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Abstract
The current cancer studies focus on the molecular-targeting diagnostics and their interaction with
surrounding microenvironment, however, there are some missing points on the characterization of the
cells with their topological differences and elemental composition. Glioblastoma multiforme (GBM)
which is an astrocytic aggressive brain tumour with short survival time. GBM and astrocyte cells may
differ at molecular level and the elemental and topological evaluation of these cells are vital for a
de�nition of new potential targets for cancer research. Here, we report the topology and chemistry of
cancer (GBM) and healthy (astrocyte) cells by atomic force microscopy (AFM), scanning electron
microscopy (SEM) supported with energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS), for the �rst time. Additionally, F-actin Immuno�uorescence staining and Real-Time
Polymerase chain reaction (RT-PCR) techniques were performed. Actin related genes were similar in level
of gene expression; however, F-actin protein intensities were different. The gene expressions related to the
invasion were elevated in GBM cells. Morphologically, GBM cells were found to be longer and narrower
while astrocytes were shorter and more disseminated based on AFM. Furthermore, roughness values of
these cells were relatively close to each other. SEM-EDS analysis demonstrated that elongated GBM cells
exhibited several �lopodial protrusions whereas the astrocyte surfaces were rougher in lamellipodial area.
Our investigation provides considerable further insight into rapid cancer cell characterization �eld in
terms of its combinatorial spectroscopic and microscopic approach.

1. Introduction
Astrocytes are the most common cell type of central nervous system (CNS) and have critical functions
such as organizing of CNS homeostasis by contribution to the construction of the blood-brain barrier,
maintaining appropriate synaptic transmission, contribution to neural development, responding to injuries
and diseases (Sofroniew and Vinters 2010; Chaboub and Deneen 2012; Guttenplan and Liddelow 2018).
A previous work showed the heterogeneity in number and morphology according to their regions in the
brain (Zhou et al. 2019). Astrocytes are in contact with numerous vessels, nerves and synapse regions as
a result of their special morphological structures (Oberheim et al. 2009). Thus, to form this unique
morphology, astrocytes have an improved cytoskeleton and the most important intermediate �lament
therein is glial �brillary acidic protein (GFAP) (Hol and Pekny 2015). Dysregulations in the cytoskeleton of
astrocytes contribute to the formation of cancer (Yang et al. 2013).

Glioblastoma multiforme (GBM) also called glioblastoma is classi�ed as grade IV diffuse astrocytic and
oligodendroglial tumours by World Health Organization (WHO) (Louis et al. 2016). It is the most common
malign primary brain tumour includes 48.3% of all primary malign brain tumour and 14.6% of all primary
brain tumours. Despite advances in treatment options, GBM patients have a 6.8% �ve years post-
diagnosis survival (Ostrom et al. 2019). Surgical excision of the entire GBM has di�culties due to the
localization of the tumour in the central nervous system and the absence of sharp borders between
neoplastic and healthy tissues. Therefore, effective treatment methods for GBM are still limited and much
more efforts are inevitable (Lara-Velazquez et al. 2017). 
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The concept of cancer biology is associated with the cells which start to behave differently from healthy
cells, both morphologically and biochemically, especially the potential for rapid division due to changes in
control points of the cell cycle. The loss of control in the G1/S stage of the cell cycle and loss of genetic
material within chromosome 10q leading to PTEN mutation as well as mutation of EGFR, FGFR2, AKT3
genes may play a role in the development of GBM (Urbańska et al. 2014). Particularly, the dysregulation
of apoptotic mechanisms is one of the major problems in GBM (Valdes-Rives et al. 2017). It must be
pointed out that a better understanding of the regulatory process of apoptosis is needed to develop new
diagnostic and therapeutic strategies that lead to the initiation of apoptosis signalling. On the other hand,
the cytoskeleton of the cell plays a crucial role not only in maintaining its size and shape but also
governing how the cells sense and respond to their environment. Various cellular processes such as cell
division, migration, and regulation of gene expression have been linked to the cytoskeleton. In GBM, the
hypoxic environment is known to orchestrate changes in cytoskeleton dynamics, thereby promoting these
cells to migrate (Velásquez et al. 2019).

Changes in the cytoskeleton affect the motility of the cancer cell by changing the cell surface
properties (Arjonen et al. 2011; Hohmann and Dehghani 2019). Cdc42 is one of the most prominent
members of Rho-GTPases and with Rho and Rac, these three genes regulate cell morphology, membrane
ru�es, �lopodia structure and actin reorganization. Cdc42 activity also increases glioma migration and
invasion. It was also reported that Cdc42 activity in glioma may increase the number of �lopodia (Okura
et al. 2016). Rho is another protein family interacting with the actin cytoskeleton, are hence involved in
the regulation of the cytoskeleton reorganization. As a downstream effector of Rho, the Rho-associated
protein kinase (ROCK1) is a serine-threonine protein kinase. It was shown that when ROCK1 binds to the
active GTP-bound form of Rho, it is activated and then interacts with the actin cytoskeleton to promote
the formation of stress �bres, as well as focal adhesion. Moreover, ROCK1 has been reported to provide a
feedback mechanism and regulate the activity of upstream proteins Rac1 and RhoA, which act as key
regulators in the reorganization of the actin cytoskeleton. Since the reorganization of the actin
cytoskeleton plays an active role in cancer cell migration and invasion, ROCK is believed to be involved in
the process of cancer invasion and metastasis. In addition, it was reported that ROCK1 modulates cell
motility via integrin β1-activated FAK signalling (Hu et al. 2019). Rho GTPases have been implicated in a
variety of cellular processes and most importantly of cytoskeleton organization and its impact on
biological functions on cellular movement and division. Cdc42, Rac1 and RhoA have a modulatory role in
cellular tra�cking and tumorigenesis. The highly conserved RhoA, RhoB and RhoC proteins are frequently
aberrantly expressed in human tumours, with RhoA and RhoC being commonly overexpressed whereas
RhoB is often downregulated. RhoA has been implicated in all stages of cancer progression and has an
important role during tumour cell proliferation, survival and progression, controlling the generation of
epithelial polarity, junction assembly and disruption of epithelial cells. Furthermore, RhoA is important for
both amoeboid and mesenchymal migration through the activation of the RhoA-ROCK signalling
pathway (Tseliou et al. 2016).

Invasive cancer cells must be capable of assembling invadosome structures termed invadopodia that
represent sites of focal matrix metalloproteinase (MMP) secretion. MMPs, invasive cancer cells generate



Page 5/29

traction force at the rear, with the protrusive process of invadopodia formation occurring at the front,
enabling cells to propel through the degraded ECM/stromal barrier. MMP2 and MMP9 have roles in
angiogenesis and epithelial to mesenchymal transition (EMT). Owing to their roles in cell invasion,
invadopodia are believed to be the sites of focal secretion of MMP2 and MMP9 (Grauzam et al. 2018). 

For almost the past two decades, there have been many advances and rapid increases in imaging
techniques used for cell biology. These advances have been the result of contributions from cross-
disciplinary scientists in different �elds. Physicists have provided much of the technology, such as the
advanced electron detectors that increased the speed and sensitivity of modern electron microscopy
instruments. Chemists have developed brighter �uorescent probes that illuminate targets for longer.
Statisticians and computer scientists together have improved image processing and analysis techniques.
This sort of acceleration in imaging has come about through these interdisciplinary efforts (Fleming
2014). Among these imaging techniques, Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) combined with Energy Dispersive Spectroscopy (EDS) are the most widespread types
of imaging techniques. When they are especially considered together with X-ray Photoelectron
Spectroscopy (XPS), results are better interpreted. Brie�y, in a SEM microscope, a beam of electrons
moves back and forth across a cell’s surface, creating details of cell surface characteristics and SEM has
found applications in different cell types from embryonic stem cells (Baharvand and Matthaei 2003;
Bergert et al. 2021) to cancerous cells (Boyde et al. 1972; Beil et al. 2005; Franchi et al. 2020; Palumbo et
al. 2020). AFM is a well-known high-resolution three-dimensional (3D) surface imaging technique that
has been used especially in cancer research allows to get detailed topographical knowledge by scanning
cell surfaces (Lin et al. 2007; Sirghi et al. 2008; Polyakov et al. 2011; Steffen and Koehler 2018; Li et al.
2021). XPS is a surface-sensitive technique and sampling depth is about 10 nm when the sample surface
is positioned normal to the detector. This size means that the sampling depth is larger than the
dimensions of many adsorbed proteins and biomolecules. This allows for signals from a substrate and
an adsorbed (i.e., protein) overlayer to be detected simultaneously (McArthur et al. 2014a).

AFM further reveals the underlying nature of the cell components at cellular level. Recently, researchers
were able to better extend their knowledge on the changes in cell structure including formation of
�lopodia, lamellipodia, stress �ber and stellation by AFM (Tiryaki et al. 2012). It was also revealed that
surfaces of formaldehyde-�xed astrocytes differed by protrusions in L and by a HS-dependent �brillar
network in M glia indicating the correlations between cell surface morphology and functional
properties (Weissmüller et al. 2000). The membrane structure and mechanical behaviour of cells has
been investigated by AFM and it was shown that cancerous cells have different biophysical features in
comparison to normal cells. It enables the extraction of topographical, mechanical and physicochemical
properties such as elasticity (Guo et al. 2012), friction (Sirghi et al. 2009) or adhesion forces (Smith et al.
2013) and roughness (Kaul-Ghanekar et al. 2009) in biological systems in their natural environment. In
addition, AFM has been widely used in the study of cell biology in order to reveal the relationship between
cell functions and biophysical alterations (McEwen et al. 2013). AFM studies of living cells and cellular
structures give signi�cant knowledge about the viscoelastic features of the cell membrane and cell
cytoskeleton organization. For cellular systems, information about micromechanical features is essential
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because it assists to �gure out cell architecture and its functions. This powerful technique has the
capability to visualize cellular ultrastructure, down to the level of structures such as the nuclear
pore (Oberleithner et al. 1994) and cytoskeletal �bers (Cheng and Wang 2008) as well. Several
works (Lam et al. 2007; Suresh 2007b, a) indicate that AFM could be e�ciently used in the early
diagnosis of cancer by using nano-biomechanical properties. Lekka et al. investigated the elasticity of
normal human bladder epithelial cells (Hu609 and HCV29) and cancerous ones (Hu456, T24 and
BC3726) by using AFM. They found that normal cells are much stiffer than cancer cells and concluded
that this is attributed to the reorganization of the cytoskeleton (Lekka et al. 1999). Previous studies using
AFM showed that the cancer cell lines have rougher surface and lower elasticity than benign cell lines (Li
et al. 2008; Wang et al. 2016). As a supportive and complementary to AFM, another imaging technique,
SEM, provides information about the structures of cells with its high-resolution imaging feature and is
also used in cancer research. (Boyde et al. 1972; Li et al. 2008) When SEM is also combined with EDS, it
is possible to use it for extracting semi-quantitative elemental map of the region of interest under
investigation.

In addition to mentioned imaging techniques above, surface elemental characterization can be also
investigated by XPS. This technique is used for bio-relevant or biological samples. Moreover, it can be
used to determine certain functional groups related to a speci�c element. Regarding carbon, CHx, C–O,
C=O, and O–C=O can be distinguished because of variations in the functional group’s electronegativity,
yielding a shift in the relative energy of their ejected photoelectron (McArthur et al. 2014a; Skallberg et al.
2017). The analysis of both elemental and chemical properties of the cell surface was also previously
reported (McArthur et al. 2014b; Scimeca et al. 2018). Skallberg et al. used the XPS on the surface of
blood cells, but no comparison was made between GBM and astrocyte using XPS in the
literature (Skallberg et al. 2017).

Together with the development of new techniques that opened novel avenues of the cell research, both
the current status, and future directions of this rapidly growing area of science strongly depend on further
investigation of cell characteristics in great details by multi analytical techniques. For this reason, we
used AFM to investigate the differences of the cell surfaces of the astrocytes and GBMs by using
roughness and the height data for revealing the general morphologic characteristics of these cells.
Furthermore, two spectroscopic techniques, XPS and EDS, were both performed in order to characterize
the cells’ elemental composition and morphology. Besides, it is of particular importance to distinguish the
signals observed in XPS spectra caused by fundamental structures like phospholipids, molecules in
cytoplasm, and DNA. Thus, observing such structures and their corresponding abundances may
eventually play a key role for early diagnosis and the evolution stage tracking of the cancerous cells.

2. Materials And Methods
2.1 Cell Culture
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Human astrocyte cell line SVGp12 (ATCC® CRL-8621TM) and astrocytoma cancer (glioblastoma) cell
line U-87MG (ATCC® HTB-14 TM) (American Type Culture Collection (ATCC)) were cultured in EMEM
(Eagle's Minimum Essential Medium) (ATCC 30®-2003TM) medium containing 10% fetal bovine serum
(Biowest, S1810). Cells were maintained in the incubator containing 5% CO2 at 37°C. Cell lines were
monitored daily by inverted microscope for viability, proliferation, and infection. The arrival of the cell
lines to the laboratory was accepted as p1 and p4 passage numbers were used in the experiments. When
the cell density was more than 80%, the cells were passaged. Cell counting was performed with Muse®
Cell Analyzer.

2.2 Real‐Time Polymerase Chain Reaction (RT-PCR)

The cells were rinsed with 1X Phosphate-buffered saline (PBS) after detached from the surface with
0.25% Trypsin-EDTA solution and dissolved in RNA buffer. Before RNA isolation, the purity of the samples
was controlled. RNA isolation was performed according to the Roche isolation protocol and RT-PCR
achieved with a customized Roche panel.

2.3 F-actin Immuno�uorescence Staining

The cells were seeded 105 cells/ml at the start and incubated in complete medium for 48 hours on 15
mm round coverslips. They were �xed with 4% paraformaldehyde and rinsed three times with 1X PBS and
permeabilized with 0.25% TritonX-100 in 1X PBS. The cells were incubated with 1% BSA in 1X PBS for 1
hour for blocking. Phalloidin 488 (abcam, ab176753) were diluted in %1 BSA in 1X PBS. The cells were
incubated with the phalloidin for 1 hour and mounted with Fluoroshield Mounting Medium with DAPI
(abcam, ab104139). Sample imaging was performed by Olympus BX‐51 microscope (Olympus Optical
Co., Tokyo, Japan).

2.4 Atomic Force Microscopy (AFM)

GBM and astrocyte cells were seeded 105 cells/ml for AFM investigations. The cells were incubated in
complete medium for 48 hours on 15 mm round coverslips before AFM imaging. The cells were �xed with
4% paraformaldehyde and rinsed three times with distilled water. Excess water was drained 5 minutes
prior to imaging and left for drying. When the excess water on the sample evaporated, the sample was
inserted to the stage in the instrument.

Bruker Dimension Edge with ScanAsyst AFM (Bruker, Germany) instrument was used to obtain 2D and 3D
images in PeakForce Tapping mode in the air at ambient temperature. For this mode, ScanAsyst-Air
cantilevers with a spring constant of 0.4 N/m and frequency of 70 kHz (Bruker, Germany) were used. A
scanning area of 100 x 100 μm2 with a scan rate of 1.0 Hz. was selected. Image analysis was performed
by NanoScope Analysis 1.5 Software (Bruker, Germany). Maximum height (Rmax), root-mean-square
roughness (Rrms or Rq) and average roughness (Ra) data were calculated. Rq and Ra were de�ned by
formulæ below:
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2.5 Scanning Electron Microscopy/Energy Dispersive X‐ray Spectroscopy (SEM/EDS)

GBM and astrocyte cells were seeded at 105 cells/ml and �xed after 48 hours incubation within 4%
paraformaldehyde and stored in PBS. Prior to the SEM imaging and analysis samples were completely
dried in dry air. Before imaging work of the cells, a 6 nm gold-palladium coating was applied on all
samples by using Leica EM ACE600 sputter coater under vacuum approximately 30 minutes with argon
gas (Leica Microsystems, Germany) to make the surfaces of these cells conductive prior to SEM imaging.
Imaging resolution of 0.9 nm and acceleration voltage of 1 kV were used. SEM/EDS imaging was
acquired using Thermo Scienti�c Apreo S LoVac SEM (ThermoFisher Scienti�c, U.S.A.) equipped with
Schottky Field Emission Gun.  Images were collected in high vacuum mode. For the measurements,
maximum beam of current of 50 nA and 30kV accelerating potential were used, respectively. EDS detector
(EDAX, AMETEK, U.S.A.) that was implemented into the SEM device was used to analyse elemental
spectra from each cell. ImageJ (1.53g) public domain Java image processing program for Windows was
used for the calculation of the lengths for the �lopodial and lamellipodial protrusions observed in the
SEM images (Rasband; Abràmoff et al. 2004; Schneider et al. 2012).

2.6 X-ray Photoelectron Spectroscopy (XPS)

GBM and astrocyte cells were seeded at 105 cells/ml and �xed after 72 hours incubation within 4% PFA
and stored in PBS. Cells were �xed with 4% PFA then incubated in 1X PBS at +4 °C for XPS elemental
analysis. Prior to analysis, the cells were rinsed three times with distilled water and dried under vacuum.
Cells were seeded on the copper tape surface to eliminate contributions from Si, Ti, C and O atoms due to
the background. K-Alpha X-Ray photoelectron spectrometer (Thermo Fisher Scienti�c, U.K.) was used for
the experiments. Al Kα monochromatic (1486.68 eV) was used as an X-ray source, and a 180° semi-
circular analysor with a detector of 128 channels was used for the measurements. The size of the X-ray
spot and sampling area were 300 μm and 60 x 60 mm, respectively. Relative elemental atomic ratio was
obtained by Thermo Scienti�c K-Alpha point analysis.

2.6 Statistical Analysis
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Gene expression pro�les were analysed with the ‘Multiple Plate Analysis’ program. The reference
housekeeping genes expression (β‐actin, glyceraldehyde 3‐phosphate dehydrogenase) for normalization
were assayed for relative quanti�cation. Fold change was calculated according to 2-ΔΔCt. Experimental
groups were compared according to the t-test statistical analysis and fold change values were evaluated
whether the value was under or over the 2-fold. F-actin intensity measurements were achieved by
ImageJ/Fiji program (Image analysis software, National Institutes of Health, Bethesda, MD) (Oltulu et al.
2019). The analysis of F-actin intensities and aspect ratio were performed using JMP Pro software
Version 13.0 (SAS Institute Inc., 2017). IBM SPSS Statistics 25.0 was used for evaluation of the data. The
data were evaluated with Shapiro Wilk test for normality and Levene’s test for equality of variances.
Samples with normal distribution were evaluated with the Independent Samples t-test, while samples
without normal distribution were evaluated with Man Whitney-U test. Results were given as mean ±
standard deviation (SD), unless otherwise indicated. p < 0.05 was considered to be statistically
signi�cant.

3. Results
3.1 Surface morphology and comparison of GBM and astrocyte cells

GBM cells are astrocytic carcinoma and could share similar characteristics due to their source of origin
both astrocytic. Close-up inspection of phase contrast images given in Figure 1 for GBM and astrocyte
cells. Both cell lines have numerous sprouts from the cell body; however, astrocytes were more spread.
The astrocytes covered the surface area with thinner cell body, while GBM cells prefer to be more spindle
shaped. Cells were imaged under 40x magni�cation (scale bar is 20 μm).

3.2 GBM and astrocytes diverge at the level of gene expression related to motility

Here, we investigated the GBM, and astrocytes morphology, topology and elemental composition and the
similarities and differences will lead to alterations of cytoskeleton and motility related gene expressions.
The genes related with the invasion CDC42, MMP9, MMP2, RHOA and GFAP were evaluated with RT-PCR
(Table 1). The expressions of these genes were signi�cantly high in GBM; however, ARPC2 and ROCK1
gene expressions were similar to astrocytes.

3.3 GBM cells have elevated level of F-actin intensity than astrocytes and not organize in the same
pattern

F-actin is a cytoskeletal component and displays cellular morphology. Here, the distribution of the actin
�laments was different in the means of the localization. Astrocytes displayed parallel actin �laments,
however, GBM cells showed more actin �laments on the edge of the cells as stress �bres (Figure 2A, 2B).
Besides, GBM cells displayed actin dots (actin puncta) on lamellipodial area. The comparison of the F-
actin intensity reveals that there was a signi�cant difference between the GBM and astrocyte cells; GBM
cells showed wide range values which means GBM cells modulate the cytoskeleton more than astrocytes
(Figure 2C).
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The shape of the cells could be �gured out with the actin staining. We also calculated the aspect ratio of
these two cell lines to conclude the differences of the cell shape. The aspect ratio is the ratio of major to
minor axis of the cell length. The aspect ratio of GBM is higher (4.19±1.49) than astrocytes (1.85±0.63)
(Figure 2D). We could conclude that GBM cells were spindle shaped morphology while astrocytes were
more spread to the surface.

3.4 Topographic and morphologic features of GBM and astrocytes cells by AFM

AFM was used to obtain detailed information about the topographical and morphological features of
glioblastoma multiforme (GBM) and astrocyte cells. Three-dimensional (3D) high-resolution nano-
topographic images of cancer cells (GBM) and healthy cells (astrocyte) were shown in Figure 3A and B,
respectively, while the root mean square roughness (Rq), average roughness (Ra) and maximum height
(Rmax) data of GBM and astrocyte cells were given in Fig. 3C, D and E, respectively. GBM cells were
morphologically longer and narrower when compared to astrocyte cells which were shorter and more
disseminated. As shown in Figure 3A and B, both GBM and astrocyte cells formed a membranous
structure with cellular extensions, and they were �rmly attached to the surface. Astrocyte cells exhibited a
distinct elevation in the nucleus region and spreading morphology in other cell regions. 

We also investigated cell spreading and �lopodia formation by AFM. As seen in representative 3D images
in Figure 3B, numerous well-organized lamellipodia around the edges of astrocyte cells, with the short
�lopodial protrusions growing from these areas. Lengths of these �lopodial formations were found to be
approximately 5 μm. Careful investigation of these structures revealed that the average heights of these
�lopodial formations are 50 μm. However, we observed some �lopodia with different lengths, indicating
different possible growth stages. In addition, these protrusions were also observed for GBM cells in Figure
3A, but not as clear as astrocyte cells.

The root-mean square roughness (Rq), average roughness (Ra) and maximum height (Rmax) data for GBM
and astrocyte cells were given in Table 2. As seen from Table 2, roughness values of both GBM
(49.17±18.12 nm) and astrocyte cells (46.77±21.31 nm) are relatively close to each other, whereas the
maximum height pro�le of astrocyte cell (1322.67±381.78 nm) is slightly greater than GBM
(1024.70±224.39 nm). These alterations might be the result of dysregulation in the cytoskeleton, thus
contributing to cancerous cell evolution.

3.5 Structural details of the �lopodial and lamellipodial protrusions by SEM-EDS 

By SEM-EDS we were able to examine the details of the microenvironment of the investigated cells,
revealed elemental composition and gave better understanding of the structures and invasion pro�les of
the protrusions. In order to distinguish the GBM and the astrocyte cells, a careful analysis for the
morphologies of these cells determined from SEM images were performed. Working distance for the
samples were 12.1 and 8.9 mm for GBM and astrocyte, respectively. Accelerating voltage for the electron
beams were high voltage of 5 kV for all the cells. However, GBM was imaged at 3250x whereas
astrocytes were imaged at 5000x. Based on this analysis, GBM cells appeared as more elongated shapes



Page 11/29

with several �lopodial protrusions at the edges of the cells and small protrusions throughout the cell
body. As correlates with the phase-contrast microscopy, astrocytes displayed more radially spreading out
fashion in cell morphology when compared to GBM cells with spindle like morphology. In addition,
astrocytes showed multivesicular-like cytoplasmic structures distributed on the lamellipodial area with
the varying shapes and sizes. The surface of the cell was rougher in the lamellipodial area in astrocytes,
whereas the rough area was better described in GBM cells in the nuclear region (Figure 4A-B). The
average lengths of the almost needle-like �lopodial structures were calculated as 3.28 µm for GBM cells
whereas 2.84 µm for astrocytes.

Prior to EDS point analysis of compared GBM and astrocyte cells, samples were coated with Au/Pd
particles for imaging. Elemental composition spectra data on the cell surface were detected after
removing Au spectrum (Supp Table 1 and Figure 4C). As the cell itself possesses a non-conducting nature
(Morgan 1985), SEM imaging technique causes a charging issue on the cell due to its accelerating
electrons. Thus, the image quality is greatly decreased. To overcome this situation, gold and platinum are
coated for the non-conducting samples. Elemental weight percentages obtained from EDS �ndings were
also analysed by Students’ t-test (p<0.05). According to results, nine elemental weight ratios were
statistically close to each other in GBM and astrocytes. Based on the results presented in Supp Table 1,
the most abundant elements detected by EDS were C and O. The remaining elements appeared in small
portion of intensity as presented in Supp Table 1. However, it should be emphasized that the amount of Si
was originated from the substrate. Regarding the two most abundant contributing elements, O and C
(37.65 and 31.23%, respectively), we can conclude that these two are the most representative vital
elements of the cells we investigated. It is also known that the most representative elements that exist in
proteins are C, N, and O but cells can also contain low levels of other elements including sulphur,
phosphorus, and various metals. Elemental contributions lower than 5% were not taken into consideration
except the potassium ratio (3.03% for GBM and 4.36% for astrocyte) since the potassium channels are
attributed to cancer cases where these channels are known to be highly active (Comes et al. 2015). 

3.6 Elemental analysis and bonding types for the functional group assignments by XPS

XPS can probe the cell surface and it reveals detailed information on the elemental composition of the
cell. The binding energy of the photoelectrons used in XPS strongly depends on the chemical state of the
element which makes different sorts of bonding with the neighbouring atoms. Thus, chemical shifts
observed in the XPS spectra represent different chemical functional groups. Here, we determined the
elemental abundances over the surfaces of the GBM and astrocyte cells. Findings were presented in Supp
Figure 1 and the speci�c elements were listed as atomic percentages (%) (Supp Table 2).

XPS analysis revealed that the most weight % signals come from the C, N, and O. The carbon shifts lead
to different bonding of carbon in structures of molecules. In general, an observed C1s peak in XPS
spectra is attributed to four components: i) component due to carbon bound only to carbon and hydrogen
(C-(C,H), mainly at 284.8 eV), ii) a component at 286.3 ± 0.1 eV due to carbon making a single bond with
oxygen or nitrogen (C-(O,N)), iii) a component at 288.0 ± 0.1 eV due to carbon making two bonds with
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oxygen, two single bonds or one double bond (C=O), and �nally iv) a weak component or a shoulder
caused by O=C-OH. Regarding O1s peak in XPS spectra, two components can be distinguished: i) a
component at 531.3 ± 0.2 eV, associated with oxygen making a double bond with carbon (C=O), ii) a
component at 532.6 eV due to alcohol (C-OH) in general. In addition, main N1s peak is observed at 399.6
± 0.3 eV (amine or amide) with an accompanying satellite peak at 401.3 eV due to protonated nitrogen
(Rouxhet et al. 1994). The approximate peak binding energies of bonding of C, O and N elements, that
was previously reported (Skallberg et al. 2017)  could be listed as C1s (284.0-290.0 eV), O1s (527.0-537.0
eV) and N1s (399.0-400.0 eV) as shown in Figure 5 and their spectral regions according to their chemical
state could be listed as C-C (284.0-285.0),  C-N/O (285.8- 286.2 eV), O-C=O (~288 eV), C=O (288-290 eV),
C-NH2 (388-400 eV), C=O (531.4-531.8 eV), C-O (532.5-532.9 eV) and metal carbonates (530.7 eV).
Although it is not an easy task to de�ne exact chemical shifts and their corresponding functional groups,
we can suggest that chemical shift of C1s in photoemission are used to identify vital components of the
cell structure. Strong C1s (C-C) signal is particularly associated with the region where the high density of
phospholipids is found in the cell membrane. However, C1s (C-N) and C1s (C-O) signals are acquired from
the cell core where the cytoplasm and DNA are found in cell nucleus (Skallberg et al. 2017).

Atomic elemental ratio of GBM and astrocyte cells were compared with Students’ t-test (p<0.05)
according to XPS point measurement results. The six elements were mainly detected on the surface
(Figure 6, Supp Table 2). These elements can be listed as P, S, C, N, O, Na. The abundance of C and O
elements are approximately similar in these cells (~1 atomic%) and the atomic% of the P is almost
double the GBM (0.84%) compared to astrocyte (0.42%). Moreover, atomic% of S for GBM (0.31%) is
almost 1.5 times higher than the astrocyte (0.19%). Nitrogen is less in GBM than astrocyte cells but is not
statistically different. We found zero contribution from Na element for astrocytes whereas the atomic %
of GBM was found to be 0.82%. This �nding is related to the penetration depth capability of XPS
instrument which is around 0-10 nm from the top of the surface of the sample. 

Four different spots (A, B, C, and D) over GBM and astrocyte cells were scanned in XPS survey for the
carbon whereas one spot for nitrogen and two spots for oxygen for both cells. As presented in Supp Table
3, peak positions were seen in line with the previous reported data. (Rouxhet et al. 1994; Ahimou et al.
2007; Skallberg et al. 2017)

Nitrogen peak (399.78 eV) for GBM and (399.71 eV) for astrocyte was not decomposed into two
contributions as stated in a previous XPS study (Ahimou et al. 2007). These two contributions were
reported due to 1) characteristic of nonprotonated nitrogen (399.8 eV, typical of amide and amine) and 2)
protonated nitrogen (401.3 eV, typical of ammonium or protonated amine). We observed one single well-
resolved peak for nitrogen at 399.78 (FWHM is 3.74 eV) and 399.71 eV (FWHM is 4.32 eV) for GBM and
astrocytes, respectively which agree with the literature.

Oxygen peaks for GBM (531.68 eV) was decomposed into two components: 1) 531.68 eV attributed to
oxygen making a double bond with carbon (including amide and carboxyl) and oxygen of carboxylate,
and 2) 533.56 eV attributed to single bond constructing oxygen with hydrogen or carbon (C-O-H of
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alcohol and carboxyl, C-O-C of acetal and hemiacetal) (Ahimou, 2007). This decomposition was not
observed for astrocytes. However, FWHMs of GBM and astrocytes for both regions (A and B) were the
same (2.9979 and 3.5074 eV). Furthermore, intensity data for both cells and both regions were close to
each other. As for carbon contribution.

Carbon FWHM peaks were observed between 1.0801 and 2.2431 eV for GBM and 0.6827 and 1.8331 for
astrocytes, respectively. This observation is in contrast with previously reported �ndings (Rouxhet et al.
1994) of FWHM range 1.35 – 1.60 eV for C1s components. When molar ratios (Supp. Table 4) were
compared to total carbon obtained by our XPS survey (Supp Table 2), astrocytes were seen to be
distinguished based on their P/C and S/C molar ratios. Based on our �ndings, we can say that N/C molar
ratio of 0.07% for GBM cells compared to astrocytes (0.10%). This suggest the existence of chitin
(Rouxhet et al. 1994), a polysaccharide as an amide derivative of glucose which is a primary component
of cell walls (Tang et al. 2015). Chitin nitrogen molar ratio based on nitrogen/carbon was reported as
0.125 for microbial surfaces (Rouxhet et al. 1994). In mammals, there was no recorded existence of
endogenous chitin, however, chitinase-like proteins have been characterised (Lee et al. 2011). Abundance
of chitin-like proteins in GBM cells questionable from this data.

4. Discussion
It is crucial to further understand the molecular changes taking place on the surface of the cell and its
microenvironment to contribute cancer biology and thus create possible therapeutic targets. It is already
proven that the molecular biological investigations supported with high-resolution imaging and selected
effective spectroscopic methods increased the depth of the investigations and contributed to the
identi�cation of differences of the cells, i.e., somatic cells, stem cells and cancer cells.

F-actin (micro�lament) is one of the key elements of the cytoskeleton and contributes to spines
morphogenesis (Kim 2009). The dendritic sprouts through the cell body contain F-actin components in
which these structures were led by small GTPases like Cdc42 (Kim 2009). Cdcd42 was one of the
members of Rho family GTPase reviewed as one of the key proteins in invasion migration and take part
in invadopodium process (Al-Koussa et al. 2020). Rho-associated GTPases are effective in many cell
functions. While they are involved in important mechanisms such as cycle maintenance and survival,
they also play effective role in changes in cell shape, movement and adhesion (Yang et al. 2001). CDC42
is particularly effective in cell polarity and �lopodia formation. In addition to axon formation and
myelinization in the nervous system, it is also effective for cytoskeletal regulation and neuronal
polarity (Murali and Rajalingam 2014). Higher gene expression of CDC42 relative to astrocytes in GBM
may refer to cancer cells motility or features such as invasion.

While RhoA functions in the polarity of normal epithelial cells, it is also effective in many stages of cancer
progression and is generally found to increase in tumours (Murali and Rajalingam 2014). An expected
increase of RhoA was seen in GBM relative to astrocytes. Actin is the main factor in the organization of
the cell shape, structure and polarity and dynamically undergoes remodelling. Rho GTPases are involved



Page 14/29

in the actin based cellular protrusions or structures such as lamellipodia, �lopodia, stress �bers and focal
adhesion (Aspenström et al. 2007). The increase in GBM of Rho GTPases such as RhoA and CDC42
coincides with the higher F-actin intensity in GBM. The breakdown and remodelling of the extracellular
matrix are required for the cell movement. Matrix metalloproteinases (MMP) are proteases used for these
functions. Membrane MMPs that are effective in mesenchymal cell movement, such as MMP-2 and
MMP-9, are regulated by Rho GTPases (Murali and Rajalingam 2014). EMT occurs in invasion and
metastasis, are main characteristics of cancer and closely related to prognosis. Mesenchymal-epithelial
transition (MET) with EMT allows access to the new microenvironment, and they are the main
mechanisms of distant organ metastases. MMP-2 and MMP-9 play role in facilitating EMT by causing
the breakdown of the E-cadherin (Radisky et al. 2005). Taking all these under consideration as expected
increase of MMP-2 and MMP-9 gene level were seen in GBM relative to astrocyte.

In our study, astrocytes and GBM cells were also compared by means of AFM, SEM/EDS and XPS
techniques and the differences between these cells were observed by these complementary techniques.
Two previous works focused on the breast epithelial cells and examined roughness data on these cells’
surfaces (Li et al. 2008; Wang et al. 2016). Another work demonstrated that urothelial cancer cells were
rougher than healthy urothelial ones (Canetta et al. 2014). Furthermore, our recently published
investigation  on mouse embryonic stem cell (mESC), mouse skin �broblast (MSF) and mouse lung
squamous carcinoma cell (KLN-205) also took advantages of such complementary techniques to reveal
the cells’ surface roughness and elemental compositions (Ozdil et al. 2021). The morphology and
topology of the cell could be modulated by differential surface characters for instance stiffness (Mullen
et al. 2014; Chang et al. 2017) and nano-topology (Liliom et al. 2019; Hou et al. 2020). Hence, the signal
coming from the out of the cell alters the inner processes of the cell. 

Here, we investigated cancer (GBM) and healthy (astrocyte) cells at the same conditions on the glass
substrate surface. Although the AFM results provided that the maximum height of the astrocytes was
higher than GBM cells, both phase contrast and AFM and SEM images clearly showed that only the
nuclear part of the astrocytes appeared high, and the perinuclear area was rather low and widespread. On
the other hand, GBM cells appeared to be high in both nuclear and perinuclear regions. While both cells
exhibited elongated structures, astrocytes have a wider membrane (spread morphology) than GBM cells
which were more spindle shaped. Hence the aspect ratio of the GBM cells was higher than astrocytes.
Both cell groups have lamellipodial areas, however, this area was at all cell borders in astrocytes and at
the extreme points of spindled shaped elongated cells in GBM cells. GBM cells have �ne spindle
protrusions along the cell body where the lamellipodial area was not apparent.

In an AFM research to investigate the apoptotic changes in the morphology of the rat cortical astrocyte
cell (CTX TNA2), it was found that the mean height of apoptotic cells was approximately twice that of
untreated normal cells which were an indication of a correlation between antigen treatment and cell
height. According to results of that work, it was found that the height of the astrocyte cell was
1.999±0.217 μm whereas the height of the apoptotic astrocyte cell was 4.296±0.410 μm. It has been also
shown that the normal shape of the astrocyte cell changed upon treatment was transformed to almost
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rounded structures which was a clear effect of treatment. Findings of that study revealed that apoptosis
of astrocyte cell might cause many types of neurodegenerative disorders such as cerebral ischemia,
Alzheimer’s and Parkinson’s diseases (Hsiao et al. 2013). Our results demonstrated that the height of
astrocyte cells are 1.322±0.381 μm which is in consistency with the results presented by Hsiao et
al. (Hsiao et al. 2013). However, regarding GBM cells, we found their height to be 1.024±0.224 nm, which
is smaller than the reported by Hsiao et al. (Hsiao et al. 2013). This difference in GMB cell height might be
associated with grade levels, high or low, of the cells under study or the type of the cell depending on
whether it is rat or human. In order to reveal the ultrastructural correlates of enhanced oxidative stress
during hyperoxia, D’Agostino et al. (D’Agostino et al. 2009) examined the physical changes in plasma
membrane roughness on U87 human glioma cells by using AFM. These cells were subjected to 0.20
atmosphere absolute (ATA) O2, normobaric hyperoxia (0.95 ATA O2) or hyperbaric hyperoxia (HBO2, 3.25
ATA O2). Furthermore, 0.2 and 2 mM H2O2 was utilized as a positive control for membrane lipid
peroxidation. Based on the results, the roughness (Ra) of the plasma membrane was determined to be
34±3, 57±3 and 63±5 nm in 0.20 ATA O2, 0.95 ATA O2 and HBO2, respectively where 0.20 ATA O2

presumably re�ected the normal ultrastructural properties of healthy U87 cells. Additionally, roughness
values for 0.2 and 2 mM H2O2 were found to be 56±7 and 138±14 nm, respectively. Based on our results,
roughness of U-87MG (GBM) and SVGp12 (astrocyte) cells are 49.17±18.12 nm 46.77±21.31 nm,
respectively. When compared to the results of D’Agostino et al. (D’Agostino et al. 2009), we can suggest
that our roughness result for U-87MG cell is consistent with their roughness value for the same cell line.

A previous study highlighted the height pro�les of lamellipodia structures of non-neoplastic astrocyte
control cells (CC-2565 and SC-1800) and glioma cells (SNB-19, UP-007 and SEBTA-048) by using
Quantitative Imaging (QI)® mode AFM. Lamellipodia heights of glioma cells (SNB-19 and UP-007) were
2.45±0.59 and 1.57±0.42 μm while these heights were 1.03±0.58 and 0.85±0.40 μm for astrocyte cells
(CC-2565 and SC-1800), respectively. However, lamellipodia height (1.16±0.48 μm) of SEBTA-048 glioma
cell was found to be as same as astrocytes. Besides, the nucleus height of SC-1800 astrocyte cell was
determined to be 5.73 μm which is higher than the neighbouring observed lamellipodia height. These
height differences of different cells were associated with the invasive potential degree between these cell
lines. Besides, lamellipodia heights of high-grade cells have been found to be higher than non-neoplastic
astrocyte control cells. By contrast, lamellipodia heights of low-grade glioma cells were equal to
lamellipodia heights of astrocyte cells but less than those of GBMs. These �ndings indicate that the
lamellipodia heights of different cells can provide new insight on monitoring and controlling cellular
invasion in brain tumours (Smith et al. 2016). Zhou et al. (Zhou et al. 2008) reported the characteristic
structure of cytoskeleton in C6 glioma cells and compared to the cytoskeleton system of rat astrocyte.
Three-dimensional (3D) imaging obtained by AFM deduced that the cytoskeleton system of C6 glioma
cells is a network structure which radiated from the nucleus centre towards the periphery with an irregular
edge root whereas this network in astrocytes is a regular and smooth edge (Zhou et al. 2008). In another
study, to illustrate the effect of cold plasma on cell shape and morphology by AFM imaging technique,
normal human astrocytes (E6/E7) and human brain glioblastoma cells (U87) before and after plasma
treatment were used. Results demonstrated that U87 cells are observed as smooth and rounded, with
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small protrusions while E6/E7 cells are rough and highlight the smaller, sharper features on the cell
surface. After 48 and 72 hours of treatment, signi�cant differences were observed in cellular morphology
of U87 cells and almost no differences on E6/E7 cell shape and morphology were seen. In addition, 3D
topographic images of these cells indicate the height pro�les to be 1 μm for E6/E7 cells and 2 μm for U87
cells, respectively (Recek et al. 2015). Besides, �lopodia formations are associated with the expanding of
directed cell migration and thus they are important components for cell motility. For this reason, we also
focused on cell spreading and �lopodia formation for GBM and astrocyte cells by AFM. In short, we
found that the lengths of �lopodial formations and heights of them are approximately 5 and 50 μm for
astrocyte cells and this is in line with the previously reported data. However, these structural parameters,
height and length, were observed for GBM cells but not clearly were identi�ed.

In SEM/EDS experiment, it is known that the electron beam penetration depth lays typically in the range
from 10-100 nm for a wide variety of nanomaterials above 2 kV. As the accelerating voltage is higher, the
penetration depth is larger. The electron beam thus can �ll the whole cross-section of a nanostructure
when its average diameter is comparable to the beam penetration depth (Zarraoa et al. 2019). In our case,
we applied 5kV accelerating voltage for the imaging of the cells. Back scattered electron emission depth
at 5 kV increases to 60 nm for Si. An explanation to why we were not able to detect N (0%) for astrocyte
cells in our EDS work would be the EDS measurements are known to become less e�cient for lighter
atom (Z<30), particularly elements with Z<10, minimum detectable mass is usually around 1-2% under
the best conditions. Another explanation of this “zero �nding” would be the penetration depth (~1000 nm
at 5 keV; ~10-100 nm at 2 keV) of X-rays into astrocyte cells were not enough to interact with the
components of the cell containing nitrogen at the deeper levels (>1000 nm likely) in the cell since we
found the height of the astrocytes 1300 nm from AFM experiment.

Conclusion
This paper highlights the differentiation of cancer (GBM) and healthy (astrocyte) cells at molecular level
by AFM, SEM-EDS, XPS supported with F-actin immuno�uorescence staining and RT-PCR. Combining
gene-level molecular data with protein results and morphological re�ections were important in seeing the
big picture for diseases such as cancer or general cell biology, about which new information is provided
every day. F-actin organisation and gene expression results showed up GBM and astrocytes regulates
cellular process at molecular level. SEM investigation allowed us to further reveal the �lopodial
protrusions and their invading structures. XPS gave us a unique opportunity to investigate the cell surface
and elucidate detailed cell composition and its micro environmental alterations. XPS survey �ndings in
our work also demonstrated that we were able to distinguish the bond types based on their peak
positions. Our results were in consistency with the previous reported data. C, N, S, and O elemental
contributions were successfully determined by XPS. By AFM, 3-D topographic images of the cell surfaces
were successfully determined. Based on AFM results, lengths and heights of �lopodial formations were
found to be approximately 5 and 50 μm for astrocyte cells which is in agreement with the literature. GBM
cells’ heights were found to be 1.024±0.224 nm, which is smaller than the reported by Hsiao et al. (Hsiao
et al. 2013). This �nding for GBM cells might be attributed to grade levels, high or low, of the cells under
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study or the type of the cell depending on whether it is rat or human. Taken together, our results highlight
the role of combinatorial spectroscopic and microscopic techniques as candidate diagnostic tools in
cancer and cancer stem cell characterization. However, our �ndings might not be representative of a more
generalized frame since more detailed efforts are required on such speci�c cells with greater number of
cells. Results so far have been promising and could potentially be applied in cancer research, particularly
in early diagnosis of cancer.
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Table 1: The average ct (cycle threshold) values of GBM and astrocytes and fold change
values of GBM relative to astrocytes. ACTB and GAPDH genes used for normalization. Blue
and red values indicate up and down gene expression respectively. 

 AVG ct FOLD CHANGE  
 GBM ASTROCYTE GBM/ASTROCYTE  
CDC42 28.53 24.17 35.6707 UP
MMP9 32.20 38.20 46879.4059 UP
MMP2 33.35 31.99 285.3654 UP
ARPC2 39.80 29.07 0.4313 DOWN
RHOA 25.93 22.49 67.4930 UP
GFAP 32.30 35.07 4996.3771 UP

ROCK1 34.02 24.76 1.1947 UP
ACTB 38.70 22.46 0.0095 DOWN

GAPDH 25.09 20.61 32.8237 UP

Table 2: Root mean square roughness (Rq), average roughness (Ra) and maximum height
(Rmax) data of cancer (GBM), healthy (astrocyte) cells. Data are given as mean values ±
standard deviations.

Cell line Rq (nm) Ra (nm) Rmax (nm)

GBM 106.19±30.53 49.17±18.12 1024.70±224.39

Astrocyte 113.30±44.02 46.77±21.31 1322.67±381.78

Figures

Figure 1
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Phase-contrast images of GBM and astrocyte cells. GBM and astrocyte cells were similar due to their
protrusions and the size of cell body, however astrocytes were more spread to the surface and the height
of the cells was lower.

Figure 2

Cytoskeletal structure. The actin staining of (A) GBM and (B) astrocyte cells showed different
organization of actin molecules. C) The protein intensity of F-actin was compared in astrocytes and GBM.
D) The aspect ratio of cells was computed from actin staining indicates the morphological regulation of
these cell lines.
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Figure 3

AFM images of A) GBM and B) astrocyte cells together with C) root mean square roughness (Rq), D)
average roughness (Ra) and E) maximum height (Rmax) analyses.
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Figure 4

SEM images of the GBM (A) and astrocyte (B). Comparative EDS results of these cells (C).
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Figure 5

Peak binding energies of C, N and O elements and their bonding types for GBM (A) and astrocytes (B).
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Figure 6

Observed elements vs atomic% for GBM and astrocytes by XPS.
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