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Abstract
Graphene (G) and nanocrystalline diamond (NCD) are carbon allotropes and
promising nanomaterials with an excellent combination of their properties, such as high
mechanical strength, electrical and thermal conductivity, possibility of functionalization and
very high surface area to volume ratio. For these reasons, G and NCD are employed next to
electronics in biomedical applications, including implant coating, drug and gene delivery and
biosensing.
For a fundamental characterization of cell behavior on G and NCD, we studied
osteoblast adhesion and proliferation on differently treated G and NCD. Generally, both G
and NCD exhibited better properties for osteoblast cultivation than control tissue culture
polystyrene. Better cell adhesion but lower cell proliferation were observed on NCD
compared to G. The most surprising finding was that hydrophobic G with nanowrinkled
topography enhanced cell proliferation extensively, in comparison to hydrophilic and flat G
and both NCDs (hydrophobic and hydrophilic) with slightly higher roughness. Promoted cell
proliferation enables faster cell colonization of G and NCD substrates, meaning faster new
tissue formation which is beneficial in biomedical applications.
Furthermore, it was shown that osteoblast adhesion was promoted in the initial
absence of fetal bovine serum (FBS); however, osteoblast proliferation was suppressed
regardless of the material used. As a follow-up to this difference, we characterized cell
adhesion to tissue culture polystyrene in the presence and absence of FBS with three different
cell types. Consistently for all tested cell types, no classic focal adhesions were formed during
cell adhesion in the absence of FBS proteins. Moreover, signaling within these cells
proceeded in an unusual manner. In contrast, FBS absence affected cell shape, area and
number variously in the tested cell types. For the first time, the cell-substrate contact in the
absence of serum proteins for anchorage-dependent cells was described in detail.
In the last part of this thesis, the use of sericin (silk protein) as a replacement for FBS
in freezing medium for osteosarcoma cell line and primary human mesenchymal stem cells
(hMSCs) was evaluated. It was shown that 1 % sericin could substitute for 25 % FBS in the
freezing medium for hMSCs, in contrast to osteosarcoma cell line. Moreover, hMSCs could
be cryopreserved in a growth medium containing only 10 % DMSO with adequate results.
Finally, different freezing formulas should be evaluated for different cell types to find the
most satisfactory results.
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1 Introduction
1.1 Graphene and nanocrystalline diamond
Graphene (G) and nanocrystalline diamond (NCD) are carbon allotropes and both of
them used in this thesis are defined as nanomaterials. A nanomaterial is defined as a material
smaller than 100 nm at least in one dimension. The greatest advantage of a nanomaterial is the
very high surface area to volume ratio (1).
G is a single-atom-thick layer of sp2-bonded carbon atoms arranged in a two-dimensional
honeycomb structure. NCD is made up of tetrahedral clusters of sp3-bonded carbon. Both
nanomaterials exhibit an exceptional combination of their properties such as high mechanical
strength, electrical and thermal conductivity, biocompatibility, possibility of functionalization
and a very high surface area to volume ratio (2-5).
Besides electronics, G and NCD can be used in various biomedical applications,
including drug and gene delivery, biosensing, bioimaging, and can be used as a substrate for
cell culturing for tissue engineering purposes (6-10).

1.2 Material surface properties affecting cell behavior
Generally, the behavior of those cells cultivated on some surface is extensively affected
by the underlying surface properties, such as surface chemistry, wettability, topography,
charge/energy state and material stiffness (11, 12). It is important to mention that the proteins
from the body fluids or culture medium adsorb on the surface faster than do the cells
themselves. Consequently, the cell adhesion is affected to a large extent by the adsorbed
protein layer. Therefore, the surface properties of various materials are important primarily
for the protein adsorption (the amount and conformation of adsorbed proteins) (13).

1.3 Cell adhesion
Cells receive external signals in the form of soluble molecules (cytokines, hormones and
growth factors), or by direct interaction with other cells (cell-cell contact), or by contact with
the extracellular matrix (ECM). The information obtained from the cell surrounding is
integrated in the cell and affects the cell migration, proliferation, differentiation and death
through the cell signaling and changes in gene expression (14).
Cell adhesion to ECM is mediated by focal adhesions (FAs) that are micron-sized protein
assemblies linking the ECM to the actin cytoskeleton in cells. Integrins are the leading
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proteins out of approximately 230 proteins associated with FAs (15). Integrins are
transmembrane heterodimeric receptors binding to various ligands in ECM, such as
fibronectin, vitronectin, collagen, laminin and many others (16). The adaptor protein vinculin
is a crucial regulator of FA formation and couples (together with talin) integrins to the actin
cytoskeleton. It is often used as a marker of FAs. The FA architecture could be classified into
several functional layers; from the exterior of the cell, these are the integrin extracellular
domain layer (extracellular part of integrins), integrin signaling layer (e.g. intracellular part of
integrins, paxillin, focal adhesion kinase – FAK), force transduction layer (e.g. talin and
vinculin), actin regulatory layer (e.g. zyxin) and actin stress fibers (17).

1.4 Fetal bovine serum
Fetal bovine serum (FBS) is the blood fraction that remains after blood coagulation. It
contains various proteins and factors important for cell adhesion, proliferation and survival
(18). FBS often serves as an essential supplement of culture medium for in vitro cell
cultivation and cryoprotection.
In biomedical applications, the usage of FBS is problematic due to its high batch-to-batch
variability, the possible transmission of fungal, bacterial, viral or prion infection, and the
possibility of anti-FBS antibody production (19).
Generally, it is believed that FBS proteins compete for adsorption to a surface and that
cell adhesion is influenced by the balance between adhesion-promoting (e.g. fibronectin) and
adhesion-inhibiting (e.g. bovine serum albumin) proteins. Finally, all factors such as the type
of proteins present in the cell cultivation environment, their quantity and conformation
significantly affect cell adhesion and subsequent cell behavior.

1.5 Sericin as a cryoprotectant
Sericin is an amorphous sticky glycoprotein, derived from the silkworm (Bombyx mori)
cocoon (20). Sericin has a number of attractive properties that are the subject of current
research, e.g. suppression of skin tumorigenesis (21) and the acceleration of mammalian cells'
proliferation (22). Since usage of FBS is often undesirable primarily for clinical applications,
alternatives for FBS are being explored. One promising possibility is sericin. It has been
presented that sericin can be used as a cryoprotectant during freezing of various cell types,
such as human adipose tissue-derived stem cells (23), myeloma cell lines, ovarian cells,
fibroblasts, keratinocytes and insect cell lines (24), rat insulinoma cell lines, and mouse
hybridoma cell lines (25).
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2 Aims of the thesis
I. To characterize the behavior of osteoblasts on differently treated graphene and
nanocrystalline diamond, with regard to cell adhesion and proliferation in the presence and
the absence of FBS proteins.
II. To characterize an early phase of cell adhesion with respect to the presence or absence of
FBS. To compare early cell adhesion of immortalized cell line and primary cells.
III. To evaluate sericin as a substitute for FBS in a freezing medium for immortalized cell line
and primary cells.
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3 Materials and methods


Tested materials [nanocrystalline diamond treated with oxygen plasma (NCD-O),
nanocrystalline diamond treated with hydrogen plasma (NCD-H), single-layer
graphene treated with H2/Ar (1-LG), single-layer graphene treated in an oxidizing
atmosphere (1-LG-O)]



Cells used (human osteoblast-like cell line SAOS-2, human dermal fibroblasts, human
mesenchymal stem cells)



(Immuno)fluorescence staining of cells (nuclei, actin stress fibers, vinculin, CD44,
talin, pFAK-Y397, Rho-Y486, pERK1/2)



Cell imaging by fluorescence microscopy



Advanced image analyses (cell number and cell area determination, analysis of focal
adhesions, measurement of fluorescence intensity)



Cell adhesion strength determination



CFU-F assay (colony-forming unit-fibroblast)



Protein pre-adsorption on glass surfaces



Cryopreservation of cells



Inhibition of integrins



Quantitative real-time PCR



Transcriptomic profiling (using chip from Affymetrix)



Transfection of cells and production of stable cell line expressing vinculin gene



Live-cell imaging



Statistical analyses (One-way ANOVA, nonparametric Mann-Whitney U test,
Wilcoxon signed-rank test, Kruskal-Wallis ANOVA with subsequent post-hoc test
based on pair-wise comparisons with the Bonferroni correction)
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4 Results
4.1 Osteoblast behavior on graphene and nanocrystalline diamond
(Publications A-C + unpublished results)
The first part of this thesis is focused on the behavior of human osteoblasts (SAOS-2
cells, cell line derived from the primary osteosarcoma) cultivated on large-scale graphene (G)
or nanocrystalline diamond (NCD) for a short time (2 h) and a longer time (48 h). Bone
implant coating or cellular sensors are the possible applications of these carbon nanomaterials
in terms of the research in this thesis. For this reason, basic information on cell interactions
with these exceptional and promising nanomaterials is essential and thus far only little
explored.
Variously modified G and NCD resulting in their diverse properties were investigated in
this thesis. Two hydrophobic samples, i.e. graphene treated with hydrogen (1-LG, roughness 9
± 3 nm) and NCD treated with hydrogen (NCD-H, roughness 20 ± 3 nm) and two hydrophilic
samples, i.e. graphene treated with oxygen (1-LG-O, roughness 5 ± 2 nm) and NCD treated
with oxygen (NCD-O, roughness 20 ± 3 nm) were researched. These four tested samples vary
at least in the carbon atom arrangement (G and NCD), degree of wettability and
nanotopography.
Moreover, cell adhesion on G and NCD was characterized a) under standard conditions,
i.e. in the presence of FBS (the cells adhere on pre-formed protein layer) and b) under nonstandard conditions, i.e. in the absence of FBS (the cells adhere directly on the plain material).
Immunofluorescence and advanced image analyses were the most frequently used biological
methods in this section. Moreover, G and NCD were characterized using many physical
methods by our colleagues from the institutes of the Czech Academy of Science. These results
enabled us to interpret our biological observations accurately.
It was shown that the fewest cells adhered to G and these were the smallest cells. On the
other hand, cells on G revealed superior proliferation in comparison to NCD and TCPS
(summarized in Fig. 1). In more detail, it was demonstrated that, behind the accelerated cell
proliferation on G, more properties of 1-LG were present than of 1-LG-O. However, 1-LG-O
still promoted cell proliferation more than both NCD. Similar degrees of cell adhesion and
proliferation were observed on hydrophilic NCD-O and hydrophobic NCD-H. It was
demonstrated that the lack of FBS for the first 2 h of cultivation promoted cell adhesion;
however, suppressed further cell proliferation.
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Figure 1: Schematic representation of osteoblast proliferation rate on graphene,
nanocrystalline diamond and tissue culture polystyrene.
In addition, detailed characterization of osteoblast adhesion on NCD-O and NCD-H
was performed, using the inhibition of integrins by antibodies and qRT-PCR method. It was
shown that osteoblasts adhered to hydrophobic NCD-H mainly through fibronectin, while
they adhered predominantly through vitronectin to hydrophilic NCD-O.

4.2 Effect of serum proteins on initial cell adhesion (Publication D +
unpublished results)
Since we repeatedly found that a cell adhesion in the absence of FBS differs extensively
from a cell adhesion in the presence of FBS, regardless of material used, the effect of FBS on
cell adhesion was further studied in more detail with tissue culture polystyrene (TCPS).
Adhesion of human osteosarcoma cell line (SAOS-2), primary human fibroblasts and
human mesenchymal stem cells (hMSCs) was studied at 2 h after cell seeding.
Immunofluorescence and image analyses were the most frequently applied methods in this
section. Moreover, real-time monitoring of osteoblast adhesion by fluorescence microscope
using stable cell line expressing vinculin gene conjugated with GFP was performed. However,
this method was not suitable for this purpose, since cells were dying early.
Osteoblasts and hMSCs demonstrated similar cell shape and area with respect to the
presence of FBS (with FBS – round shape and smaller cell area; without FBS – ragged shape
and larger cell area). On the other hand, fibroblasts and hMSCs showed a similar trend in cell
number with regard to the presence of FBS (with FBS – more cells; without FBS – fewer
cells). With regard to cell adhesion quality, all three cell types developed classic FAs with
expression of vinculin, talin and pFAK in these FAs, in contrast to all cells that were seeded
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without FBS that did not produce classic FAs. Moreover, signaling within these cells (adhered
in FBS absence) proceeded in an unusual manner (lower expression of pFAK and pERK1/2
compared to those cells adhered in FBS presence). This observation was also confirmed by a
transcriptomic profiling experiment that revealed downregulation of ERK and FAK in those
osteoblasts adhered in FBS absence.
Since the most detailed characterization of cell adhesion was performed using osteoblasts, a
schematic representation of osteoblast adhesion on TCPS in the presence of FBS and in its
absence is shown in Fig. 2.

Figure 2: Schematic representation of osteoblast adhesion on tissue culture polystyrene in
the presence and absence of FBS.

4.3 Evaluation of sericin as a fetal bovine serum-replacing cryoprotectant
during freezing of cells (Publication E)
For the reason that the use of FBS in medical applications is problematic due to the
danger of infection or allergic reaction, sericin was investigated as a replacement of FBS in
freezing media for osteosarcoma cell line and primary hMSCs. Since DMSO is the most
frequently used compound of freezing medium and its high concentrations are cytotoxic to
eukaryotic cells (26, 27), DMSO-free or DMSO-low-concentration freezing media were also
tested.
Cell viability (24 h after thawing, both hMSC and osteoblasts) and colony-forming ability
(2 weeks after thawing, only for hMSCs) were determined. It was demonstrated that 1%
sericin can substitute for 25 % FBS in the freezing medium for primary hMSCs, in contrast to
osteosarcoma cell line, but cannot substitute for DMSO. Moreover, hMSCs could be
cryopreserved in a growth medium containing only 10 % DMSO with adequate results.
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5 Discussion
5.1 Osteoblast behavior on graphene and nanocrystalline diamond
The very important finding of these studies is accelerated osteoblast proliferation on G
compared to NCD and TCPS. This enhanced osteoblast proliferation on G was caused mainly
by hydrophobic 1-LG where cell proliferation was superior.
The reason for the accelerated cell proliferation rate on 1-LG compared to 1-LG-O and
both NCDs could be the difference in "nano-roughness", in particular the wrinkled
morphology of 1-LG in nanoscale. The positive effects of sub-100 nm structural features on
the cells were previously reported (28, 29). The mechanism behind this phenomenon is
probably the fact that nanotopography of materials greatly enhances the surface area, enabling
a binding of specific proteins in particular amounts and conformations (30). Moreover, the
cell membrane in contact with the nano-structured surface is exposed to various mechanical
forces that can reorganize its components, and specific ion channels can open which can lead
to changes in cell behavior (31).
The enhanced osteoblast proliferation on 1-LG was also detected in the initial FBS
absence. Thus, the factor behind this superior proliferation rate on 1-LG cannot only be
protein interactions with surface nanotopography. However, the accelerated cell proliferation
on 1-LG is clearly visible under both conditions – in FBS presence and absence. This is a
great advantage for the potential use of 1-LG as a bioelectronic sensor and actuator, where
protein interlayers can cause electrode fouling and affect sensor performance (32).

5.2 Effect of FBS proteins on initial cell adhesion
Osteosarcoma cell line, primary fibroblasts and hMSCs partially demonstrated various
adhesion reactions to the absence of FBS proteins. This could be connected to the origin of
cells. Generally, tumor cells are characterized by changes in intercellular adhesion selectivity
and also adhesion selectivity to ECM. Shifts in cell-cell and cell-ECM interactions (e.g.
down- or up-regulation of integrin genes) are oncogene- and cell type-specific. However, cell
adhesiveness is mostly reduced in cancer cells (33). This could explain the lower
adhesiveness of osteosarcoma cell line in the presence of FBS, in contrast to primary
fibroblasts and hMSCs from healthy donors, since FBS mimics the situation in the body
where proteins are present.
The most distinct feature was no formation of classic FAs in cells that adhered in FBS
absence, compared to the cells adhered in FBS presence. The cells that adhere without any
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external proteins probably use a different mechanism to anchor themselves to the surface.
This contact is probably mediated by non-specific physical interactions such as van der Waals
bonding, hydrogen bonding or charged interactions between polar groups (e.g. hydroxyl) on
the substrate and integrins on the cell surface (34).
Based on expression and localization of signaling proteins such as pFAK and ERK1/2, it
could be said that cell signaling in the absence of FBS is transduced by an alternative
signaling pathway compared to the standard cell signaling initiated by FBS proteins (182).
Since a cell environment without FBS is poor in growth factors, a decreased level of
activated, i.e. phosphorylated ERK1/2 was found in cells that adhered in the absence of FBS,
in contrast to the cells that adhered on the FBS proteins. This is in correlation with the study
by Chen et al. showing that the addition of growth factors to serum-deprived cells led to the
increased phosphorylation of ERK proteins (183).

5.3 Evaluation of sericin as a fetal bovine serum-replacing cryoprotectant
during freezing of cells
We showed that 1 % sericin could substitute for 25 % FBS in the freezing solution for
primary hMSCs. Similar results were also published for rat insulinoma cell line, mouse
hybridoma cell line (35) and for rat pancreatic islets (36). The novelty of our findings is that
hMSCs could be cryopreserved in a growth medium containing only 10 % DMSO without
any additional proteins (FBS or sericin), with satisfactory results. Interestingly, freezing
medium with 1 % sericin instead of 25 % FBS or medium containing only 10 % DMSO was
not beneficial for osteoblastic cell line.
It seems that primary hMSCs are more resistant to a heat stress (freezing and thawing)
than the immortalized osteosarcoma cell line. A possible explanation could be the fact that
hMSCs are less differentiated cells with more self-renewing ability compared to differentiated
osteoblasts.
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6 Conclusions
I. We characterized osteoblast behavior on differently treated graphene (G) and
nanocrystalline diamond (NCD) in terms of cell adhesion and proliferation. Generally, both G
and NCD exhibited better properties for osteoblast cultivation in comparison to control tissue
culture polystyrene. Better cell adhesion but lower cell proliferation were observed on NCD
compared to G. It was shown that osteoblasts adhered to hydrophobic NCD-H mainly through
fibronectin, while they adhered to hydrophilic NCD-O predominantly through vitronectin.
However, different wettability properties of topographically identical NCDs had no effect on
osteoblast proliferation. In contrast, hydrophobic 1-LG with nanowrinkled topography
enhanced cell proliferation extensively, in comparison to hydrophilic and flat 1-LG-O.
Promoted cell proliferation enables faster cell colonization of G and NCD substrates, meaning
faster new tissue formation which is beneficial in biomedical applications. Furthermore, it
was shown that osteoblast adhesion was promoted in the initial absence of FBS; however,
osteoblast proliferation was suppressed by these conditions.

II. We characterized cell adhesion of osteosarcoma cell line SAOS-2, primary human
fibroblasts and human mesenchymal stem cells (hMSCs) in the presence and absence of FBS.
For all three tested cell types, it was found that no classic focal adhesions were formed during
cell adhesion in the absence of FBS proteins. Moreover, signaling within these cells
proceeded in an unusual manner. In contrast, tested cell types differed in cell shape, area and
number considering the adhesion in the presence or the absence of FBS. For the first time, the
cell-substrate contact in the absence of serum proteins for anchorage-dependent cells was
described in detail.

III. We evaluated the use of sericin as a replacement of FBS in freezing medium for
osteosarcoma cell line and primary hMSCs from healthy donors. It was shown that 1 %
sericin could substitute for 25 % FBS in the freezing medium for primary hMSCs in contrast
to osteosarcoma cell line. Moreover, hMSCs could be cryopreserved in a growth medium
containing only 10 % DMSO, with adequate results. Finally, different freezing formulas
should be evaluated for different cell types to find the most satisfactory results.
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