immediate microenvironment (reviewed in Hanahan et al. [43]).

Melanoma is characterized by high rate of invasion resulting at various metastatic sites.
Usually, this kind of cancer starts as a benign lesion and evolves quickly towards
metastatic ones. At the first step, due to oncogenic mutations, melanocytes can
transform, through nevus stages, to a flat tumour, growing horizontally (radial growth
phase, RGP). It is followed by the acquisition of the ability to invade deeper layers of the
skin (vertical growth phase, VGP), what finally leads to the metastasis. The transition,
from radial to vertical growth phase, is a crucial step in the melanoma progression. It is
correlated with the diversity of alterations that allow for distinguishing between RGP and
VGP melanoma cells. Cells derived from vertical growth phase express surface receptors
involved in the metastasis. These molecules are a part of the large family of heterodimeric
receptors called integrins, that play crucial roles in the regulation of cell survival and
migration[45]. Around 60% of melanoma cases had tumour thickness below 1 𝑚𝑚
[46]. It is important because they are frequently diagnosed as a non-invasive melanoma
and there is a clear need for novel screening strategies. Nevertheless, the incidence of
thin metastasizing melanomas is still increasing. It creates an urgent necessity for the
determination of other significant criteria and novel melanoma characteristics, molecular
as well as mechanical ones, especially on the correlation between their deformability
and metastatic potential. It is already well-known, that melanoma cells deformability
is related to their metastatic potential. For example, the more invasive melanoma cells
were, the larger deformability was observed [47].

The melanoma line will be used in this research is a human melanoma WM (Wistar
Melanoma Collection). WM1366 shSCR cells were derived from a radial growth
melanoma, i.e. they derive from a stage when tumor cells still interact closely with
keratinocytes. Also, it will be studied WM1366 shGal3 cells, which the galectin-3 protein
is silenced. These last ones are of interest, because galectin-3 has been identified as a
mechanism associated with the progression of melanoma. In fact, it has been found in
the literature that thin primary melanomas express more galectin-3 than benign nevus,
and this profile is further lost along tumor progression, leading to a decrease of Gal-3
expression in thicker and metastatic melanoma [48, 49]

Galectin-3 (Gal3) belongs to a superfamily of carbohydrate-binding proteins (lectins),
and it is characterized to bind with higher specificity to 𝛽-galactoside containing
oligosaccharides. Gal3 is constituted by three domains: a short 𝑁𝐻2-terminal domain,
a proline-rich collagen-𝛼-like domain, and 𝐶𝑂𝑂𝐻-terminal carbohydrate-recognition
domain [13].Gal3 is a pleiotropic protein that mediates processes like cell adhesion,
proliferation, death, migration, survival, angiogenesis and metastasis in several tumors.
Gal3 plays different functions, depending on its subcellular location (cell surface,
cytoplasm, nucleus, endosomal compartment and mitochondria) and type of tumor
[50, 51].
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The silencing of the expression of a gene is done through interfering RNA (RNAi). In
essence this stage can be obtained with the use of small interfering RNAs (siRNA) or by
cloning of the cDNA reference in shRNA (short hairpin RNA). Synthetic siRNAs have
short half-lives and, consequently, inhibition is restricted to short periods. The main
advantages of vector cloning are: the higher molecular stability of DNA; the possibility
of amplification in bacteria; permanent silencing of the target gene; the production of a
large number of silenced cells and maintenance of the phenotype altered for long periods
of time [52]. RNAi systems use lentivirus for a better efficiency in shRNA delivery
of interest in the target cell. Lentiviruses are originally derived from HIV-1 (Human
Immunodeficiency Virus-1) which, however, are unable to replicate. Once inside the cell,
viral RNA undergoes reverse transcription and is transported to the nucleus [53] where
it is finally integrated into the genome [54].

For the production of these lentiviruses, the expression plasmid encoding the shRNA
of interest is transfected together with two other helper plasmids that express in trans
the structural proteins and those necessary for the transcription step. With the aid of
the cellular machinery, lentiviruses produce viral particles containing the shRNA, which
accumulate in the culture medium supernatant. This supernatant can then be used for
the transduction of the cells of interest, i.e., the target cells for gene silencing.
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Materials and Methods

2.1 Cell cultures

The studies performed within the frame of the presented dissertation were carried out
using keratenocytes cells and human melanoma cell lines. All cell lines have been cultured
for many years at the "Instituto do Câncer do Estado de São Paulo Octavio Frias de
Oliveira" (ICESP) in São Paulo, Brazil. All the cells were cultivated in the same culture
medium, in order to reduce factors that could contribute to mechanical differences among
them. Cultures were carried out in glass coverslips of 30 𝑚𝑚 of diameter and with
a density of 104 𝑐𝑒𝑙𝑙/𝑤𝑒𝑙𝑙. HaCaT cells and WM1366 melanoma cells were cultured
in DMEM (Invitrogen) medium supplemented with 10% fetal bovine serum (FBS from
Gibco), respectively. All cultured cells were maintained in a humidified incubator with
5% 𝐶𝑂2 at 37∘𝐶. The culture time was set to 144 hours.

2.1.1 Generation of lentiviral particles and viral Transduction

Lentiviral particles, containing the shGAL3 (Openbiosystens, Lafayette, USA) pLKO1
constructs containing the short hairpin (shRNA) encoding sequence against the galectin-
3 or shSCRB (Openbiosystens) pLKO1 transcripts containing the coding sequence
for shRNA against unrelated sequence used as a negative control (scramble, SCRB)
(OpenBiosystems), was generated by transfection of HEK293FT cells. In the transfection
routines, mixtures containing the shGAL3 or shSCRB pLKO1 constructs (5ug/35mm
dish) was used together with the constructs pLP1, pLP2 (packer plamids, both
2.5ug/5mm dish) and pLP / VSVG (5ug)/35mm plate) of the Virapower lenticular
particle production kit (Invitrogen). After 24 hours of transfection, the culture medium
containing the viral particles was collected and inactivated in accordance with level two
biosafety.

The culture medium containing lentiviral particles obtained as described above was
immediately centrifuged for removal of cell debris and supplemented with 6 𝜇𝑔/𝑚𝑙
hexadimethrin bromide (Polybrene R○, Sigma). The mixture was transferred to culture of
SK-Mel-37, SK-Mel 29 and WM1366 cells having confluence of the culture area between
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80 − 90%. The cells were incubated for 24 h. After this time the culture medium was
replenished with fresh medium in the presence of 1 𝜇𝑔/𝑚𝑙 puromycin (Invitrogen). In
parallel, the same procedure will be performed with a culture of non-transduced WM1366
cells. Cultures will be maintained under selective pressure, with periodic replacement of
the culture medium until the death of the entire population of non-transduced cells.

2.2 Sample preparation for AFM measurements

For elasticity measurements using atomic force microscopy, cells were fixed with 4%
paraformaldehyde for 15 min in PBS and were preserved in PBS with 0.01% azide at 4∘𝐶.
Prior to AFM measurements, glass coverslips with cells were immersed into the AFM fluid
cell setup, filled with corresponding PBS and placed on the AFM piezo-scanner.

2.3 Atomic force microscopy

Atomic force microscopy (AFM) was created by G. Binnig, C. F. Quate, and Ch. Gerbe
five years later of the scanning tunneling microscopy (STM) invention [55]. Its invention
was motivated by the necessity of a technique capable of measuring non conductive
samples, then AFM was applied to biological systems quickly. The technique has high
spatial resolution, allows to precise control of the applied forces and its principle of
operation is not affected by the environment around the probe, therefore it can be
operated in liquid conditions, i. e. close to physiological conditions. At the begining,
AFM was only applied to obtain topographical information of biological systems. The
technique was adapted to the study of elastic properties of the samples over time.

2.3.1 Fundamentals of the technique

The atomic force microscopy is a technique based on the measurement of the interaction
force between the sample surface and the probe, which consist in a sharp tip mounted at
the end of an elastic cantilever. The interaction between the sample surface and the probe
results in bending of the cantilever. Measuring the cantilever deflection, it is possible to
evaluate the tip-surface interaction force, this information is used to form an image.

For the measurement the cantilever deflection an optical system is used. In such system, a
laser beam is focused at the free end of the cantilever just above a probe tip. The reflected
beam is guided towards the center of the photodiode, a position-sensitive detector (see
Figure 2.1). Whenever the interaction force between the tip and the sample surface
changes, the cantilever will bend, and thus the position of the laser spot on the photodiode
changes. The measured signals are in volts and it is transmitted to the feedback system,
which is used to retract or extend the piezoelectric scanner, where the sample is placed
and which provides three-dimensional sample positioning with high resolution. On the
other hand, the measurements of the mechanical properties require the AFM working in
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Figure 2.1: AFM basic configuration scheme. The sample is mounted on the piezoelectric scanner
which ensures three-dimensional positioning with high resolution, and the force between the tip and the
surface is monitored by measurement the cantilever deflection using an optical system constituted by a
laser and photodiode, adapted from [31]

the so-called force spectroscopy mode where 𝑋 and 𝑌 scanning is disabled. In this mode,
the cantilever approaches the sample in 𝑧 direction at a given spatial position, contacts
it, and when it reaches the maximum deflection value and then withdrawn. The recorded
cantilever deflection contains the information about the sample stiffness and also about
any adhesive interaction occurring between the probing tip and the investigated surface
[56, 15].

2.3.2 Operating modes

In order to understand how AFM modes work, it is necessary to describe the interaction
when the tip approaches the sample surface. Lennard-Jones potential is suitable to
describe the interaction of a surface atom and the tip, since the force involved is the van
der Waals type. In Figure 2.2 a schematic force-distance curves is shown. Since the force
can be attractive (𝐹 < 0) or repulsive (𝐹 > 0), there are different regimes that have to
be considered. When the tip is far away from the sample surface, the cantilever does
not have deflection because the interactive force is negligible. When the tip approaches
the surface, the tip experiences an attractive force. Once the gradient of the attractive
force equals the cantilever sprig constant, the tip jumps into contact with the surface.
According to Newton’s third law, the sample also exerts the same force on the tip. Thus,
the tip is now getting into the repulsive force regime. The force will increase until a
certain deflection value. In the repulsive regime, the contact mode is carried out, where
the tip of the probe is always touching the sample (typical force values 10−6 to 10−9 𝑁).
In non-contact mode, the tip oscillates and it is kept a few tens of nanometers from the
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Figure 2.2: Schematic illustration of force-distance curve to describe the interaction between the
cantilever tip (probe) and the sample surface labeling the different operation modes.[56]

sample surface, thus operating in the attractive regime (typical force value 10−12 𝑁). And
finally, in the tapping or intermittent mode, the cantilever oscillates between the regions
shown in Figure 2.2. Due to the fact that all the AFM images present in this work were
obtained by the AFM contact mode, more detailed description of this operating mode
will be given next.

AFM-contact mode

In this operating mode the tip at the end of the cantilever is kept in contact to the
sample surface during the experiment. During the scanning, the tip passing through
points of different heights, generating variations in the cantilever deflection. In this case,
the cantilever is modeled as a spring, and its deflection is proportional to the tip-sample
force. If the stiffness of the cantilever spring (spring constant) is known, the force between
tip and sample can be determined by measuring the bending of the cantilever. The force
is given by Hooke’s law:

𝐹 = −𝑘𝑧, (2.1)

where 𝐹 is the force (typically between 𝑛𝑁 and 𝜇𝑁), 𝑘 is the spring constant, which can
be from 0, 01𝑁/𝑚 to 1, 00𝑁/𝑚, and 𝑧 is the distance the cantilever is bent relative to
its equilibrium position. The deflection of the cantilever is measured using a laser beam
reflected from the back of the cantilever into a split photodiode as shown in Figure 2.1.
Operationally, the image can be formed in two ways: (1) constant force mode (the most
used operating mode), where the deflection of the cantilever is maintained constant during
the sweep by moving the sample vertically, using feedback mechanisms together to the
piezo scanner, at each point of the sample surface. The correction in the vertical position
with the sweep in 𝑋𝑌 allows to obtain a topographic image of the sample surface; and (2)
constant height mode, where the cantilever deflection is measured, point to point, without
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making corrections in the height (with no feedback active). This mode is mainly used for
real time image recording of surfaces in formation, due to its high scanning speed.

As well as the cantilever is modeled like an harmonic oscillator with elastic constant
𝑘, the sample surface also is considered like a set of coupled oscillators with effective
elastic constant of interatomic coupling 𝑘𝑎𝑡. With the purpose that during the contact
the cantilever is deformed instead of the sample surface, the probe should be chosen such
that 𝑘 << 𝑘𝑎𝑡. It is important to point that in addition to the van der Waals force, a thin
water layer usually present at the sample surface exerts an attractive capillarity force on
the tip. This force is about 10−8 𝑁 and constant during the scanning for steady-state
ambient conditions. In cell biology, the contact mode has been largely used to topographic
image, to explore membranes of living cells, cytoskeletal structures, and lamellipodia of
migrating cells[58, 59, 60, 61].

2.4 Force Spectroscopy

Force spectroscopy is a technique to measure a local force acting on the tip, exerted
by a sample with spatial resolution in the nanometre scale. While AFM imaging is
performed by scanning the sample (or tip) in the XY-direction, force spectroscopy is
done by approaching and retracting the tip (or sample) in the Z-direction. The elastic
properties of living and fixed cells are determined by analyzing force versus indentation
curves.

2.4.1 Force curves

There are two force curves: the one recorded during approaching of the tip to the sample
surface (an approach curve, the blue one in the Figure) and the other one collected during
opposite motion (a retract curve, the red one in Figure 2.3). The shape of the force curve
depends of the physical and chemical properties of the two interacting surfaces.

In Figure 2.3, a typical force curve, taken at the LFF, in steady-state ambient conditions
is shown. On the horizontal axis of the graph the movement of the tip relative to the
sample surface is presented. As the tip descends, the distance between the tip and the
sample decreases, and the deflection of the cantilever is plotted on the vertical axis.

In the vicinity of point A the cantilever is far from the surface and its deflection should
be zero since there is no detectable interaction force. The measured deflection reflects
the noise present in the AFM system. The cantilever oscillates around its free position
due to thermal vibrations. During the approach, if both the tip and the surface are
charged with the same sign, at close distances, prior to the contact, the cantilever can be
repulsed from the surface. This is represented by the slight raise in the base line. Then,
the presence of attractive forces between the tip and a surface is reflected by a jump–in
(point B), i.e. the cantilever is suddenly attracted. At this moment, the gradient of the
attractive force is larger than the cantilever spring constant. When the tip is in contact
with the sample surface, the electron clouds of atoms, of both the tip and the sample, are
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Figure 2.3: Force curve of a capillary fiber taken in the LFF at ambient conditions, using the Bruker
Multimode V SPM microscope and a piramidal tip with spring constant of 25 𝑁/𝑚. In the plot can
be seem a negative peak in the retraction curve. This indicates adhesion phenomena between the tip
and the sample, resulting in the bending of the cantilever in the opposite direction than that when it is
pressed against the sample. In addition, the retraction curve is below the approach curve, i.e. the force
between the tip and the sample produced for the same deformation is lower, which indicates viscous
(dissipative) behaviour of the sample, implying that the applied deformation is partially irreversible, or
occurs at much longer time than the duration of the measurement.

overlapping and repulsing. The further approach results in the cantilever bending (up to
the certain maximum value, point C), which profile depends on the material properties
of the investigated sample (linear or not). During separation of the two surfaces, the
interacting repulsive force decreases [15].

Finally, during retraction the tip does not separate from the surface exactly at the same
point where it started to touch the surface. Forces that are responsible for such behavior
arise from adhesive properties of investigated surfaces. In further retraction, when the
elastic force of the cantilever exceeds the gradient of the adhesive force, the tip is rapidly
separated from the surface. Point D corresponds to the maximum value of this force
(the so-called pull-off force). The adhesion forces are associated to the capillary bridge
between the tip and the sample, and depend if measurements are made in air or in
liquid. In air, samples usually have several nanometers of water molecules adsorbed in
their surface. This water layer forms the bridge between the tip and the sample, with
a large force being required to overcome the surface tension and pull out the tip from
the sample. In liquid conditions, the adhesion force not only depends of the interaction
energies between tip and sample but also on the type of solution used [63, 32].

For hard substrates (non-deformable), such as a sapphire, the deflection increases linearly
with the vertical movement and both curves are superposed unlike soft biological samples
that are deformed when the cantilever is brought into contact.
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The elasticity properties are determined from the contact region of the force curve. So,
a high adhesion limits the information that can be obtained from a force curve. In order
to reduce adhesion and capillarity forces, measurements in liquid medium are preferable.
This is an advantage for biological systems that need to preserve their physiological
environment during the experiment.

2.4.2 Determination of the elastic modulus

Elastic modulus can be obtained from the shape of the force-indentation curve. The
deformation (indentation) of the sample, 𝛿, at each point of the force curve is given
by the difference between the vertical distance traveled by the cantilever, 𝑧, and the
corresponding deflection 𝑑:

𝛿 = (𝑧 − 𝑧0)− (𝑑− 𝑑0), (2.2)
where 𝑑0 is the zero deflection and 𝑧0 is the 𝑧 position at the contact point.

On hard samples, the point of contact 𝑧0 is easily determined by the intersection of
the two linear regimes (before and after contact with the sample surface). The same
procedure presents more difficulties in the case of soft samples. In fact, when the tip
touches a cell, the change in the deflection signal is not neat. Instead, the slope gradually
increases and the point of contact results hidden in the noise and smoothed by tip-
surface interactions. Additionally, because force curves on soft samples are, in general,
not linear, the point of contact cannot be obtained from the simple intersection of two
regimes, but rather needs to be fitted with appropriate models. This nonlinearity can be
attributed to changes in contact geometry between the probe and the sample at increasing
indentations. Accordingly, to describe the elastic behavior of a sample that undergoes
deformation, models that take into account the tip shape are needed.

Figure 2.4: (a) Force curve acquired in the center of the HaCaT cell. The modulus of elasticity was
determined from the retract curve. The point on this curve corresponds to the contact point calculated
by the AtomicJ software. (b) Force-indentation curve together with its fitting. Using the equation 2.4 it
was determined the elastic modulus.

Several different mechanical models have been developed for the analysis of force-
indentation curves. The most common model applied in biological samples is the classical
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Hertz model [64], which describes the indentation of a sphere into a homogeneous, soft,
and semi-infinite elastic material. At this point, it is known that a cell cannot be treated as
a thick and elastic half-space due to its internal structure, which is composed of materials
characterized by distinct mechanical properties. Despite the ongoing development in
modelling of mechanical properties of single cells, the Hertz contact theory is still
dominant in the analysis of elasticity of single cells. The extension of this model for
the conical-shaped tip and the four-sided pyramidal-shaped tip like indenter were given
by Sneddon [65] and Bilodeau [66], respectively.

In this work four-sided pyramidal tips were used because this kind of tip is associated
to a cantilever with low spring constant and has been used with good results in the
differentiation of normal cells and cancer cells. So, for an ideal four-sided pyramid tip,
the equation of force (𝐹 ) as a function of indentation depth (𝛿) is defined as:

𝐹 =
1√
2

𝐸 tan 𝜃

(1− 𝜈2)
𝛿2, (2.3)

where, 𝐸 is the sample Young’s modulus, 𝜃 is the opening angle of the tip and 𝜈 is the
Poisson ratio, which represents the compressibility of sample material. The Poisson ratio
for cells is unknown and difficult to determine, therefore in all calculations its value needs
to be assumed. Very often this value is simply set to 0.5, since cells can be treated as soft
incompressible material [67]. The final expression used to determine 𝐸 from force curve
is:

𝑑 = 𝑑0 +
1√
2𝑘

𝐸 tan 𝜃

(1− 𝜈2)
[(𝑧 − 𝑑)− (𝑧0 − 𝑑0)]

2. (2.4)

In order to analyse the force curves acquired, Atomic J software[68] was used. The
software was configured to determine the contact point through successive search, i.e.,
every point of the curve is assumed a trial contact point. A polynomial is fitted to the
pre-contact part of the curve, and the the appropriate contact model is fitted to the
force-indentation data. The corresponding sums of squares are recorded. The point that
gives the lowest total sum of squares is accepted as contact point. In Figure 2.4(a) is
presented a force curve taken in the central region of a HaCaT cell. The contact point
was determined from the retract curve. Then, the force-indentation curve was plotted
and fitted using the Hertz model (see figure 2.4(b)).

The modulus of elasticity can vary around 100 𝐺𝑃𝑎 for materials like sapphire, 100
𝑀𝑃𝑎 for polymers and 1 𝑀𝑃𝑎 for soft materials. In 1999 Radmacher [69] summarized
the values of elastic modulus for some representative materials including living cells (see
Table 3.2).

Table 2.1: Elastic modulus of various materials. Adapted from [69].
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Material Elastic
modulus

Steel 200 GPa
Glass 70 GPa
Bone 70 GPa
Collagen 1 GPa
Protein crystal 0.2 to 1 GPa
Rubber 1.4 MPa
Living cells 1 to 100 kPa

2.5 Procedures and experimental features

2.5.1 AFM setup

The Bruker Multimode 8 SPM (MM-SPM) with NanoScope V controller and NanoScope
Analysis software that was used to collect the AFM data presented in this dissertation is
shown in Figure 2.5. The microscope is combined with an optical vision system, which
consists of a camera mounted vertically over the head of the SPM to view both the sample
and tip [72]. This system allows the control of the AFM tip position and selection of a
specific cellular region on the sample. In addition, the MM-SPM is equipped with a fluid
cell, which consists of a small glass assembly with a wire clip for holding an AFM probe,
as shown in Figure 2.6. The glass surfaces provide a flat interface so that the AFM laser
beam may pass into the fluid without being distorted by an unstable surface. The probe
is mounted in a rectangular groove on the bottom of the fluid cell, and held in place
by a gold-coated wire clip. A circular groove surrounds the probe is used to seat the
O-ring, whose purpose is to confine the liquid over the scan area. Additionally, there are
at least two fluid ports located on the front side of the fluid cell. These ports allow for
the introduction and removal of fluid.

2.5.2 Imaging cells in liquid medium

The surface topographic measurements of different cell lines was carried out in AFM
contact-mode under liquid environment. The fluid used was a Phosphate-buffered saline
(PBS), which is a buffer solution commonly employed in biological research, since the
osmolarity and ion concentration of the solution match those of the human body. V-
shape silicon nitrade cantilevers with four-side pyramidal tip and half-opening angle of
35∘ were used as a probe [DNP-10 (Bruker) characterized by nominal spring constants of
0.12 𝑁/𝑚, microlevel type B]. In addition, for the WM1366 shGal3 cell line the surface of
the cantilever was modified by sulfur hexafluoride (𝑆𝐹6) plasma treatment [77], with the
aim of making the probe surface inert and thus prevent that the melanin expressed by
cells adhere to the cantilever. Before measurements, the sensitivity of the optical system
was calibrated by taking a single force curve on sapphire surface using the method that
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Figure 2.5: (a) Image of Bruker Multimode 8 SPM coupled to Optical Viewing System (OMV) and
the NanoScope V controller, (b) different components of the SPM operating in air conditions. Adapted
from [72].

will be described in Section 2.5.3. The cantilever spring constant was determined by the
thermal tune method (also see Section 2.5.3).

AFM images were acquired following the steps:

1. The cells were washed three times with PBS.

2. The coverslip with the fixed cells immersed in PBS was mounted on the aluminum
holder and fixed by magnets to the AFM piezoelectric scanner.

3. The fluid cell was mounted on the AFM head and filled with PBS to form the drop
that covers the cantilever and the sample.

4. An optical image was collected to find relative positions of a cell to be measured
and the tip (see Figure 2.7).

5. Images of surface topography were recorded.

2.5.3 Individual force curve

The elastic modulus of each cell line was determined from AFM force curves. In addition
to the intrinsic mechanical response of the cell, certain parameters defined during the
experiment influence the final shape of the curve, as discussed in chapter one. In order to
acquire the most comparable data possible, after doing some tests, the same parameters
were defined for all cell lines studied. The maximum indentation force is controlled by
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Figure 2.6: (a) Fluid cell model MTFML made by Bruker Instruments. For this model the probe,
cantilever, and sample are completely immersed in the liquid. Adapted from [73].(b) Scanning electron
microscopy image of V-shape silicon nitrade cantilevers with four-side pyramidal tip, model DNP-10
made by Bruker Instruments. The nominal cantilever length is 200 𝜇𝑚 and the tip height is 8.0 𝜇𝑚.
Adapted from https://www.brukerafmprobes.com

Figure 2.7: (a) Image acquired with the optical microscope coupled to the AFM, in which the cantilever
and the sample can be observed, focus is on the sample. (b) Image of AFM obtained in contact mode
and using the PBS buffer solution of HaCaT cells.

the trigger algorithm, which is associated with the maximum deflection of the cantilever
during the indentation process. This parameter was established as 10 𝑛𝑁 for all data.
Similarly, the approach and retraction speed of the cantilever was selected within the
range of 2 𝜇𝑚/𝑠 to 3 𝜇𝑚/𝑠, while the ramp size was 1200 𝑛𝑚. The protocol followed
during the acquisition of force curves is shown below:

1. Calibrate the deflection sensitivity. In an AFM force spectroscopy experiment, it
is essential to know exactly the deflection of the cantilever in nanometers. Therefore,
prior to the measurements on the sample, the microscope must be calibrated (more
specifically, calibrate the signal emitted by the photodiode) so that it converts the
deflection of the cantilever from volts to nanometers (fundamental data to determine
the elastic constant of the sample).

The calibration procedure consists of recording a force curve on a stiff surface.

https://www.brukerafmprobes.com
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Some authors suggest to use an uncovered region of the coverslip that contains
the adhered cells [7, 71]. However, it is arguable because, not necessarily, this
region is intact and has not been modified as a result of the presence of the cells
immersed in its extracellular matrix extending over the glass. Therefore, for this
research, a sapphire surface was used. A typical calibration force curve is shown
in Figure 2.8. Because the sapphire can be taken as a totally stiff material, the
cantilever deflection registered after the probing tip touches the surface is linear,
since deformation caused by the AFM tip does not occur. Sensitivity is determined
as an inverse value of the slope of the force curve (in Figure 2.8 it corresponds to
the region limited by the dashed lines) obtained from the linear fit to the region
which the cantilever is in contact with this hard sample surface[72].

Figure 2.8: Force curve taken in air environment at the sapphire sample surface. The Deflection
Sensitivity allows conversion from the raw photodiode signal (in 𝑉 ) to deflection of the cantilever (in
𝑛𝑚), and its value reflects the properties of the optical system used for the cantilever deflection.

2. Determination of spring constant. As mentioned before, estimates of cellular
elastic modulus are obtained by relating the force applied to the sample with
the deformation caused on it. Accordingly, an optimal force measurement should
display a large cantilever deformation, and also a marked degree of sample
indentation. This is achieved by using cantilevers whose stiffness matches that of
the probed sample. Cantilever’s elastic properties are defined by the material it was
made, which can be silicon or silicon nitrate, and its geometry, i. e., length, width,
thickness, and shape. So, the elastic properties of the cantilever are quantitatively
described by the spring constants, in case of cells measurements, it is within the
range of 0.01 to 0.6 𝑁/𝑚.

Although the expected stiffness of the sample should serve as an initial guide for
choosing the rigidity of the cantilever, some authors suggest using slightly more
rigid cantilevers, since too soft cantilevers can remain attached to the sample during
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the retract curve. Then, if the cantilever is not separated from the sample at the
end of the ramp cycle, the next approach curve will not have a flat part region
without contact. One way to solve this problem is to use long ramps, which move
the cantilever away from the sample so that detachment occurs. However, this
occurs at the expense of high values of tip velocity which can lead to hydrodynamic
contributions of the liquid environment surrounding the cantilever. On the other
hand, the appropriate selection of shape tip depends on the type of experiments to
be carried out. In this work the mechanical properties of the cells are measured
to differentiate normal cells from cancerous cells. For this propose the pyramidal
tip is used due to the fact that the majority of the results that have been reported
showing a distinction between these cells used tip with pyramidal geometry. It is
important to say that no detrimental effects due to persistent probing of cells with
a pyramidal tip were reported in literature [74, 75]. In addition, using these tips is
possible to combine simultaneous high-resolution mapping of the cell topography
with localized mechanical properties, using the same tip.

The spring constants may differ substantially from values quoted by the
manufacturer, which means that one must determine spring constants
experimentally to get accurate knowledge of the measured forces. Next, the method
used to determine the spring constants of the tips used during the investigation is
described. Hutter et al.[76] developed a method to determine the tip spring constant
from the measurement of its thermal fluctuations. In this context, a cantilever can
be approximate as a simple harmonic oscillator with one degree of freedom for small
deflections. In this way, the harmonic oscillator in equilibrium with its surroundings
will fluctuate in response to thermal noise. The Hamiltonian of such system is

𝐻 =
𝑝2

2𝑚
+

1

2
𝑚𝜔0𝑞

2, (2.5)

where 𝑞 is the displacement of the oscillator, 𝑝 is its momentum, 𝑚 is the oscillating
mass, and 𝜔0 is the resonant angular frequency of the system. By the equipartition
theorem, the average value of each quadratic term in the Hamiltonian is given by
𝑘𝐵𝑇/2, where 𝑘𝐵 is the Boltzmann’s constant and 𝑇 is the absolute temperature.
Hence,

<
1

2
𝑚𝜔0𝑞

2 >=
1

2
𝑘𝐵𝑇. (2.6)

As 𝜔0
2 = 𝑘/𝑚 the force constant may be obtained from a measurement of the

mean-square spring displacement as

𝜔0
2 =

𝑘𝐵𝑇

< 𝑞2 >
. (2.7)

Therefore, measuring the rms fluctuations of a freely moving cantilever with
a sampling frequency much higher than its resonant frequency, allows the
determination of the spring constant. The data is examined in the frequency domain
and the area below the peak is a measure of the power of the cantilever fluctuations.
Since the integral of the power spectrum equals the mean square of the fluctuations
in the time-series data, the estimate of the spring constant becomes

𝑘 =
𝑘𝐵𝑇

𝑃
, (2.8)
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where P is the area of the power spectrum of the thermal fluctuations.
It is important to highlight that the thermal tune method can be used in liquid
environment and is ideal for probes with spring constant less than approximately 5
𝑁/𝑚, which is the case in this research.

3. Mounting the sample in the microscope. The cells are washed three times with
PBS. Then the coverslip is mounted on the aluminum support and fixed by magnets
to the AFM piezoelectric scanner. Also, the fluid cell is mounted on the AFM head
and filled with PBS to form the drop that covers the cantilever and the sample.

4. Acquisition of an image in contact mode. A topographic image of the cells
must be taken, then the region in which will be determined modulus of elasticity is
selected.

5. Force curve acquisition. Before recording the force curves, the following
measurement parameters must be chosen: maximum indentation force (trigger),
ramp size, and vertical ramping speed.

2.5.4 Force Maps

Due to the fact that the elastic response of the cell is highly inhomogeneous, which is
caused by the heterogeneous cytoskeleton structure, taking a set of equally spaced force
curves in a give scan size seems to be an interesting approach to obtain more information
about the system. This is possible using NanoScope Force Volume (FV) option in
the microscope, which combines force measurement with topographic imaging. This
operation mode is usually obtained in contact mode and can be collected in physiological
conditions.

Basically, FV mode generates force curves over a given area of the sample. Each force
curve is taken at a certain x-y position of the sample, and the set of curves form a three-
dimensional arrangement or volume of force. The 𝑧 value at each point (𝑥, 𝑦) in the force
volume corresponds to the deflection of the cantilever in that spatial position. The force
map is accompanied by a topographic image, which is acquired in each pixel when the
tip reaches the surface of the sample.

In order to exemplify the measurement protocol in force volume and to expose the
information that can be obtained, results reported by Wang et al. [79], who investigated
the mechanical properties of human pulmonary artery endothelial cells, are shown in
Figure 2.9. In (a) a cell is identified by AFM scanning (large scan size), where it is
possible to visualize some morphological details of cells; then in (b) higher resolution
deflection image, indicated with square in (a), is acquired. In this case the selected
area contains part of the nuclear, cytoplasmic and peripheral regions. In (c) a force
volume map generated by the AFM indentation with 32 × 32 force curves collected on
70 × 70𝜇𝑚2 area is shown, and in (d) the elastic modulus map generated by the force-
indentation curves, fitting at each pixel, using the Hertzian contact mechanics model for
spherical indenter is presented.
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Figure 2.9: (a)Topographic image of a single human pulmonary artery endothelial cell. (b) Higher
resolution image of the same cell in (a). (c) Force volume image generated by the AFM indentation,
and (d) elastic modulus map obtained fitting each curve using the Hertzian contact mechanics model,
showing soft cell compared to rigid substrate. The authors also identified the nucleus, cytoplasm and
periphery regions in the elasticity map. Each curve was loading-unloading with roughly 1.5 𝜇𝑚/𝑠 and
the maximum force applied was 2 𝑛𝑁 . Adapted from [79].
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Results and discussion

3.1 Morphological analysis of the cells

The specific aim of the presented dissertation is to measurement cell mechanical
characteristics that enable to differentiate between HaCaT cell line and WM1366 cell
line, being the last one derived from the primary tumor in radial growth phase (RGP),
i.e. not metastasis phase. As a first step, surface morphology was characterized by atomic
force microscopy.

AFM topographic images were acquired in contact-mode under liquid environment (PBS).
In order to minimize cellular damage, images were acquired with a scan rate between 0.40
𝐻𝑧 and 0.60 𝐻𝑧 and 96 points per line. These conditions increase the measurement time
but then allow to obtain more reliable measurements of mechanical properties. Also, a
low deflection set point was selected with the purpose of minimizing the lateral force
exerted on the cell. It also avoided changes in the morphological conditions, particularly
at the border cells, i. e., pericellular space (the thinnest cell regions).

Figure 3.1 shows the AFM morphological images for each cell line. Large scan size
images of 100 𝜇𝑚 × 100 𝜇𝑚 for HaCaT keratinocytes cells (see Figure 3.1(a)) confirm
co-confluences condition, such that it is not possible to acquire images of isolated cells.
In order to observe details of the cell surface, smaller scan areas of 30𝜇𝑚 × 30𝜇𝑚 were
chosen (see Figures 3.1(b) and(c)). HaCaT keratinocytes cells present different formats,
often showing a nucleus in the cell central region. Dense filamentous structures are
appreciated at the cell borders, which are organized in parallel and connect adjacent
keratinocytes, these structures are indicated in Figure 3.1 by white arrows. Also, in
Figure 3.2(a) it is indicated the cellular protrude from the cell border, in regions that
do not exhibit adjacent cells, i.e. intracellular structures are not observed. Unlike the
keratenocyte cells, melanoma WM1366 cells show a more regular format and do not
exhibit distinctive morphological features between shSCR and shGal3 cells (see Figure
3.1(d-i)). In addition, the cell and cell-cell junction regions do not present filamentous
structures, as it was observed for HaCaT.

In general, the height of HaCaT cells is lower than WM1366 cells by about 1.0 to 2.0 𝜇𝑚,
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as it is observed in the height profiles presented in the figure 3.2. Repeatedly, the height
of the melanoma cells exceeded the vertical scan size range, which has a nominally value
of 4.5 𝜇𝑚. These events made images with large scan size for the melanoma cells difficult
to obtain, and so, numerous cells that were not correctly imaged were discarded for
the characterization. This behavior may be due to the fact that neoplastic cells exhibit
a tendency to overlap. Moreover, the melanoma cells silenced for the galectin-3 gene
showed greater sensitivity to the scan rate, observing significant damage after successive
scans, thus for these cells images were acquired using a scan rate of 0.3 𝐻𝑧.

Figure 3.1: HaCaT keratinocytes cells topographic images (a) large scan size (100𝜇𝑚 × 100𝜇𝑚),
that confirms co-confluence conditions, (b) and (c) high resolution images (30𝜇𝑚 × 30𝜇𝑚) that show
intracellular structures in parallel organization that join adjacent keratinocytes. WM1366 shSCR
topographic images (d), (e), (f) high resolution images (30 𝜇𝑚 × 30 𝜇𝑚). WM1366 shGal3 topographic
images (g), (h), (i) high resolution images (30 𝜇𝑚 × 30 𝜇𝑚).
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Figure 3.2: (a), (b) HaCaT keratinocyte cell topographic image, where is signaled the cell-cell junction
and the cellular protrusion. Also, it is indicated the substrate, where the cell is adhered, and height
profile of the cell respectively. (c),(d) WM1366 shSCR cell topographic image, in this case neighboring
cells are not observed, and height profile of the cell respectively. (e),(f) WM1366 shGal3 cell topographic
image, where is observed the cell-cell junction, whose shape differs significantly from the cell-cell junction
of HaCaT cells, and height profile of the cell respectively.

3.2 Mechanical properties of the cells

The mechanical response of each cell line was investigated using two different approaches.
In the first one individual force curves were taken in the central region of each cell. As a
consequence of the complex cellular internal structure, during the indentation, the AFM
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Figure 3.3: (a),(b),(c) Distribution of elastic modulus together with its Gaussian fitting obtained
for indentations equal to 700 𝑛𝑚 for HaCaT, WM1366 shSCR and WM1366 shGal3 respectitly. (d)
Box-and-whisker plots of the elastic modulus distributions.

tip can find a variety of structures whose mechanical response can be different. Starting
from glycocalix and the cell membrane, the AFM probe indents the cortex, formed by a
network of actin filaments, and finally feels deeper parts of the cell, such as the cytosol
and several organelles. Therefore, the indentation depth determines the cell regions that
are probed [35]. For small indentation depth, the mechanical response will be dominated
by the cell membrane tension and the surface layers of F-actin filaments, while deeper
indentations provide information of different cellular organelles, such as the cell nucleus.
In this research, force curves with large indentation depths were taken in the central
region of the cell in order to probe cellular regions rich in all cytoskeleton elements (i.e.
actin filaments, microtubules and intermediate filaments)[7]. In Figure 3.2(b,d,f) these
regions are indicated. Due to the fact that the presence of the stiff glass substrate may
result in an overestimation of the elastic modulus, indentations that do not exceed 20%
of the cell height are recommended. Thus, force curves with indentations greater than
700 𝑛𝑚 were discarded so as to avoid substrate effects in the measurements.

Table 3.1: Elastic modulus for each cell line studied.

Cell line E (kPa)
HaCaT 31.9± 0.4
WM1366 shSCR 21.8± 0.5
WM1366 shGal3 16.1± 0.6

All the preset data were obtained from force curves acquired with trigger threshold set
at 10 𝑛𝑁 , ramp size in 1200 𝜇𝑚 and approach and retract speed within the range of
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Figure 3.4: Elasticity map (32 × 32 pixels) and its histogram from the retract curves for a HaCaT cell.

Figure 3.5: (a) Topographic image of HaCaT cell, (b) cell elasticity map, and (c) Force-indentation
curves of some regions of the cell (i) cell center, (ii) cell border and (iii) substrate.
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2 𝜇𝑚 to 3 𝜇𝑚. In this work, 40 cells were tested and 600 force curves analyzed for each cell
line. Force curves were analyzed with the Hertzian contact model for the pyramidal tip to
determine the corresponding elastic modulus of individual cells. Figure 3.3 presents the
distribution of elastic modulus of each cell line together with its Gaussian fitting obtained
for indentations equal to 700 𝑛𝑚. In addition, Table 3.1 shows the mean values of the
Gaussian fitting for each cell line. The error reported was calculated with a confidence
level of 95%.

In order to compare the results obtained for each type of cell, box-and-whisker plots of the
distributions are presented in Figure 3.3(d). The upper and lower whiskers represent the
highest and lowest datum within 1.0 IQR (interquartile range). The median value of each
distribution is also indicated by a horizontal line that goes through the box. The mean
value is represented by a point inside the box, which is superimposed with the dotted
line to ease the comparison of the distributions. The whiskers go from each quartile to
the minimum or maximum.

The curves taken in the central melanoma cell exhibit smaller elastic modulus than
keratinocytes (see Table 3.1), which is the result predicted by the literature [7]. The
difference in cellular elasticity between the same cell line of melanoma, shSCR and shGal3,
underline the fact that these cells can be distinguished for a large indentation depth,
which represents general alterations in the organization of the cytoskeleton induced by
the presence or absence of the galectin-3 protein.

Due to the fact that the cells have highly heterogeneous regions, an elasticity mapping
would provide relevant information about these diverse cellular regions. This was the
second approach followed in our work.

Elasticity maps with 32 × 32 force curves collected in a 32 × 32 𝜇𝑚2 area were acquired
for each cell line. The measurement parameters were kept constant throughout the
experiment, and they are the same to those established for the acquisition of individual
curves in the central region of the cell. In Figure 3.4 is presented de elasticity map and the
histogram associated with the data map for HaCaT cell. The are represented on a scale
of 10 up to 100 𝑘𝑃𝑎, since it has been reported in the literature that cellular systems do
not exceed a modulus of elasticity greater than 100 𝑘𝑃𝑎. However, data associated with
a greater modulus of elasticity were not eliminated in the histogram, because these data
could be linked to the modification of the substrate (glass coverslip) as a consequence
of the presence of the extracellular matrix. Figures 3.6 and 3.8 present elasticity maps
together with the histograms associated with each map for WM1366 shSCR and WM1366
shGal3 cells.

Figure 3.5 shows the topographic image of the HaCaT cell next to the its elasticity map,
which allows the correlation of cell morphology directly with its modulus of elasticity.
From these images it is possible to identify, in the elasticity map, the cellular nucleus,
which exhibits the smallest modulus of elasticity (as can be deduced from the scale that
accompanies the map), the pericellular region, and deeper areas that we associate to the
substrate in which the cells are adhered. Cell-cell junctions are also distinguishable in the
elasticity map. To illustrate the variation of the slope of force-indentation curves with
the cellular region probed, three curves from different map zone were extracted and their
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respective values of 𝐸 are also presented.

Figure 3.6: Elasticity map (32 × 32 pixels) and its histogram from the retract curves for a WM1366
shSCR cell.

Figure 3.7: (a) Topographic image of WM1366 shSCR cell, (b) cell elasticity map, and (c) Force-
indentation curves of some regions of the cell (i) cell center, (ii) and (iii) pericellular regions of cell.
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Figure 3.8: Elasticity map (32 × 32 pixels) and its histogram from the retract curves for a WM1366
shGal3 cell

Figure 3.9: (a) Topographic image of WM1366 shGal3 cell (b) Cell elasticity map (c) Force-indentation
curves of some regions of the cell (i) cell nucleus, (ii) pericellular regions of cell and (iii) substrate.
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In the same way, elasticity maps of the melanoma cells were acquired, see Figure 3.6
and Figure 3.8 for WM1366 shSCR and shGal3 respectively. AFM topographic image
next to the elasticity map is presented in Figure 3.7 for WM1366 shSCR cell, where the
region of the cell nucleus is noted clearly. For WM1366 shGal3 cell, Figure 3.9 shows two
cells visibly delimited. From the morphology image we deduce that there are no cell-cell
junctions, as evidenced by the elasticity map.

In this manner, the information gotten from elasticity maps seems to be only qualitative
and map histograms lack of physics meaning because the characteristics of the
distributions depend on the size of the cell, the number of cells present and the area of the
substrate within the map. These explain why the mean value of the distributions for the
same cell lines and under the same experimental conditions are not in agreement. The
elastic response of the cell is highly inhomogeneous, which is caused by the heterogeneous
cytoskeleton structure underneath, added to that each cellular compartment has a
particular elastic behavior. Therefore, using a similar protocol reported by Guo et al.
[78], the cell was sliced into several different heights shown as a contour image in Figure
3.10. The contour line comprising the same color represents a height region within the
same height section. After force indentations, curves of each height section were analyzed
and represented in histograms, adjusted by the binomial distribution function. Table 3.2
shows the summary of the elastic modulus determined from this method for each height
section.

In Figure 3.10 is presented the contour image for HaCaT cell in 3D, in which the height
sections are indicated. The region R1 is the highest and corresponds to the center of
the cell (cell nucleus). For this region, the modulus of elasticity found compatible with
the value determined from individual force curves acquired in the HaCaT cell center (see
Table 3.1). As shown in the figure 3.10, the elasticity distribution for R1 has the lowest
standard deviation, which suggests that the cell region probed is relatively homogeneous.
A similar behavior is observed in the R2 region. This is not the case of the R3 and R4
regions, which have been linked to the pericellular region, where a double peak elasticity
distribution reveals more heterogeneous structure. The substrate was also probed and
is represented by the R5 region. As already mentioned, the measurement parameters
during the mapping of the elastic modulus are not readjusted, therefore it is important
to take into account that the results obtained from these may have contributions from
the substrate in the areas of lower height.

The contour image for WM1366 shSCR cell together with the elasticity distributions for
each height interval are shown in Figure 3.11. The elasticity distributions of all regions
were adjusted with a single peak. Due to the geometry of the mapped cell, the central
region has a low number of force curves. For WM1366 shGal3 cell, Figure 3.12 shows the
contour image. The distributions of the first three regions are narrow and their mean
values remain closely. It is remarkable the wide difference in modulus of elasticity in the
region more distant from the center of the cell between the melanoma cells that express
Gal-3 and the melanoma cells in which the lectin was silenced (see histograms R1, R2
and R3 of Figures 3.11 and 3.12.)

To corroborate this final result, force curves were taken at the cellular periphery for
melanoma cells. It was found that in this region melanoma cells that do not express
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galectin-3 exhibit a modulus of elasticity of 69 ± 4 𝑘𝑃𝑎, unlike unmodified melanoma
cells that have a modulus of elasticity of 30 ± 2 𝑘𝑃𝑎 (see Figure 3.13). These values
indicate that the extracellular matrix of cells lacking galectin-3 has been modified.

Figure 3.10: Contour image for HaCaT cell in 3D, for a better visualization of the cell the scale of the
axis 𝑧 is three times the scale of the axis 𝑥 and 𝑦. The topographic image was sliced in five regions, clearly
identified. The histograms associated with each of the regions together with their respective Gaussian
settings are also displayed. The scales have been standardized for a correct comparison.
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Figure 3.11: Contour image for WM1366 shSCR cell in 3D, for a better visualization of the cell
the scale of the axis 𝑧 is three times the scale of the axis 𝑥 and 𝑦. The topographic image was sliced
in five regions, clearly identified. The histograms associated with each of the regions together with
their respective Gaussian settings are also displayed. The scales have been standardized for a correct
comparison.
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Figure 3.12: Contour image for WM1366 shGal3 cell in 3D, for a better visualization of the cell
the scale of the axis 𝑧 is three times the scale of the axis 𝑥 and 𝑦. The topographic image was sliced
in five regions, clearly identified. The histograms associated with each of the regions together with
their respective Gaussian settings are also displayed. The scales have been standardized for a correct
comparison.
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Table 3.2: Summary of the elastic modulus calculated for each cellular region from the Gaussian
fitting

Region HaCaT shSCR shGal3
(kPa) (kPa) (kPa)

R1 33.5± 0.9 17± 1 17.2± 0.6
R2 33± 2 24± 3 15.8± 0.6
R3 25± 1 28± 2 17.5± 0.7

48± 4
R4 33± 2 31± 2 23.6± 0.6

57± 2 97± 1
R5 59± 4 39± 3 70± 5

Figure 3.13: Force curves acquired in the peripheral region of 5 cells of (a) WM1366 shSCR and (b)
WM1366 shGal3.
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Conclusions and perspectives

The data shown here reflect the standardization of the conditions to actually measure
the elastic modules of cells and the cell:extracellular matrix interface in experimental
conditions. The cellular system used included HaCaT keratinocytes cells and the
melanoma cell line WM1366 (shSCR), which expresses the endogenous lectin galectin-3
and its counterpart engineered to loose galectin-3 expression (shGal3). Galectin-3 is a
matricellular protein produced by a variety of cells (either normal or tumor cells) that
is eventually secreted to the extracellular space (Melo et al. [80]; Cardoso et al. [13]).
Upon secretion, galectin-3 may act as a lectin interacting with a variety of glycoproteins
in the cellular space, such as laminins and collagens. In the presence of galectin-3, the
assembly of extracellular matrix molecules is altered. In vivo, dense collagen fibers are
formed in the presence of galectin-3, e.g. (Oliveira et al. [81]).

Initially, AFM topographic images were acquired in contact-mode under liquid
environment (PBS) of each fixed cell line. It was observed that HaCaT cells exhibit
different formats and are characterized by dense filamentous structures in the cell-cell
junction regions. Unlike the keratenocyte cells, melanoma WM1366 cells show a more
regular format and do not show distinctive morphological features between shSCR and
shGal3 cells. In addition, the cell and cell-cell junction regions do not present filamentous
structures, as it was observed for HaCaT. From AFM topographic images some height
profiles were taken, these show that keratinocyte cells are lower than WM1366 melanoma
cells by about 1.0 to 2.0 𝜇𝑚. Also, it was observed that neoplastic cells tend to overlap,
which influences notoriously some morphological parameters.

The elasticity measurements made in this study indicated that the elastic modulus of
melanoma cells devoid of galectin-3 are significant smaller than those present in melanoma
cells expressing galectin-3. More interestingly, the gradient of elastic modules in cells
from the nuclear region towards the cell periphery is more pronounced in cells devoid
of galectin-3. The increased elastic module in the pericellular region of cells devoid
of galectin-3 suggests that the organization of the extracellular matrix in these areas
is different than those observed around HaCaT and shSCR WM1366 cells. It is well
known that galectin-3 may interfere with matrix assembly, as mentioned above, besides
interfering with extracellular matrix remodeling (Lagana et al. [82]; Vijayakumar et al.
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[83]; Takemoto et al. [84]; Luo et al. [85]). Regardless, the biological significance of this
finding warrants further investigation.

Here the initial conditions to measure the elastic modules in cells were standardized.
Future experiments will include analysis of co-cultures between both HaCaT cells and
WM cells (either expressing or not galectin-3). Under these conditions, we will mimic the
interactions found within a radial growth phase of melanomas, where tumor cells are still
interacting with other melanoma cells and keratinocytes. It will be interesting to delineate
a map of elastic modules across the surfaces where we find keratinocytes neighbouring
other keratinocytes, keratinocytes neighbouring melanoma cells and finally melanoma
cells neighbouring melanoma cells. We anticipate a gradient between the distribution
observed in Figure 3.3. Biological studies will then enable us to determine how migratory
melanoma cells are within the population of keratinocytes and to determine whether
the expression of galectin-3 will interfere with the pattern of growth and invasiveness of
melanoma cells in co-culture systems.
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