




bipolar shape. However, there is one important difference when compared to control untreated
E6/E7 cells. One can observe stark difference on the cell membrane surface of E6/E7 plasma
treated cells. Cytoplasm of untreated cells is rough, there is a surface texture apparent from the
membrane, with many sharp protrusions covering the cells and also the sample surface. These
protrusions correspond to microvilli. These protrusions are not observed on the E6/E7 cell
after plasma treatment and the cytoplasm of the E6/E7 cells is flat and smooth. However, these
changes do not importantly influence the viability of normal E6/E7 cells.

To look closer on the cell membrane surface, AFM images of higher magnifications were
performed. Smaller scans of a cell surface shown in Fig. 3 demonstrate more of the advantages
of the AFM resolution. Fig. 3A and Fig. 3B shows high-magnification deflection images of E6/
E7 and U87 cell membrane and cytoskeleton with scan size approximately 10x10 μm. If we
compare cell membrane surface, stark differences can be observed in the cell membrane topog-
raphy. Cell membrane surface of U87 untreated cells is flat, small pores in the membrane can
be observed, no granular elevations. Looking closer on the image of U87 cells after plasma
treatment, granular elevations can be observed, which are thought to be invadopodia and parts
of the cell membrane and other cell components, damaged after plasma treatment and agglom-
erated in small clusters (Fig. 3B). On the contrary, we don’t observe any granular elevation on
the surface of E6/E7 cells after plasma treatment. Pores on the cell membrane surface can be
seen, without the presence of microvilli (Fig. 3A). According to the low magnification AFM im-
ages of E6/E7 cells (Fig. 1), granular elevations which are thought to be microvilli disappear
from the cell surface after plasma treatment. However, there is more surface texture apparent

Fig 3. AFM images of cell membrane surface of fixed human astrocytes (E6/E7) and fixed human brain glioblastoma (U87) cells. Scan size is
approximately 10x10 � m. In the upper row (A), 2-dimensional deflection signal images of cell membrane surface of E6/E7 cells are shown and in the lower
row (B) 2-dimensional deflection signal images of cell membrane surface of U87 cells. All images presented here were obtained in the contact mode at room
temperature and scanned in PBS.

doi:10.1371/journal.pone.0119111.g003
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from the membrane of untreated E6/E7 cells. Many sharp protrusions, i.e. microvilli, can be
seen covering the cells (Fig. 1 and Fig. 3A).

Using 3D topography images, complex information can be gleaned about superficial struc-
ture of cells. The height range over a cell is generally several microns, such that the three-di-
mensional topography image mainly shows the overall height of the cell. The altitudinal
difference is about 1 μm for normal E6/E7 cells and 2 μm for U87 cells. This detail can be seen
in Fig. 4 and Fig. 5. They represent 3D topographies (Fig. 4A and Fig. 5A) and deflection signal
images (Fig. 4B and Fig. 5B) of E6/E7 and U87 cells before and after plasma treatment. 3D
AFM images of E6/E7 cells on Fig. 4 correspond to the 2D images on Fig. 1. Similarly, 3D AFM
images on Fig. 5 correspond to 2D images of U87 cells on Fig. 2.

Discussion
This paper illustrates the interaction of the cold atmospheric plasma with the cell surface of
NHA and glioblastoma cells and evaluates the effect of plasma on the cell shape and membrane
as well as cell viability using AFM. Cold atmospheric plasma has been successfully shown to se-
lectively induce apoptosis in cancerous cells, while leaving normal cells relatively unharmed
[39]. The therapeutic effect is reported both with in vitro and in vivo experiments. Reactive ox-
ygen species and reactive nitrogen species (ROS/RNS) were postulated to play a major mecha-
nistic role in the CAP cancer therapy [40]. Previous research in CAP and cancerous cell
interaction has repeatedly proven that there is a strong connection between CAP therapy and
cell death [39,41]. In order to determine the threshold of plasma treatment on U87 cell death,
normal human astrocytes (E6/E7) were used as the comparison cell line. Data from the

Fig 4. 3-dimensional AFM images of fixed normal human astrocytes (E6/E7), taken using Igor Pro 4, 90 x 90 μmscans. In the upper row (A),
topographies of 3-dimensional images of E6/E7 cells; lower row (B) corresponding deflection signal images. First column shows E6/E7 cells before plasma
treatment, second column shows cells after 30s of plasma treatment, 48h of incubation time and third column after 30s of plasma treatment, 72h incubation
time. All images presented here were obtained in contact mode at room temperature and scanned in PBS.

doi:10.1371/journal.pone.0119111.g004
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previous research [42] showed, that the 30s plasma treatment caused 3-fold cell death in the
U87 cells compared to the E6/E7 cells (S1 Fig.). For this reason the AFM images of U87 and
E6/E7 cells presented in this paper were performed after 30s of CAP treatment.

AFM images of cells show a combination of surface and mechanical information. The AFM
technique is particularly well suited to study the membrane surface, the cytoskeleton and dy-
namic reorganization of the cytoskeleton or cell surface structures [43]. The cell surface has
been extensively imaged and 3D single vision of the cells topography in their natural environ-
ment and characterization of the membrane structures in situ with the good resolution are pro-
vided. Atomic force microscopy micrographs revealed important information on the shape
and cell adhesion before and after plasma treatment. In order to assess differences in morphol-
ogy, the morphological appearances of the adhered glioblastoma cells and NHA E6/E7 were
imaged by AFM 48 and 72h after plasma treatment. AFM images of fixed human glioblastoma
and NHA cells are obtained at 90x90 μm scans. Cells were grown to near confluence on glass
coverslips and subsequently imaged in 10 mM phosphate buffered saline (PBS), pH 7.4. Once
the cells are fixed, they are frozen in the state, and the cells can be imaged without changing
state or functions. Fixation refers to the process by which proteins in the cell membrane and
other cellular components are cross-linked with various reagents [44]. Fixation stops most or
all biochemical processes within the cell, so these events cannot be studied with fixed cells. Un-
fortunately, the fixation process also kills the cell and changes its mechanical properties, ren-
dering the outer membrane much stiffer, and making it less likely that structures such as
cytoskeletal elements underneath the cell membrane can be detected [45]. Cells that have been
fixed in such a manner are often used for SEM and AFM imaging because the fixation process

Fig 5. 3-dimensional AFM images of fixed human brain glioblastoma (U87), taken using Igor Pro 4, 90 x 90 μm scans. In the upper row (A),
topographies of 3-dimensional images of U87 cells; lower row (B) corresponding deflection signal images. First column shows U87 cells before plasma
treatment, second column shows cells after 30s of plasma treatment, 48h of incubation time and third column after 30s of plasma treatment, 72h incubation
time. All images presented here were obtained in contact mode at room temperature and scanned in PBS.

doi:10.1371/journal.pone.0119111.g005
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strengthens the cell membrane dramatically and freezes it in a particular shape or morphology.
Therefore, fixed cells can be imaged with the AFMmore easily than live cells. Fixation by glu-
taraldehyde leads to a cellular death associated with an immobilization of the components and
can modify the cell properties [44]. There are many different fixatives and protocols in use for
fixation of biological material. Depend on the fixative and the concentrations of the fixative
used, on the sample fixation time, different artifacts in morphology and in structure of biologi-
cal samples can be observed. Based on the experimental results and observations fromMoloney
et al. [46], fixation method used was carefully chosen. In their experiment fibroblast cells in dif-
ferent fixatives were applied and morphological and structural changes were evaluated after fix-
ation, together with artifacts observed. According to Moloney et al., Glutaraldehyde is the
promising fixative, as there were no streaking, coating, and depression artifacts and saturation
constraint observed. All these artifacts were absent, so the fibroblastic morphology and overall
result were promising among the existing fixatives. With this fixation method, the AFM images
are dominated much less by the underlying cytoskeleton and show the nucleus and more of the
membrane surface details. Other membrane structures, such as ruffles, lamellipodias, invado-
podia, microspikes and microvilli could be observed after cell fixation. Also sharp protrusions
can be seen covering the cell surface (see Fig. 1 and Fig. 2). Minimization of the surface artifacts
and thus maintenance of the surface features and morphology of the native sample was crucial
point in the sample preparation. Consequently, substantial differences between the samples
can more clearly be observed.

AFM images shows the specific impact of plasma on the cell shape and morphology after
48h and 72h of incubation time on U87 cells, which is significantly changed after treatment.
On the other hand, NHA E6/E7 cells maintain their shape and morphology. We have observed
important differences between surface textures, i.e. brush layers on the normal and cancerous
cells. Even more interesting, this layer disappears from the surface of E6/E7 cells and is main-
tained in the U87 cells. These preliminary results suggest that differences in the architecture
and assembly of cell membrane and cytoskeleton between NHA and glioblastoma cells are not
only important for interactions with the environment, but probably play a crucial role in
cell survival.

On the surface of NHA cells, smaller sharper features are observed. These features are mi-
crovilli, microscopic cellular membrane protrusions covering the plasma membrane. Present
in normal cells, they increase the surface area of cells and are involved in a wide variety of func-
tions including absorption, secretion, cellular adhesion and mechanotransduction [47]. Micro-
villi are formed as cell extensions from the plasma membrane surface and are covered with a
glycocalyx, consisting of peripheral glycoproteins. This layer may be used to aide binding of
substances needed for uptake, to adhere nutrients or as protection against harmful elements
and external stress [48], e.g. plasma treatment in our case. The destruction of microvilli can
occur in certain diseases because of the rearrangement of the cytoskeleton in host cells, which
can lead to malabsorption of nutrients and persistent osmotic diarrhea [49]. As such, microvilli
have a crucial role in many physiological processes. We have observed that after plasma treat-
ment, as a consequence of cell membrane damage, the microvilli disappear from the cell mem-
brane surface of NHA cells (Fig. 1). Nevertheless, these cells maintain their shape and
morphology, what indicates that destruction of microvilli is not lethal for the NHA cells. More-
over, it is believed the microvilli can be reestablished by the cells, after the cell no longer suffers
from the stress conditions.

Another type of brush layer is observed on the surface of U87 cells. These are specialized
subcellular structures, invadopodia, which are responsible for cancer invasion and metastasis.
Invadopodia, or invasive foot processes, are actin-rich protrusions that localize matrix-degrad-
ing activity to cell-substratum contact points and have a crucial role in cell signaling,
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proteolytic, adhesive, cytoskeletal, and membrane trafficking pathways [50]. Although invado-
podia are similar to microvilli in many respects and share many common protein constituents,
there are several key differences between these organelles. Unlike microvilli, which can be
found in cells under normal physiological conditions, invadopodia are found only in pathologi-
cal states, most commonly in invasive cancer cells. They are only few in number, approximately
between 1 to 10 per cell, whilst microvilli numbers can range between 10 to several hundred de-
pending upon the cell type. To this end, short-lived microvilli do not cause major degradation
of the extracellular matix, whereas invadopodia, which have a longer lifetime, serve to enhance
tumor metastasis by inducing basement membrane disruption through local matrix degrada-
tion [51].

Both microvilli and invadopodia are part of the underlying cytoskeleton, which is a struc-
ture underneath the cell membrane that lends it support. The cytoskeleton is the primary deter-
minant to the overall shape or morphology of the cell and forms a rigid network that controls
and supports both the cell shape and also the cell movement [52,53]. The dynamic balance be-
tween polymerisation and depolymerisation of the subunits of the different cytoskeletal fibres
allows the cells to support tension or compression, and also to react quickly to change the
shape of the cell, the means by which cell motility occurs. The polymerization and depolymeri-
zation of actin filaments are, therefore, important in many normal and disease processes, in-
cluding metastasis, which is the spread of malignant tumor cells from one organ or tissue to
another location [28].

Cells without an extracellular matrix are more susceptible to external stimuli and stress,
such as plasma treatment; a potential reason for the susceptibility of U87 cells to plasma thera-
py. Another possible explanation addresses to functions of invadopodia in cancer cells. As de-
scribed above, they have a crucial role in cell signaling and many other cellular pathways.
Although they do not disappear from the cell membrane surface after plasma treatment, the
morphology and the cell shape of U87 cells changed significantly after 48h and even more dras-
tically after 72h of incubation (Fig. 2). U87 cell viability is significantly altered after plasma
treatment with many granular elevations and bigger clusters seen on the cells surface. However,
we believe that these clusters are parts of the cell membrane and other damaged cellular com-
ponents and not microvilli. As already mentioned above, cancerous cells possess invadopodia
which form cell extensions toward other cells to make the connections between each other. As
seen from the AFM images, these connections are perturbed after plasma treatment. These re-
sults illustrate important morphological differences and membrane characteristics between
NHA and glioblastoma cells and could be potential reason for resistance of NHA cells and sen-
sitivity of U87 cells on plasma treatment.

These results indicate the potential role of CAP in the treatment of glioblastoma. Moreover,
plasma does not influence the normal human astrocytes, which is of course beneficial and fa-
vorable for every cancer cell therapy. Furthermore, the AFM images validate the results of the
MTT assay, which shows the selective apoptotic effect of plasma on the U87 cells.

The true mechanism of CAP on cancer cells remains to be elucidated. However, this study
provides further data on the selective effect of cold plasma on glioblastoma cell viability by
studying the cell surface details and morphology before and after plasma treatment with atomic
force microscopy (AFM). Because of the extreme complexity in plasma-cell interaction, it is
difficult to determine which mechanisms the cell uses to protect itself against stress (e.g. plasma
treatment) and which signaling pathways are initiated inside the cell, but we have some indica-
tions what is happening on the cell surface, particularly with the cell membrane, after plasma
treatment. This data will serve to better define the complex interaction between cold plasma
and the cell membrane surface and aide in the design of future experiments. Imaging of other
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cell types using AFM looks to more clearly illustrate the effect of cold plasma on the cell mem-
brane, cell morphology and cell viability.

Conclusions
The fixed cell experiments presented here open new avenues for understanding the architec-
ture and assembly of the cell membrane in normal human astrocytes and glioblatoma cells and
contribute to understanding the complex interaction between plasma and cell membrane sur-
face. These differences could be the possible reason for the selective effect of plasma on glio-
blastoma cells and may significantly contribute to cell viability after plasma treatment.

Supporting Information
S1 Fig. (a) 24, 48, 72 h MTT assay results of U87 treated with 5–60s duration of helium
plasma jet (b) 24, 48, 72 h MTT assay results of E6/E7 treated with 5–60s duration of heli-
um plasma jet
(TIF)
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