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Photodynamic effect on melanoma cells investigated by atomic
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Abstract. Atomic force microscopy (AFM) is a modern experimental method for imaging of conducting or non-conducting samples. New trends in the application of scanning probe microscopy
(SPM) give us the ability to scan live cells directly in their ingenuous surroundings or in air. Our
apparatus was replenished with an inverse optical microscope, so we could observe the position of
the scanning tip in every individual cell. The aim of the presented study is to picture the cell surface
in air. A dry scanner in non-contact or tapping mode was used in the biological application of AFM.
In our work the cell line G361 was used as a biological sample. We imaged the cell line before and
after induction of a photodynamic effect (PDE) by irradiation of ZnTPPS4-loaded cells with a light
dose of 15 J/cm2. Individual cells before PDE induction had a smooth surface without protrusion
on the entire surface. Cells after PDE induction did not have a smooth surface but their surface was
rough with protrusion and in some places cleaved.
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Introduction
New trends in the application of scanning probe microscopy (SPM) give us the ability to scan live cells directly in
their ingenuous surroundings or in special conditions like
in air, vacuum, liquid or at low temperature (Morris and
Kirby 1999; Langer et al. 2000). Atomic force microscopy
is a versatile tool in the field of biological science (Fotiadis
et al. 2002). Cell membranes and many biomolecules, including proteins and nucleic acids (Fujita et al. 2002; Yu et
al. 2004), have been extensively imaged (Kienberger et al.
2003). Using AFM scanning of melanocytes and study of
their properties is possible, too (Kemkemer et al. 2003). The
utility of AFM strongly varies depending on the cell type, its
membrane structure (Mendez-Vilas et al. 2004) and adhesion
properties (Kim et al. 2003). The minimal forces between
tip and surface of the sample avoid damage of the biologiCorrespondence to: Katerina Tomankova, Department of Medical
Biophysics, Faculty of Medicine, Palacky University in Olomouc,
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cal preparation (Dufrêne et al. 2001). Interactions between
the cantilever tip and the cell surface are so complex that
there is no simple way to control tip-cell interactions and
to eliminate the disruptive effect of the scanning cantilever
(You et al. 2000). In our experiment was used a dry scanner
and cells were scanned in the non-contact or the tapping
mode (Lehenkari et al. 2000). Non-contact AFM (NC-AFM)
mode was developed for improving imaging of soft samples
by AFM. Difficulties in the proper adjustment of the scanning parameters are often encountered when using tapping
mode AFM (TM-AFM) for imaging thick and soft materials,
and particularly living cells in aqueous buffer. To increase
quality of our images, we scanned cells in NC-AFM mode
(Vie et al. 2000). Recognition of the cells and control of their
surrounding during imaging have already been accepted as
essential conditions for cell biological application of AFM
(Bolshakova et al. 2001).
Photodynamic therapy (PDT), originally developed and
used mainly as a minimally invasive tumour therapy, has
been known for over a hundred years (Kaestner 2003; Kessel
2004). In clinical PDT, dyes such as porphyrins (Mosa et al.
1997; Chen et al. 2005) or phthalocyanines are administered
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to a patient along with irradiation. PDT is predominantly
used in anticancer treatment approaches that depend on
the retention of photosensitizers in tumour cells and their
activation within the tumour through irradiation with light
of the appropriate wavelength (Dougherty 1993).
The aim of the present study is represent tumor cell surface
in air by AFM. We focused to obtain topography pictures
and pictures involving elastic properties of cell surface. We
examined the cell line G361 before and after induction of photodynamic effect (PDE). Differences in altitude over surface of
cells gave us information about cell damage and about different
component parts of the cell wall (Kim et al. 2004).
Materials and Methods
Materials
Our experiments were performed on the G361 cell line
(human melanoma cells) as a biological substrate using the
following chemicals: Dulbecco´s modified eagle medium
(DMEM – 10% fetal bovine serum, 1% penicillin-streptomycin, 1% glutamine), the photosensitizer ZnTPPS4, ethanol,
deionized water. Imaging was done using the AFM Explorer
with a cover head (Veeco, USA) and an inverse fluorescent
optical microscope Olympus IX70. Further we used sterile
plastic microscope slides Thermanox as substrates for
samples and Petri dishes for cultivation of the cell line.

®

PDT
One million cells were placed on a plastic slide and put to
the Petri dishes. Cells were incubated in culture medium

DMEM at 37°C and 5% CO2 with 20 µmol/l of the photosensitizer ZnTPPS4 for 24 h. The first Petri dishes were used
as a negative control (cells with culture medium only). The
second part of the dishes represented cells in the presence
of 20 µmol/l ZnTPPS4 and irradiated with a dose of 15 J/cm2.
For irradiation we used light emitting diodes with the emission wavelength maximum at 417 nm. After irradiation, cells
were cultured for 12 h at the same conditions as described
above.
AFM
We imaged the cell line before and after photodynamic
treatment, using a dry scanner at an image size of 100 ×
100 µm. For details of the cell surface we used a scan-size
of 2 × 2 µm (Doktycz et al. 2003). For the experiments we
disposed the AFM Explorer microscope with a cover head.
Furthermore, we exerted a non-contact tip from antimony
doped silicon 1650-00, 125 µm long, 30 µm wide, 10–15
µm high of the tip and a spring constant of 42 N/m at
a resonance frequency of 320 kHz (Veeco, USA). The radius
of curvature of the sharpened probes was 20 nm (non-contact tip). We used an AFM scanner with hardware correction for non-linearities of the piezoelectric elements. The
AFM surface images were acquired in non-contact mode
either as topographies that show height of contours or as
phase images that highlight the fine structure or surface
morphology (Santos and Castanho 2004). A 100 × 100 µm
scan with a resolution of 300 pixels line took between 5 and
10 min based on the scan rate. Critical in our experiments
was the identification of the optimum cantilever amplitude,
set point to image the soft cell surface without damage. For
the optimum imaging the set point was found at about 50%

Figure 1. Human melanoma cells G361 observed in transmitted light-microscopy at 400× magnification. A. Control G361 cells without
irradiation. B. Photodamaged G361 cells after PDT with ZnTPPS4 (concentration 10 µmol/l, irradiation dose 15 J/cm2).
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Figure 2. Cell line G361 before PDE induction. Undamaged
adhered cells on substrate create clusters with cell extension (invadopodia) projecting toward other cells. The image was obtained
in non-contact topography mode (size 100 × 100 µm, resolution
300 × 300 pixels, scan rate 80 µm/s). Height of cells is expressed in
a colour scale from 0 (dark red) to 2.53 (white) µm.
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Figure 4. The image of cell line G361 before PDE in non-contact
phase image mode (size 46 × 46 µm, resolution 300 × 300 pixels,
scan rate 50 µm/s).

the local damage caused to cells. Images were processed
by SPM Lab software.
Results

Figure 3. One non-irradiated cell of G361 cell line before PDE
induction. The image was obtained in non-contact 3D topography mode (size 46 × 46 µm, resolution 300 × 300 pixels, scan rate
50 µm/s). Height of cell is expressed in colour scale from 0 (dark
brown) to 2.13 (yellow) µm.

of vertical extent of scanner (Chasiotis et al. 2003). Proximity of the cantilever tip to the surface was identified by
reduction of the oscillation amplitude valuable for imaging
in air. AFM studies of soft materials are often conducted
in liquid to increase cantilever damping and thus reduce

Using AFM we observed changes on G361 cells after induction of PDE induced by application of violet light at the
dose of 15 J/cm2 in the presence of 20 µmol/l ZnTPPS4.
Microscopical study (Fig. 1) shows morphological changes
in cell cultures after photodynamic treatment. Fig. 1A
presents undamaged control human melanoma cells G361
without irradiation; Fig. 1B shows photodamaged G361
cells after PDE with ZnTPPS4 at concentration 20 µmol/l
and dose of light irradiation 15 J/cm2. The topography
image of non-treated G361 cells is shown in Fig. 2. Undamaged cells adhered to substrate created clusters with
cell extension (invadopodia) projecting toward other cells
(Fillmore et al. 2003). The size of invadopodia was up to
70 µm long. Crystals of growth medium were found in the
neighborhood of the cell. Cell samples were dried about
half an hours and the presented figure shows typical shape
of individual cell in the cluster. The G361 cells exposed to
PDE were observed in both modes, the non-contact topography (Fig. 3) and the phase mode (Fig. 4). Randomly
selected profiles were analyzed for each cell. The roughness
of the cell surface was measured in horizontal, vertical and
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Figure 5. The surface profile of a G361 cell before PDE in horizontal (red curve), vertical (blue curve), and slant (green curve) direction.

Figure 6. Two cells of the cell line G361 after induction of a PDE.
The image was obtained in non-contact 3D topography mode (size
52 × 52 µm, resolution 300 × 300 pixels, scan rate 40 µm/s). Height
of cells is in range from 0 (dark brown) to 1.83 (white) µm.

▶
Figure 7. The representative G361 cell after induction of PDE. The typical characteristic of the cell is a rough surface. Image was obtained
in non-contact phase image mode (size 52 × 52 µm, resolution 300 × 300 pixels, scan rate 40 µm/s).

Figure 8. The surface profile of a G361 cell after PDE in vertical (red, blue and green curve) direction in various location.
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slant line direction (Fig. 5). The profile of the cell surface
in the three directions gives us information about shape
and height of the cell. The size of the cell in Fig. 3 is 31 µm
in length, 29 µm in width and 2.13 µm in height. These
values show that the cell has an ellipsoidal shape. When
we focus on each of these curves, we see that the surface
of this cell is smooth. The deflection of the profile curves
from a line is not more than 30 nm. The basis of the therapy
is to create such conditions that lead to the destruction of
cell membranes and so to cell death. The response to the
photodynamic treatment is dependent on the photosensitizer used, irradiation conditions, oxidation status of the
tissue, and cell-type involved. The G361 cells exposed to
PDE were also imaged in both modes, the non-contact
topography (Fig. 6) and the phase mode (Fig. 7). The size
of the cell in Fig. 6 on the right side is 32 µm long and 24
µm wide, height of this cell is 1.83 µm. The length, width
and height of the second cell in Fig. 6 is 30, 22 and 2.2 µm,
respectively. The values show that the cells are geometrically
in ellipsoidal shape again. Thus, the size of cells after irradiation is the same as before PDE. Changes can only be found
in the roughness of their surfaces. The surface roughness
of the PDE-exposed cell was measured in vertical direction only (Fig. 8). The measurement gives us information
about the shape and height of the two G361 cells. When we
focus on these lines, we see that the surface of these cells
is not smooth, but on lines there are great differences in
waveform – the deflection of the profile curves from a line
is more than 200 nm. These results show that cells before
photodynamic treatment have symmetrical shape and soft
structure along the whole surface of cell in comparison with
PDE-exposed cells. Their cover has a rough structure (see
Fig. 8) and burst create after irradiation. The average distance
between two prominences on the cell surface calculated for
each profile of non-treated melanoma cells varied between
30–50 nm. After PDE induction, the distance increased to
200–400 nm (see Figs. 5 and 8). After data processing and
their digitalizing, some of the artefacts were not removed in
order to protect some morphological features of resulting
cell images. High resolution images of cells were difficult to
acquire, because the cells were soft and deformable. We can
detect the efficiency of PDE and obtain important information about this treatment. The cells before induction of PDE
are characterized by smooth surfaces without protrusion. In
contrast, PDE-induced cells do not have smooth surfaces, but
their membrane is rough with protrusion and cleaved.
Discussion
Scanning of the cells is limited by the construction of AFM
(Moloney et al. 2002; Pyo et al. 2006). To overcome these
limitations we added an inverse optical microscope to the
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AFM. The instrument provided us continuous observation
of the tip during the scanning process of an individual cell
(Berdyeva et al. 2005; Puech et al. 2006). We obtained two
different types of cell pictures: topography and phase image,
the letter giving more information about the topography. In
general, the shape of the cells depends on the type and also
on the state of cell; for example, dead cells are characterized
by circular or elliptic shape in comparison with oblong
shape of live cells with invadopodia. The high deformability
of the soft cytoplasmatic membrane due to the interaction
with the hard tip is the most important reason for the difficulty to obtain images of melanoma cells at all as well
as the limited resolution of the presented images. Before
the experiments, the DMEM was removed from the cells
and optical microscopy was used to identify suitable cell
candidates or clusters of cells for AFM examination in air
(Nowakowski et al. 2001). AFM imaging was proceeded immediately after the removal of the nutrient media DMEM.
Scanning was performed at high dry level (O´Reilly et al.
2001). The images presented here were obtained at the
beginning of measurement sequence in each case. Tips
were either new or cleaned by ethanol and deionized water
and desiccated (Spatz et al. 1998). At the magnification of
objects, most of the cell texturing was visible. Light areas in
the presented images are places of cell elevation and dark
areas correspond to cell depression. This fact is related to
the hardness or softness of the sample. High areas seem to
be harder while low areas could be the softer parts (Kim
et al. 2003). Before photodynamic treatment, it was almost
impossible to find some dead cell. The drying method used
reflects morphology of the cells in stage closely before
removing liquid. The live undamaged cells have elongate
shape in comparison with photodynamically damaged
cells. In this case, the term “live cell imaging” is really not
exact and therefore we replaced or removed the adjective
from the term, even if the cells look like live on the images.
For comparison, cells were imaged before and after photodynamic treatment in order to observe changes on the
cell surface after PDE induction. In contrast, it was almost
impossible to find undamaged cells after induction of PDE.
The porphyrine sensitizer ZnTPPS4, often used in PDT,
is mostly distributed in various membranous structures,
where it induces oxidative damage after photoactivation
(Baugh et al. 2001; Sun et al. 2003). In general, PDE on cells
resulting in cell death depends on the kind of cell, chemical
structure of sensitizer, its concentration, and irradiation
conditions. The necrosis is accompanied with damage of
the cell membrane integrity and metabolic homeostasis
causing morphological changes like a swelling and burst
of the membrane. The second type of the cell death, apoptosis, is characterized by a formation of apoptotic bodies,
condensation of the nuclear chromatin and fragmentation
of the DNA (Eum et al. 2007; Liao and Lieu 2005).
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