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%Vga!ic’ngf;tggwledulp‘ Background: The extracellular matrix (ECM) is a mosaic of various structural and
ostnobiotechno‘ogy functional proteins that cooperate with the cell, regulate adhesion, and consequently
and Experimental Ecology, manage its further fate. Liver destruction is accompanied by a disruption of the phys-
Institute of Biology, Warsaw icochemical properties of the ECM which deregulates the cell-ECM interaction and can
tjvr;‘rvs?vsvltgjg.:ze eences lead to uncontrolled proliferation and neoplastic transformation of cells. Therefore, it
Full list of author information can be assumed that ECM modification and restoration of its characteristics for healthy
is available at the end of the tissue may counteract uncontrolled cell proliferation. The purpose of the presented

article research model was to optimise the physical characteristics of ECM by introducing

a graphene oxide plane/nanofilm (nfGO) and enriching the cell environment with
potentially missing proteins by adding a functional protein cocktail (chicken embryo
liver extract) and determine the impact of these factors on cell-ECM cooperation and
its consequences on adhesion, proliferation, and cell phase, which are factors of the
invasiveness of cancer cells.

Results: Experiments were performed with non-cancer HS-5 cells and liver cancer
cells HepG2 and C3A. The cells were divided into four groups: (1) control, (2) cultured
on nfGQO, (3) cultured with the addition of chicken embryo liver extract (CELE) and (4)
cultured on the nfGO with the addition of CELE. CELE contained 1735 proteins; the
top 57 of these proteins have been presented. The use of nfGO as well as CELE and
nfGO + CELE reduced the proliferation of HepG2 cancer cells to the greatest extent;
this is in contrast to non-cancer cells and also to C3A cancer cells. Furthermore, the
combined use of the CELE protein cocktail and GO substrate effectively resulted in a
decrease in the population of HepG2 cells in the GO/G1 phase and an increase of the
population in G2/M. Molecular analysis of HepG2 cancer cells also showed an increase
in the expression of genes responsible for adhesion such as focal adhesion kinase
(fak), e-cadherin, and n-cadherin and a decrease in 3-catenin, which is considered a
proto-oncogene.

Conclusions: Studies have shown that both the GO surface structure on which

the cells are grown as well as the presence of a multi-component natural cocktail of
regulatory proteins, can modify the expression of integrins, increase adhesion and, as
a consequence, proliferation and the cell cycle—entering the resting phase. For the
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first time, it has been documented that hepatic cancer cells of the HepG2 line under
the influence of stimuli derived from mimic ECM (graphene oxide) in interaction with a
unique protein complex derived from chicken liver embryo decreased of the invasive-
ness of cancer cells.

Keywords: Adhesion, Cell cycle, Embryo liver extract, Extracellular matrix, Graphene
oxide nanofilm, Liver cancer, Proliferation

Background

Hepatocellular carcinoma (HCC) is aggressive, fast growing, and the second cause of
cancer death in the world. The key reason for the development of this cancer is liver
fibrosis and cirrhosis as a consequence of chronic liver injury (Baglieri et al. 2019) caused
by inflammation induced through, inter alia, virus infections (HCV and HBV) (Hernan-
dez-Gea et al. 2013). The inflammatory process is coupled with deepening degradation
of the extracellular matrix (ECM). It is also known that from the processes occurring in
the cell, its behaviour and fate depend decisively on its environment and above all on the
ECM. Disrupted ECM may cause neoplastic transformation of cells, tumour progres-
sion, and metastasis (Lu et al. 2012). On the other hand, in the inflammatory process,
tumour-associated cells possess impaired secretion of matrix proteins, which leads to
overproduction and reorganisation of ECM components. Collagen fibres become thin
and branched, and, as a consequence, increase ECM stiffness in fibrotic tissue (Hernan-
dez—Gea et al. 2013; Iredale et al. 2013; Carloni et al. 2014; Klaas et al. 2016). The level
of ECM stiftness affects cell proliferation and determines migration, adhesion, and, con-
sequently, the phenotype of the cell. What’s more, different tissues have ECM stiffness
precisely characteristic and optimal for their proper development (Saneyasu et al. 2016).
Paradoxically, ECM degradation can lead to cancer cell transformation, and the result-
ing cancer cells stimulate the ECM reorganisation (stiffening) process creating a kind of
feedback (Iwasaki et al. 2016). Inhibiting this feedback is the key to stopping and pos-
sibly treating cancer.

ECM is the physical support for cells recognised by their receptors—integrins. Inte-
grins sense ECM stiffness and transfer signals towards focal adhesion kinase (FAK),
cytoskeleton and nucleus (Carloni et al. 2014). Thus, mechanical signals from the cell
environment regulate the expression of genes, including genes involved in cell metabo-
lism and in ECM degradation and synthesis (Humphrey et al. 2014). Cancer cells have
a reprogrammed metabolism to affect lactic acid synthesis from pyruvate under aero-
bic conditions (DeBerardinis and Chandel 2016). Acidification of the cell environment
ensures activation of ECM remodelling enzymes, which leads to pathology in stiffness,
fibre density, and roughness of ECM (Han et al. 2013). Impaired signal transduction to
cells promotes relaxation of cell-cell connections. Thus, cooperation between ECM and
cancer cells contributes to irreversible liver fibrosis—cirrhosis (Kim et al. 2019).

ECM comprises over 300 proteins, 200 glycoproteins, and 30 proteoglycans that create
an extremely complicated and dynamic structure (Humphrey et al. 2014). Loss of several
components from the functional and structural protein pool may disrupt their syner-
gistic or antagonistic activity and zonal distribution of ECM components. For example,
HCC is associated with a decrease in the amount of elastic fibres, microfibrils (tenascin),
proteoglycans 4, and FACIT collagens (Col14A, Coll6A). Furthermore, removal of the



Sosnowska et al. Cancer Nano (2021) 12:2 Page 3 of 33

basement membrane, containing laminins and collagen type 4, facilitates the transition
to vessels and invasion (Walker et al. 2018; Baiocchini et al. 2016).

The key strategy for creating artificial ECM is by reconstruction of the physicochemi-
cal and mechanical properties of healthy tissue. Carbon allotropes, especially graphene
oxide (GO), seems to be promising nanomaterial for the creation of biomimic ECM.
The biocompatibility and unique characteristics of GO, in particular flexibility, stability,
nano-dimensions, suggest using it as a basic structure of artificial ECM, source of mech-
ano-signalling. Mechanical signalling, derived from a graphene oxide nanofilm, deter-
mines the affinity and adhesion of cells (Chaudhuri et al. 2016; Di Crescenzo et al. 2019).
We also showed in our research that the GO nanofilm was a source of mechanotrans-
duction modulation for muscle cells (Bataban et al. 2020). However, stopping feedback
also requires the supply of a wide spectrum of ECM proteins, whose production in the
process of carcinogenesis has been inhibited or impaired (Lim et al. 2002). Thus, the
supply of the main structural missing proteins, such as proteoglycans, elastin, fibrillin-2,
collagens, fibulin-3, tenascin, laminin, can inhibit carcinogenesis. It seems that also the
missing functional proteins, involved in maintaining the epithelial integrity, assembly
of collagen fibres and enzymes involved in detoxification and antioxidation, should be
delivered to cancer cells (Klaas et al. 2016; Lim et al.2002).

It seems that a natural mixture of proteins derived from an embryonic liver extract
of another species should be a unique source of non-specific factors with multiple
functions. Chicken embryo extract, as a source of proteins of a functional and struc-
tural nature, is used as an additive to the medium in cell culture in vitro, as well as in
regenerative medicine (Essid et al. 2018; Chehelcheraghi et al. 2015). Moreover, chicken
embryo extract, which is a cocktail of growth factors prevents uncontrolled proliferation
of tumour cells by supplementation with missing ECM biomolecules and expression of
regulating suppressor genes (Mu et al. 2014).

In the presented research, for the first time, we wanted to show that, a combination
of two signals, mechanotransduction from a ECM-mimicking graphene surface and a
molecular signal from the protein cocktail, could inhibit tumour cell-ECM feedback,
restore proper cell contact with the environment, inhibit proliferation, and increase the
population of cells in the G2/M phase of the cycle.

The objective of this preliminary and model study was to evaluate whether GO nano-
film (nfGO), as a biomimic ECM equivalent, and chicken embryo liver extract (CELE),
as a source of essential and missing proteins in tumour tissue, reduce activity character-
istic of liver cancer cells and restore the properties of normal cells, particularly in terms
of adhesion, proliferation and cell cycle.

Results

Characterisation of GO

Characterisation of GO flakes

GO, observed with TEM, created single-layered, slightly wrinkled flakes that ranged
from 100 nm to 2.9 um in size (Fig. 1a). GO suspended in ultrapure water at a concen-
tration of 50 mg/L showed high stability and no tendency for agglomeration. The zeta
potential of the GO was — 27.5 mV.
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Fig. 1 Characterisation of graphene oxide flakes. a Transmission electron microscopy image of graphene
oxide. Scale bar: 500 nm. b Fourier transform infrared spectrum of graphene oxide in the middle region
(4000-500 cm™")

Chemical groups present on GO were identified by the Fourier transform infrared
(FTIR) method (Fig. 1b). To the left characteristic intense, broad band at 3457 cm™" is
present. This band corresponds to O—H stretching that is assigned to alcohol-like groups
connected directly to graphene surface through oxygen atom. Some of the OH groups
interact with each other by hydrogen bonds that is reflected by the band at 3217 cm ™.
This band, however, can also be assigned to stretching of OH groups present in car-
boxylic group (COOH). Further, characteristic bands at 2817 cm™' and 2779 cm™ are
present. Both are generated by stretching of C-H from carbon chain. In bands that
vibrations generate those bands carbons are sp® hybridised. Next, the C=0O stretching
located at 1728 cm™! confirms the presence of at least some oxygen attached to carbon.
In this case, both carbon and oxygen atoms are sp> hybridised. The band at 1728 cm™!
can be assigned to the carboxylic group (carboxy bond) or carbonyl group. Although
usually bands generated by C=0 stretching from carboxylic group, containing carbox-
ylic acids (propanoic, butanoic or benzoic acids), are located at higher wavenumbers,
e.g., 1740-1760 cm ™! (Thygesen et al. 2003), direct bonding of carboxylic group to gra-
phene surface in studied sample changed the C=O0 vibrations of carboxylic group to
lower wavenumbers, i.e. 1728 cm™'. However, it cannot be excluded that this band is
generated by the carbonyl group attached directly to one of carbons forming graphene
surface. Bands generated by aromatic ring carbon—carbon double bands were present
at 1621 cm™' in the GO spectra (Thygesen et al. 2003). This location corresponds to the
sp? character of GO (Kurantowicz et al. 2017). Graphene spectrum also contained two
characteristic bands, i.e. C—H rocking and wagging located at lower wavenumbers, i.e.
1367 cm™! and 1061 cm™!. The presence of only seven bands in the spectrum of the
GO material confirms its simple composition of only three atoms (carbon, oxygen, and
hydrogen).

Characterisation of GO nanofilm
The characterised GO colloid was used as the only material for nanofilm formation.

GO nanofilm was formed by applying a GO colloid to the bottom of a plastic cell cul-
ture plate and drying it. The topography of the surface of the plastic culture plate vs the
nfGO-coated plate was determined by atomic force microscopy (AFM) (Fig. 2a, b). It
can be seen that the morphology differed significantly between plastic and plastic coated
with GO surfaces. The average roughness of the uncoated surface was Ra=1.5 nm
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Fig. 2 Characterisation of graphene oxide nanofilm. Topographical image of the uncoated (a scale bar:

10 gm x 10 um x 29 nm) and graphene oxide-coated plate (b scale bar: 10 um x 10 um x 113 nm). Left
side: face surface. Right side: three-dimensional atomic force microscopy image. Ra: roughness average.

c Visualisation of the hydrophilicity properties of graphene oxide nanofilm in relation to the plastic plate
surface. Left side: water contact surface on Petri dish. Right side: water contact surface on Petri dish coated
with GO nanofilm. Scale bar 2 mm. d Comparison of water drop area on clean polystyrene surface and
polystyrene surface coated with nfGO using ImageJ
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(Fig. 2a) and the roughness of the coated surface was Ra=9.8 nm (Fig. 2b). Moreover,
the maximum height of the roughness of the nfGO-coated plate was 67.7 nm. Some
dense, transverse inequalities of GO were seen, corresponding to flakes arrangement.
This structure was created through self-organisation and generated a structurally var-
ied surface, formed by GO flakes. The average roughness of the surface increased about
six times and its greatest height was less than 100 nm, which entitles it to be called a
nanofilm.

The hydrophilicity of the surface covered with nfGO vs the polystyrene surface was
measured. Generally, the contact surface of a water droplet on the nfGO was higher than
on the uncoated plate (Fig. 2c). As shown in Fig. 2d, the area of the water droplet was
increased about two times on the modified surface compared to the control; thus, the
hydrophilicity of the surface increased after coating with GO.

Characterisation of liver extract

Chemical groups present on CELE and nfGO4 CELE were identified by the FTIR
method (Additional file 1: Figure S1). Visual inspection of spectra evidenced that the
extract chemically binds to GO. Bands characteristic for extract, e.g., very intense
and wide OH band originated from hydrogen bonds are present on the spectrum of
nfGO+ CELE. All specific bands from GO are overwhelmed by CELE bands, expect
very intense C=C band at 1621 cm™'. Additionally, the band generated by triple car-
bon-carbon bonds present in CELE is also present in nfGO 4 CELE spectrum.

1735 proteins were identified in the CELE by mass spectrometry analysis. The exact
formulation of these proteins has been registered in PRoteomics IDentifications Data-
base (2020). The functions and scope of activity of the identified proteins were deter-
mined on the basis of the UniProt database, and on this basis 57 key proteins were
selected that could be involved in adhesion, ECM organisation, migration, epithelial—
mesenchymal transition (EMT), proliferation, cell cycle, and apoptosis of cancer cells of
the liver (Table 1).

Influence of nfGO and CELE on cell morphology
The morphological picture of non-tumour HS-5 cells after 48 h of incubation on GO
nanofilm, with the addition of CELE and using both factors, did not indicate pathological
changes, however, some differences could be found (Fig. 3). Cells growing on the nfGO
were extended and possessed large cell bodies, long protrusions, and distinct lamellipo-
dia. Cell clusters and high cell-cell adhesion were observed on the nfGO (Fig. 3b). The
CELE induced severe morphological changes in HS-5 cells, such as elongation of filopo-
dia, reduction of cell bodies (shrunken forms), and formation of small clusters (pieces
of extract) (Fig. 3c). In the nfGO + CELE group, the HS-5 cell size was reduced and ten-
dency of cells to form clusters was observed (Fig. 3d). The morphometric analysis con-
firmed the increase of the cell area on the nfGO and the decrease of the cell surface in
the CELE and nfGO + CELE groups. The number of cells detected by Image] software
was reduced due to cell clusters formation in all groups (Table 2).

HepG2 and C3A liver tumour cells form natural clusters as observed in the experi-
ment with the control groups (Figs. 4a, 5a). After 48 h of culture, HepG2 cancer cells
were also not pathologically altered due to surface modification with nfGO and CELE
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Table 1 The top 57 proteins from the chicken liver extract divided into functional
activities according to UniProt database,

(2021) 12:2

and the molecular mass of the protein (kDa)

including the name of the gene

No. Gene name

Protein name

Molecular mass (kDa)

Adhesion

1 TP2
2 LARPI
3 (CDH1
4 CD2AP
5

tr|AOATD5PRE3|AOAT D5PRE3_

CHICK

6 EPCAM

7 MTDH

8 BSG
ECM organisation

9 LAMA1

10 COL12A1

1 FN1

12 COL5A1

13 LAMCI

14 PEPD

15 VIN

16 PRDX4
Migration and EMT

17 PTPN23

18 FAM98A
19 TWF1
20 MGLL
21 TPM1
22 PBLD

23 ADN

Proliferation and cell cycle

24 GOLGA2
25 MOV10
26 ASMTL

27 RPA1

28 ARID3A
29 RIC8B
30 CERS2
31 KRT18
32 MRPS27
33 TARDBP
34 CA9

35 DRG1

36 SLC35F6
37 AIMP2

Tight junction protein ZO-2
La-related protein 1
Cadherin-1

CD2-associated protein
N-myc downstream regulated

Epithelial cell adhesion molecule
Metadherin
Basigin

Laminin subunit alpha-1
Collagen alpha-1(XIl) chain
Fibronectin

Collagen alpha-1(V) chain
Laminin subunit gamma-1
Xaa-Pro dipeptidase
Vitronectin
Peroxiredoxin-4

Tyrosine-protein phosphatase non-receptor type
23

Protein FAM98A

Twinfilin-1

Monoglyceride lipase
Tropomyosin alpha-1 chain

Phenazine biosynthesis-like domain-containing
protein

1,2-Dihydroxy-3-keto-5-methylthiopentene
dioxygenase

Golgin subfamily A member 2
Putative helicase MOV-10
Probable bifunctional dTTP/UTP protein

Replication protein A 70-kDa DNA-binding
subunit

AT-rich interactive domain-containing protein 3A
Guanine nucleotide exchange factor B

Ceramide synthase 2

Keratin, type | cytoskeletal 18

28S ribosomal protein S27, mitochondrial
DNA-binding protein 43

Carbonic anhydrase 9

Developmentally regulated GTP-binding protein
1

Solute carrier family 35 member F6

Aminoacyl tRNA synthase complex-interacting
multifunctional protein 2

130.7
1186
97.8
71.2
39.0

344
14.2
Few isoforms

339.1
3335
2732
184.2
176.5
55.1
51.7
296

179.0

58.6
552
333
328
322

21.7

140.1
109.1

pyrophosphatase/
methyltransferase
70.2

68.0

674
60.5
55.1
46.9
46.7
44.6
43.8
40.5

40.2
345

Page 7 of 33
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Table 1 (continued)

No. Gene name Protein name Molecular mass (kDa)

38 FBXO6 F-box only protein 6 30.7
39 HPGD 15-Hydroxyprostaglandin dehydrogenase 29.0
[NAD(+)]
40 PSMD9 26S proteasome non-ATPase regulatory subunit9  22.7
41 NIT2 Nitrilase NIT2 221
42 DYNLL1 Dynein light chain 10.3
Apoptosis

43 HTT Huntingtin 344.0
44 PARP1 Poly [ADP-ribose] polymerase 1131
45 DNMT3A DNA (cytosine-5)-methyltransferase 3A 99.0
46 ATAD3A ATPase family AAA domain-containing protein 3A  67.2
47 SGPL1 Sphingosine-1-phosphate lyase 1 61.1
48 CTSC Dipeptidyl peptidase 1 594
49 FKBP8 Peptidylprolyl isomerase 443
50 AIFM2 Apoptosis-inducing factor 2 40.6
51 APIP Methylthioribulose-1-phosphate dehydratase 268
52 PDCD10 Programmed cell death protein 10 247
53 ENDOG Endonuclease G, mitochondrial 222
54 FAM162A Protein FAM162A 171
55 HIGD1A HIG1 domain family member 1A, mitochondrial 10.7
56 DYNLL1 Dynein light chain 10.3
57 NQO1 NAD(P)H dehydrogenase [quinone] 1 Few isoforms

addition. Moreover, none of the experimental factors significantly changed their mor-
phology (Fig. 4). Although it was observed that the cells were willingly located on the
GO coated surface, they appeared to be more shrunken. The CELE additive to the cells
increased the total cells’ area (Table 2). In the nfGO + CELE group there were more cells
not associated in clusters but migrating outside the clusters.

C3A cells also did not undergo pathological changes under the influence of experi-
mental factors (Fig. 5). C3A cells were visible on the GO surface as well as outside it.
However, the total area of cells on nfGO was reduced. Under the influence of CELE
addition, a number of cells could be seen separated from clusters. In the nfGO 4+ CELE
group, a few individual cells migrated outside of the clusters.

The morphology of the cells was also observed using scanning electron microscopy
(SEM). Cells were grown on plates, which were only partially covered with nfGO. This
enabled cells to be visualised on the GO surface and, above all, on the border of the GO
surface and the surface of the plastic dish. The image of the cells after 7 days of culture
allowed an assessment of their preferences for their placement on nfGO or outside of
nfGO.

HS-5 cells were evenly located both on nfGO and outside nfGO as well as on the plas-
tic/nfGO border. Cell settlement topography did not reflect the plastic/nfGO border
line, although cells on nfGO had slightly longer protrusions and were more elongated
(Fig. 6).

Liver cancer cells exhibit different culture behaviour, forming characteristic clus-
ters that have been observed with HepG2. Cluster formation was observed both on
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Fig. 3 HS-5 cell morphology after 48 h of culture using H&E staining (a) control (b) cultured on graphene
oxide nanofilm, ¢ cultured with the addition of chicken embryo liver extract. d Cultured on graphene oxide
nanofilm with the addition of chicken embryo liver extract. Light optical microscopy. The greater red frames
(scale bar: 50 um) indicate magnified parts of the main pictures (marked by smaller red frames, scale bar:

200 pm)
)
Table 2 Quantitative analysis of morphological images
Cell line Group?® Number SE p-value Area covered SE p-value
of cells/mm? by cells (%)
HS-5 Control 507 26.3 0.0139 364 142 <0.0001
nfGO 434 44 1%*
CELE 402° 31.2°
nfGO + CELE 407° 339
HepG2 Control 274 34.2 0.0112 327 298 0.0008
nfGO 310 299
CELE 246 41.8°
nfGO + CELE 396° 48.9**
C3A Control 245 33.0 0.0702 356 240 <0.0001
nfGO 306 23.9%*
CELE 3512 54, 1%%x*
nfGO+ CELE 290 355

Image) software was used to calculate total cells area and number of cells
a

nfGO: graphene oxide nanofilm, CELE: chicken embryo liver extract, significant *p < 0.05, **p < 0.01, ***p < 0.001

the plastic surface of the culture vessel as well as on nfGO and at the plastic/nfGO
border. Observation of the image of cells colonising on nfGO showed that the cells

formed looser clusters with single cells more visible. The tendencies to create groups
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Fig. 4 HepG?2 cell morphology after 48 h of culture using H&E staining (a) control (b) cultured on graphene
oxide nanofilm, ¢ cultured with the addition of chicken embryo liver extract, d cultured on graphene oxide
nanofilm with the addition of chicken embryo liver extract. Light optical microscopy. The greater red frames
(scale bar: 50 um) indicate magnified parts of the main pictures (marked by smaller red frames, scale bar:
200 pm)

(clusters) were clearly smaller, and the adherence of individual cells to the GO sub-
strate seemed larger (Fig. 7).

C3A cells, like HepG2, formed clusters, colonising both the graphene surface and
the plastic/nfGO border. In the nfGO group, slightly more single cells not bound
into clusters were also observed (Fig. 8).

Wound healing assay

Two-dimensional migration assay was performed without scratching cells, using
inserts. Cell migration was assessed after 24, 48 and 72 h of incubation on nfGO,
CELE and nfGO + CELE. nfGO reduced the two-dimensional migration of HS-5
cells. Moreover, CELE did not induce statistically significant changes in wound heal-
ing. The use of both factors increased the invasion of normal cells, leaving 31% of
free gap (Additional file 1: Figure S2, Table S1).

After 48 and 72 h, the strong inhibition of cancer cell invasion was observed in
nfGO and nfGO + CELE groups. Results showed that CELE could enhance HepG2
cells invasion and inhibit C3A cells. Moreover, C3A cells showed a stronger ability to
migrate than HepG2 cells (Additional file 1: Figures S3, S4).



Sosnowska et al. Cancer Nano (2021) 12:2 Page 11 of 33

Fig. 5 C3A cell morphology after 48 h of culture using H&E staining (a) control (b) cultured on graphene
oxide nanofilm, ¢ cultured with the addition of chicken embryo liver extract, d cultured on graphene oxide
nanofilm with the addition of chicken embryo liver extract. Light optical microscopy. The greater red frames
(scale bar: 50 um) indicate magnified parts of the main pictures (marked by smaller red frames, scale bar:
200 um)

Fig. 6 HS-5 cell morphology by scanning electron microscopy after 7 days of culture. a Cultured on standard
polystyrene plate, b cultured on graphene oxide nanofilm partly covering a standard polystyrene plate

(red asterisk), ¢ cultured on graphene oxide nanofilm. Black dotted line indicates the border between the
polystyrene and graphene surface. The greater red frames (scale bar: 20 um) indicate magnified parts of the
main pictures (marked by smaller red frames, scale bar: 100 pm)

Influence of nfGO and CELE on cell viability
Cell viability was measured based on conversion MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) to formazan. All experimental factors were non-
toxic for cells (Fig. 9, Additional file 1: Table S2). However, HS-5 cells viability was
slightly inhibited in medium with additive CELE. In contrast to normal cells, cancer
cells metabolism was enhanced by CELE.
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Fig. 7 HepG2 cell morphology after 7 days by scanning electron microscope. a Cultured on standard
polystyrene plate, b cultured on graphene oxide nanofilm partly covering a standard polystyrene plate (red
asterisk), ¢ cultured on graphene oxide nanofilm. Black dotted line indicates the border between polystyrene
and graphene surface. The greater red frames (scale bar: 20 um) indicate magnified parts of the main pictures
(marked by smaller red frames, scale bar: 100 pm)

Fig. 8 C3A cell morphology after 7 days of culture by scanning electron microscope. a Cultured on standard
polystyrene plate, b cultured on graphene oxide nanofilm partly covering a standard polystyrene plate (red
asterisk), ¢ cultured on graphene oxide nanofilm. Black dotted line indicates the border between polystyrene
and graphene surface. The greater red frames (scale bar: 20 um) indicate magnified parts of the main pictures
(marked by smaller red frames, scale bar: 100 pm)

Viability of cells
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Cell viability [% of control|

HS-5 HepG2 C3A
Fig. 9 Analysis of HS-5, HepG2 and C3A cell viability after 48 h of cultivation using MTT test. Cells were
cultured on graphene oxide nanofilm (nfGO), chicken embryo liver extract (CELE), and on nfGO with the
addition of chicken embryo liver extract (nfGO + CELE)

Influence of nfGO and CELE on cell proliferation

Cell proliferation was measured by using the test based on the measurement of
BrdU incorporation during DNA synthesis (Fig. 10, Additional file 1: Table S3). The
experimental factors did not affect the proliferation of non-tumour HS-5 cells. In
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Fig. 10 Analysis of HS-5, HepG2 and C3A cell proliferation after 48 h of cultivation using BrdU test. Cells were
cultured on graphene oxide nanofilm (nfGO), chicken embryo liver extract (CELE), and on graphene oxide
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contrast with HS-5 cells, nfGO, CELE, and to the greatest extent the combined fac-
tors (nfGO 4 CELE) reduced the proliferation of HepG2 cells. However, none of the
experimental factors significantly influenced the proliferation of C3A cells.

Influence of nfGO and CELE on proliferation-associated gene expression at the mRNA level

In order to clarify the molecular basis of proliferation under the influence of the signal
induced by the GO nanofilm and the addition of CELE, the mRNA expression of the
pena, ki67, and mcm?2 genes was studied (Fig. 11).

The cultivation of HS-5 cells on nfGO as well as on nfGO with CELE addition resulted
in a decrease in pcna expression, an increase in ki67 expression, and a tendency towards
an increase in mcm2 expression. However, the addition of CELE to the medium did not
change the expression of the mitotic index markers.

HepG2 tumour cells showed a slightly different response to the factors tested. Surface
modification by nfGO was the reason for the increased expression of ki67 and mcm2.
This was in contrast to the CELE, which reduced the expression of all genes (pcna, ki67
and mcm?2). The effect of the GO surface was to reduce the CELE interaction on pcna
expression. Moreover, the nfGO eliminated the effects of CELE on ki67, and the com-
bined use of these factors was the cause of overexpression of the ki67 gene. A similar
picture was observed in the case of mcm?2, where the CELE effect was levelled by the
surface treatment.

The influence of experimental factors on C3A cells was smaller. Some overexpression
of the ki67 and mcm2 genes was observed under the influence of nfGO as well as the
nfGO together with the CELE.

The cell-ECM and cell-cell connections

Integrin expression profile

The modification of the culture plate surface by using nfGO increased the expression
of al, a2, a3, a5, a6, and 54 and decreased the expression of 51 integrins in non-cancer
cells HS-5 (Fig. 12, Additional file 1: Table S4). In turn, the addition of CELE elevated the
expression of integrin aV and 1 and reduced the a2, a3, and 4 integrin mRNA level.
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Fig. 11 Expression of genes pcna, ki67, and mcm2 at the mRNA level in HS-5, HepG2 and C3A cells after
7 days of cultivation on graphene oxide nanofilm (nfGO), chicken embryo liver extract (CELE), and on
graphene oxide nanofilm with addition of chicken embryo liver extract (nfGO + CELE) using RT-PCR. Bars
represent the means with SD (n=4). Relative expression was calculated using the gapdh gene and the
control group (0). The results are presented as log2FC values. Values above/below 0 indicate upregulation/
downregulation of gene expression. FC fold change

The use of both factors (nfGO + CELE) caused overexpression of al, a3, a5, and espe-
cially a4, aV, and 1 in HS-5 cells.

Integrin expression in HepG2 cancer cells was completely different. A reduction in the
a3 and a5 mRNA level was found, while an increase in al, a6, aV, and 4 was influenced
by the use of graphene surfaces. The opposite effect was observed under the influence
of CELE for integrins al, a5, a6, and aV. The use of both factors was clearly the cause of
integrin overexpression a2, a5, aV, and 4 in HepG2 cells (Additional file 1: Table S5).

A different effect was observed in C3A tumour cells than in HepG2. First of all, no
factor influenced downregulation of integrin expression. The surface of the nanofilm
induced the integrin expression al, a2, a3, a6, aV, 1, and 34, while CELE induced an
increase in al, a2, a3, a6, aV, and 1 integrins (Additional file 1: Table S6). Interestingly,
the combined use of both factors (nfGO + CELE) resulted in a decrease in the expres-
sion of most integrins compared to their use separately.
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Fig. 12 Expression of genes integrin at the mRNA level in HS-5, HepG2, and C3A cells after 7 days of
cultivation on graphene oxide nanofilm (nfGO), chicken embryo liver extract (CELE), and on graphene oxide
nanofilm with addition of chicken embryo liver extract (nfGO + CELE) using RT-PCR. Bars represents the
means with SD (n=4). Relative expression was calculated using the gapdh gene and the control group (0).
The results are presented as log2FC values. Values above/below 0 indicate upregulation/downregulation of
gene expression. FC fold change
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Thus, mutual enhancement of the surface effect and addition of CELE to the culture
medium was observed in non-tumour cells for a4 and aV integrins and above all in
HepG2 tumour cells for a2, a5, aV, and 4 integrins.

Focal adhesion kinase, cadherins and B-catenin

Gene expression for key proteins involved in the integration of mechano- and chemo-
signalling between ECM-cell and cell-cell, such as fak, e-cadherin, n-cadherin,
and fS-catenin is presented in Fig. 12. By analysing gene expression in HS-5 cells,
it was found that the surface modification by GO only significantly increased the
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expression of n-cadherin, while the CELE did not affect the results. The combined use of
nfGO + CELE resulted in significant overexpression of all adhesion markers (Additional
file 1: Table S4).

In the HepG2 liver cancer line, the use of nfGO resulted in a significant increase in the
expression of genes responsible for cell-ECM adhesion (fak) as well as cell-cell adhesion
(cadherins). Moreover, nfGO decreased the expression of -catenin. Unlike other genes,
the expression of S-catenin was also downregulated by CELE. The use of both factors
(nfGO + CELE) clearly increased the expression of fak, e-cadherin, and n-cadherin and
reduced the expression of S-catenin (Additional file 1: Table S5).

C3A cells cultured on nfGO showed higher expression of fak compared to the con-
trol group. Furthermore, we found that the CELE supplementation increased #-cad-
herin expression. Nanofilm GO with additive CELE increased n-cadherin and S-catenin
expression of C3A cells (Fig. 13, Additional file 1: Table S6).

Effect on cell cycle

To investigate whether the mechanical signal from nfGO and a molecular signal from a
CELE influence cell cycle, flow cytometric analysis was performed (Fig. 14, Additional
file 1: Table S7). HS-5 cells cultured on GO nanofilm as well as cultured with additives of
CELE but also treated nfGO + CELE for 7 days showed a decrease in the population of
cells in S phase with a concomitant slight increase in the G0/G1 phase. Simultaneously, a
reduction in the cell population in the G2/M phase was observed under the influence of
CELE and nfGO + CELE.

In HepG2 cells, in contrast to non-tumour cells, a decrease in the G0/G1 phase popu-
lation, slight increase the S population, and an increase in the G2/M phase population
under the influence of nfGO + CELE were observed.

Observation of C3A cells showed no effect of the graphene surface on the cell cycle,
although the CELE and nfGO + CELE slightly increased the population of cells in the S
phase and decreased the population of cells in the G2/M phase.

Discussion

Mutual interaction, signalling and cooperation between the ECM and the cell, and,
moreover, the principle of feedback in these relationships are key factors determin-
ing the fate of the cell (Carloni et al. 2014; Iwasaki et al. 2016). In the present research,
we wanted to clarify whether a change in the basic physicochemical parameters of the
surface (mimic ECM) will change the behaviour of the cell, and especially whether it
will reduce its carcinogenic potential. However, based on previous studies, we have
shown that modification of the surface ECM, mainly by the effect of mechanotransduc-
tion, changes the cell’s demand for functional molecules. Thus, the surface effect also
depends, to a large extent, on the chemical compounds available to the cell, mainly pro-
teins (Balaban et al. 2020; Zieliniska-Gérska et al. 2020). Therefore, an attempt was made
to force the cell to change its behaviour (weakening its invasiveness) by physicochemi-
cal modification of its niche together with supplying its environment with a wide spec-
trum of potentially useful proteins. For the first time, it has been shown that the use of
mechanical stimulation (GO surface) with the addition of a protein cocktail can activate
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Fig. 13 Expression of genes focal adhesion kinase (fak), e-cadherin, n-cadherin and B-catenin genes at the
mRNA level in HS-5, HepG2 and C3A cells after 7 days of cultivation on graphene oxide nanofilm (nfGO),
with addition of chicken embryo liver extract (CELE), and on graphene oxide nanofilm with addition of
chicken embryo liver extract (nfGO + CELE) using RT-PCR. Bars represents the means with SD (n=4). Relative
expression was calculated using the gapdh gene and control group (0). The results are presented as log2FC
values. Values above/below 0 indicate upregulation/downregulation of gene expression. FC fold change

transmembrane signalling mechanisms and consequently decrease the proliferation of
Hep@G2 liver cancer cells and reduce their carcinogenic potential.

In the present study, the surface of the culture plate was modified by a thin layer of
GO which formed a nanofilm that could act on receptors located on the cell mem-
brane but was not internalised by cells (Fiorillo et al. 2015). The newly created surface
(nfGO) was a source of mechanical and chemical signal modification. The reduction
of stiffness (2.3 GPa) and the increase in roughness by the nfGO, compared to clean
polystyrene (3-3.5 GPa) (Chaudhuri et al. 2016; Di Crescenzo et al. 2019), resembles
the differences between normal and fibrotic tissue (Liu et al. 2015; Schrader et al.
2011). Moreover, the negative charge that characterised GO also favourably changed
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HepG2, and C3A cells in GO/G1, S, and G2/M phases. Cell cycle analysis was performed using propidium
iodide (PI) 488 assay

the surface that imitated the negative charge of proteoglycans and hyaluronic acid,
as opposed to collagen (Kiew et al. 2016; Stylianopoulos et al. 2010). The beneficial
change in GO surface properties also concerned increasing their hydrophilicity by the
presence of numerous oxygen groups, such as hydroxyl (-OH), carboxylic (-COOH),
and epoxide (—O-) (Kurantowicz et al. 2017).

The second factor, the source of the cocktail of various proteins, was chicken liver
embryo extract. The unpredictable demand of cells for signalling growth-structural
factors under the influence of the modified surface (mimic ECM) determined the
choice of CELE. Namely, a unique phenomenon of embryo growth and development
has been used, consisting, inter alia, in creating a perfect, dynamic niche for extremely
fast proliferating cells (Walker et al. 2018; Mu et al. 2014; Jabaily and Singer 1978).
Most of the proteins from CELE were part of the perfect ECM/niche. CELE provided
two types of laminins (LAMA1 and LAMC1), whose level is reduced in HCC (Car-
loni et al. 2014), and also only two types of collagen (COL12A1 and COL5A1) that
are detected in healthy tissue but not in cancer tissue (Naba et al. 2014) as well as
other important proteins include fibronectin (FN1) and vitronectin (VTN), which are
responsible for the regenerative process (Klaas et al. 2016; Mayoral et al. 2005). The
extract also contained functional proteins responsible for ECM modification, tight
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cellular connections, migration, EMT, and asymmetric cell division in embryogenesis
and proliferation. However, the behaviour of the CELE proteins should be considered
as a dynamically migrating and changing structures, and above all one that poten-
tially interacts in two directions. The first is direct contact and signalling to the cell,
while the second is depositing the nfGO and building the mimic ECM/niche structure
(Chaudhuri et al. 2016; Essid et al. 2018). The high roughness of the graphene surface
enriched with 1 electrons can promote cell adhesion and adsorption of ECM proteins
through noncovalent m—m stacking interactions (Vernon et al. 2018; Xie et al. 2019)
and form the so-called protein corona (Kopova et al. 2013; McCallion et al. 2016;
Albanese et al. 2014).

The first line of contact between the cell and the ECM are integrins, which in response
to signals from outside transmit information to the cell and are the source of the signal-
ling cascade covering most of its functions (Carloni et al. 2014; Fu et al. 2007; Wang et al.
20114, b). Integrins, heterodimeric receptors, belong to the family of adhesive proteins
and contain 18 alpha subunits and 9 beta subunits occurring in 24 alpha—beta combina-
tions (Humphries et al. 2006). However, a high level of expression of one subunit may
be sufficient to alter the expression of the entire heterodimer (Arun et al. 2018). Nine
key integrin subunits were identified in the conducted studies. Interestingly, the expres-
sion of examined integrins under the influence of both the surface and the CELE was
definitely different in HepG2, C3A, and non-cancer HS-5 cells, which demonstrated the
different sensitivity of various types of cells or/and tumours to mechanical and chemical
signalling derived from the cell microenvironment. Thus, the mechanical characteristics
of the substratum can be expressed due to the dynamics of integrin clusters in a cell-
specific manner (Cheng et al. 2020). What’s more, it confirms the thesis of the need for
targeted therapy and the risk of obtaining a negative effect in mismatched therapy. Addi-
tionally, C3A cells cause a higher resistance to treatment than the HepG2 cell line (Sos-
nowska et al. 2019). C3A cells produce more albumin and alpha-fetoprotein than HepG2
cells and can grow in the glucose-deficient medium. Albumins and alpha-fetoprotein
from C3A can adsorb onto nanomaterials, form protein corona, change the interaction
nfGO-cells, and mitigate the effect of nfGO (Marchesan et al. 2014; Nguyen et al. 2018).

Integrins are involved in every stages of cancer progression, including cancer initia-
tion and proliferation, local invasion and intravasation into vasculature, survival of cir-
culating tumour cells, priming of the metastatic niche, extravasation into the secondary
site and metastatic colonisation on the new site. Furthermore, integrins play a role in
regulation of protease expression, transport and activation of white blood cells, chronic
inflammation, angiogenesis and immune mimicry, and by which they determine disease
state (Hamidi and Ivaska 2018). Studies on integrin expression still do not allow for an
unambiguous arrangement of their role and significance depending on the type of cells,
type of cancer and phenotype of cancer cells, stage of cancer, and metastasis. Discrep-
ancies in information on integrins result from the heterogeneity of samples, the use of
different methodologies to assess cancer advancement and, consequently, fluctuations
in the expression of integrins at different stages of disease progression. It is now known
that impaired expression of integrins affect the development of many cancers, i.e. acute
lymphoblastic leukaemia, breast cancer, colorectal cancer, cervical cancer, oesophageal

squamous cell carcinoma, gastric cancer, lung cancer, malignant melanoma, ovarian
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cancer and many others (Hamidi and Ivaska 2018). Nevertheless, numerous studies
have allowed for the creation of a map of plausible integrin heterodimers as therapeutic
cancer targets (Humphries et al. 2006). Most integrin genes are upregulated in HCC for
example a] integrin (Liu et al. 2002). However, studies have shown that reduced expres-
sion of some subunits, including a2, a3, a5 and 34, occurs in HCC (Mayoral et al. 2005),
malignant melanoma and breast cancer (Hamidi and Ivaska 2018). Our results show that
the use of CELE and nfGO increased the expression of integrins that play a suppres-
sor role. Based on the analysis of the expression of selected integrins in liver tumours
compared to healthy tissue, aV and p1 subunits can be indicated as the most frequently
recurring in typed heterodimers (Fu et al. 2007; Arun et al. 2018). In our studies, the
expression of 51 integrins did not change under the influence of the factors used in
HepG2 cells, in contrast to C3A cells. This confirms the diverse response of different
types of tumours and above all may suggest the procancerogenic activity of both nfGO
and CELE for the C3A tumour line. Analysis of aV integrin expression also confirms
the adverse effects of the CELE and nfGO in C3A cells. However, in HepG2 cells, the
expression of integrin aV was lower under the influence of CELE, although higher under
the influence of surface modification with GO nanofilm. Integrin «V is upregulated in
many tumour cells, making it a promising therapeutic target. Most integrins, including
aV, can bind various ligands, e.g., fibronectin and vitronectin (Humphries et al. 2006).
Despite the presence of these ligands in the extract, there was no increase in expres-
sion of the aV subunit, which is considered to be a marker of liver fibrosis. In addition,
the extract reduced expression of the a6 subunit, which is involved in treatment resist-
ance, spheroid and exosome formation, and metastasis (Mayoral et al. 2005; Wu et al.
2018). An inhibitor of aV integrin is a new drug for the treatment of glioblastomas that
is being verified in a phase III clinical trial (Arun et al. 2018). However, this therapeu-
tic method of blocking integrin antibodies is not an excellent solution and is not always
effective. The reason for the ineffectiveness of such a therapy may be that integrin over-
expression may be a survival signal and result from feedback (ECM—cell) in which the
cell does not adhere to a degraded niche, which in turn promotes metastasis (Alday-
Parejo et al. 2019). Thus, the desperate attempt of the cell to contact the ECM/niche
and consequently the increase of integrin expression may be greater the more its envi-
ronment is degraded. Paradoxically, despite being a kind of "striving for normality”, it is
proportional to the carcinogenicity and metastasis potential. Moreover, most studies do
not take into account the physicochemical state of the extracellular matrix, which is the
largest regulator of integrin expression and activity, especially when faced with a very
large number of ligands present in the ECM and cell surface adhesion proteins that bind
integrins. The presence or absence of specific ligands in the ECM appears to be crucial
for integrin expression and status. Culturing HepG2 cells on nfGO reduced the expres-
sion of the laminin binding a3 integrin and fibronectin binding a5 subunits in HepG2
cancer cells (Wang et al. 2011a, b). Laminin and fibronectin are involved in the forma-
tion of dynamic cell binding to ECM. Furthermore, they mediate cell binding to collagen
(Walker et al. 2018). The a5B1 integrin is the most important fibronectin receptor that
binds to RGD-containing peptides. It can be assumed that nfGO has become a struc-
ture that imitates laminin and fibronectin, becoming a surface that promotes HepG2 cell
adhesion (Chaudhuri et al. 2016; Yu et al. 2019). Although it seems more likely that the



Sosnowska et al. Cancer Nano (2021) 12:2 Page 21 of 33

protein corona, made up of proteins available in the culture medium, exposed ligand-
like structures on the surface. However, by analysing the expression of a 5, overexpres-
sion of this gene was observed when CELE was added to the culture medium. This
expected effect was probably the result of the increased availability of ligands (fibronec-
tin) in the culture medium, whose source was CELE, and activation of their binding to
alpha 5 integrin, however, independent of the surface. Interestingly, surface modification
and simultaneous addition of CELE increased the expression of the integrin a5 subunit,
which can be explained by the increased availability of ligands through binding them to
nfGO. The nfGO roughness was greater than the culture plastic plate, but also proteins’
noncovalent - stacking interactions (Vernon et al. 2018) could increase the amount of
bottom-related proteins. Furthermore, this interaction could be preferentially directed
to the RGD-mimicking GO motif due to tryptophan, which also has m—m interactions
due to the aromatic ring (Vernon et al. 2018; Koivunen et al. 1994). Moreover, the use of
both factors enhanced expression of the a5 subunit to the greatest extent. This integrin
is involved in cell strong adhesion, and thus we paid attention to the proteins involved in
cell-ECM and cell-cell adhesion mechanisms.

Mechanotransduction resulting from integrin clustering dynamics, depending on
the rigidity of the substrate, is associated with FAK phosphorylation (Cheng et al.
2020). The expression of fak increased in HS-5 and HepG2 cultivated on nfGO with
CELE supplementation. GO may reduce (Wang et al. 2011a, b; Zhu et al. 2017) or
enhance fak expression (Lasocka et al. 2019), which may depend on the presence of
ligands, and consequently in our research, CELE was added to prevent this. Liver cells
are anchor-dependent cells in which the level of fak increases in suspension culture
(Cance et al. 2000; Shang et al. 2019; Ren et al. 2015). The tested cells adhered tightly
to the surface, so overexpression of fak resulted from increased via integrin signalling,
conditioned by strong cell adhesion to nfGO + CELE, and it could be a signal of cell
survival in the proadhesive but antiproliferative niche (Bai et al. 2009).

The cadherin—catenin complex carries the mechanotransduction signal between the
cytoplasm of neighbouring cells (Mui et al. 2016). High expression of E-cadherin is a
characteristic feature of epithelial cells; it inhibits translocation of B-catenin into the
nucleus and promotes better prognosis in cancer therapy (Zhang et al. 2017). Expres-
sion of adhesive protein genes such as e-cadherin and n-cadherin was higher under
the influence of GO nanofilm and nfGO + CELE, especially in HepG2 cells, but most
important was a reduction in [S-catenin expression in these cells (Kim et al. 2019;
Shang et al. 2019; Kasprzak et al. 2017). Our results, like Mu et al. (2014) showed that
cells increase the expression of E-cadherin on nfGO, moreover, in view of the fact
that the weakening of tight connections (E-cadherin expression) and an increase in
flexible cell—cell contacts (N-cadherin expression) is characteristic of HCC (Mu et al.
2014). Thus, the increase in expression of two types of intercellular junctions suggests
that the experimental factors used (nfGO and CELE) did not increase the invasion of
HepG2 cells (Mu et al. 2014; Kasprzak et al. 2017; Luo et al. 2019). These results are
also confirmed by the observation of cell morphology, which reflects the cell-ECM
and cell—cell relationship and also indicates material biocompatibility (Jabaily and
Singer 1978; Kurantowicz et al. 2015; Strojny et al. 2015; Szmidt et al. 2016).
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First of all, tendencies to form smaller cell clusters and a larger number of single cells
strongly associated with the GO surface were observed in both HepG2 and C3A groups.
This confirms the biocompatibility of the GO plane (Di Crescenzo et al. 2019) and also
indicates one- and several-cell migration instead of collective migration, which is char-
acteristic of abnormal ECM (Haeger et al. 2014). Furthermore, the roughness and elas-
ticity of GO as a mimic ECM could advantageously imitate the natural ECM mosaic,
and it was preferentially selected by all cells (Chaudhuri et al. 2016). The effect of CELE
was slightly different for HS-5 cells and liver cancer cells. This may be due to the fact
that it contained more ligands and other factors needed by the liver cell rather than the
connective tissue cell. Our research and that of other authors may indicate that extracts
from chicken embryo (Mu et al. 2014), zebrafish (Cucina et al. 2006), and amphibian
oocyte (Allegrucci et al. 2011) are excellent cocktails of factors preventing metastatic
phenotype.

External mechanical-chemical stimuli, received through integrin-dependent mecha-
nisms transmitted to the cell, create a cascade of events that determine the fate and pur-
pose of the cell. Analysing the cell cycle, it was observed that the population in G0/G1
phase decreased only in the case of HepG2 cells. Furthermore, mcm2 and pcna gene
analysis confirmed a decrease in cell population in G1 and S phases, respectively. pcna
and mcm?2 gene products are involved in the DNA replication process as chaperons for
polymerase. High expression of pcna at the mRNA level is observed in venous invasion
of colorectal cancer with liver metastases (Yue et al. 2003). During hepatocarcinogen-
esis, most MCM family proteins are elevated, including MCM2, MCM6, MCMS8, and
MCM10. Research reports that MCM2 is a biomarker of esophageal and bladder cancer
in initial diagnosis (Liu et al. 2018). Thus, reduction of proliferation markers expression,
i.e. pcna and mcm2, can protect against uncontrolled proliferation and relapses. Our
research and Wang et al. (2011a, b) showed that overexpression of the a5 subunit inhib-
its the proliferation and invasiveness of cancer cells (Wang et al. 2011a, b). Therefore,
proper cell adhesion overcame the first proliferation checkpoint, i.e. the transition from
the G1 phase to the S phase (Moreno-Layseca and Streuli 2014). In most human cancers,
the GO/G1 checkpoint does not completely stop the cell cycle as opposed to G2/M (Yin
et al. 2017). In the present work, the use of CELE and also two factors (nfGO + CELE)
increased the population of HepG2 cells in the G2/M phase, thus preventing cells with
damaged DNA from entering the M phase and allowing damage repair (Sosnowska
et al. 2019). Ultimately, the total population of HepG2 cells in the active phase of the
cell cycle was increased, in particular in G2/M phase. The ki67 is a prognostic indica-
tor of patients’ survival and is more strongly expressed in malignant, rapidly proliferat-
ing cells than in normal cells. Moreover, high ki67 expression correlates with metastases
and poor prognosis for breast, lung, intestine and prostate cancer (Li et al. 2015; Guz-
man et al. 2005) and with relapses after hepatectomy (Li et al. 2018). Therefore, there are
studies on blocking ki67 using siRNA and anti-ki67 antibodies (Li et al. 2015). The use of
both factors caused cell cycle arrest in the G2/M phase, the phase in which ki67 is most
expressed. Moreover, many extract proteins (including nitrilase 2 (NIT2), DNA-bind-
ing protein 43 (TARDBP) and dynein light chain) adsorbed on nfGO or available in the
medium may have been involved in arresting the cell cycle in the G2/M phase (Cucina
et al. 2006; Lin et al. 2007; Lee et al. 2012). Our results and Jabaily et al. (1978) confirm
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that liver extract was a universal source of missing proteins, and in the future, it may
modulate the proliferation of various cell lines including bone marrow and muscle cells
(Jabaily and Singer 1978). The final and fundamental evidence of the loss of HepG2 cell
invasiveness is a reduction of proliferation in the BrdU test of more than 40% compared
to the control, which was not observed in non-cancerous cells.

All of these data indicate that graphene oxide and a cocktail of proteins that formed
the dynamically changing proteome of the cell environment, migrating in the culture
medium to the GO plane and the cell and therefore available multilevel (as a source of
ligands and other proteins and as a modulator of the chemical characteristics of the gra-
phene surface), may have therapeutic effects on HepG2 liver cancer. ECM therapy may
have the effect of supporting traditional treatment, especially since degraded ECM char-
acteristic for tumours becomes a pro-tumour factor and, in any case, hinders treatment.

Conclusions

In the present study, we indicated the possibility of using the so-called ECM therapy as
an option to support the treatment of some cases of liver cancer. For the first time, it
has been documented that for the HepG2 cancer cell line, the use of mimic ECM in the
form of a graphene oxide nanofilm enriched with a natural protein cocktail, being the
source of ligands for integrins and a wide range of other missing proteins, is the source
of a mechano—chemo transduction signal. This signal, via integrin expression, adhesion,
morphology change, and cell cycle arrest in the G2/M phase, reduces the proliferation of
tumour cells. The research is preliminary and requires further precise experiments.

Methods

Characterisation of GO nanoparticles and GO nanofilms

Characterisation of GO nanoparticles

GO flakes, as a water dispersion at a concentration of 4 mg/mL, were purchased from
NANOPOZ (Poznan, Poland) and produced by the modified Hummers method. This
nanomaterial, after dispersion into ultrapure Milli-Q water to prepare 50 mg/L solu-
tions, was sonicated for 15 min in an ultrasonic bath (Bandelin Electronic, Berlin, Ger-
many) to avoid agglomeration. The shape and size of the GO flakes were characterised
using transmission electron microscopy (TEM: JEM-1220 JEOL, Tokyo, Japan). TEM
was connected to a camera (SIS Morada 11 megapixels) and operated by ITEM Olym-
pus Soft Imaging Platform. Six pictures were taken of two independent samples. Zeta
potential was measured in triplicate with a Nano-ZS90 Zetasizer (Malvern Instruments,
Malvern, UK) operated by Zetasizer software 7.13.

The Fourier transform infrared spectra of GO were acquired using a Perkin Elmer Sys-
tem 2000 instrument (MA, USA) operated by Pegrams software in the range of 400—
4000 cm™. Solid-state samples were milled with potassium bromide (KBr) crystals in
an approximate ratio of 1:300 mg. The solid mixture was milled in a laboratory mill
(Specac) to obtain a fine powder. Then, 8 tons of pressure was applied for 2 min to pre-
pare transparent thin pellets. A total of 25 scans were conducted for every sample. The
infrared absorption of water vapour and carbon dioxide was mostly eliminated. Spectra
were processed with baseline correction and Fourier smoothing, with 90% smoothing,
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to remove undesired noise. Spectra are presented as transmission (dependent variable)
against wavenumber (independent variable).

Preparation and characterisation of GO nanofilms

A GO aqueous solution (1000 mg/L) was sonicated for 30 min before preparing the
nanofilm. GO was used to form nanofilms by applying the solution to the bottom of
ordinary polystyrene plates (353046, Falcon, Tewksbury, MA, USA) (Sawosz et al. 2017).
A GO solution was dried at room temperature in a laminar chamber for day. A 1 cm?
polystyrene surface was covered with 105 ug of carbon solution. As a result of self-
assembly, the resultant surface was a stable, multilayer, thin nanofilm that adhered per-
fectly to the bottom of the plastic wells. Thus, GO coating was deposited on polystyrene
plates by solvent evaporation from graphene nanoflake solutions. However, the nanofilm
could be damaged when taking it out.

The AFM method (Nanosurf, Liestal, Switzerland) was used to characterise the mor-
phology of the plastic plate and GO coated plate including average roughness and maxi-
mum height of the roughness. Six pictures were taken of two independent samples.

The water contact surface on an uncoated and GO coated surface was measured by
the sessile drop technique, i.e. a 20-uL drop of water was placed on the investigated sur-
face and a picture was taken. Five measurements of the contact surface were detected to
characterise the GO film wettability during liquid spreading and dewetting using a ster-
eomicroscope (SZX10, CellD software version 3.1; Olympus Corporation, Japan). Water
area (mm?) was calculated using Image]® 1.48v (National Institutes of Health, Bethesda,
MD, USA).

To evaluate the preferences of cell placement on and outside the nanofilm, the GO col-
loidal solution partially coated the culture plate. After nfGO was dried, we were able to
observe cell migration and the affinity of cells to the nanofilms using SEM.

Preparation and characterisation of extract (CELE)

Preparation of CELE and bicinchoninic acid protein assay (BCA)

Livers from 10-day chicken embryos were removed and used for protein isolation.
Whole-liver protein extracts were prepared with a TissueLyser LT instrument (Qiagen,
Hilden, Germany) using 8 g of tissue and 20 mL of Milli-Q water. The homogenate was
centrifuged at 3000 rpm for 10 min. The precipitate was removed, and the supernatant
was transferred to new tubes. The total protein content was determined in six repeti-
tions using a BCA Protein Assay Kit according to the manufacturer’s recommendations
(Sigma-Aldrich, St. Louis, MO, USA). The extract was added at a volume ratio of 1 mL
of extract per 100 mL of Dulbecco’s modified Eagle’s me (DMEM) to obtain a 1% extract
in DMEM.

Mass spectrometry

Protein extract (150 pL, 24.6 mg/mL) was concentrated using Vivacon 500, 10 000
MWCO hydrosart filters and washed twice. Proteins were reduced by the addition of
50 pL of washing buffer (8 M urea in 100 mM NH,HCO, aqueous solution) with 20 mM
tris(2-carboxyethyl) phosphine and incubated for 30 min. After centrifugation, proteins
were alkylated with 50 uL of 20 mM indole-3-acetic acid in washing buffer and then
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spun. Digestion was performed with the protease mix LysC/Tryp (V507A, Promega,
Madison, WI, USA). First, 40 uL of a solution was added to the filter and incubated for
3 h at 37 °C, and then, 400 pL of NH,HCO, was added, and samples were incubated
overnight at 37 °C. After centrifugation, the solution was acidified with a final concen-
tration of 0.4% trifluoroacetic acid (TFA) and speed-vacuumed to dryness. The peptide
mixture was fractionated using a high pH protocol on an Oasis HLB 10 mg cartridge
(Waters 186000383). Cartridges were activated by washing with methanol and equili-
brated with 25 mM ammonium formate, pH 10. The protein pellet was resuspended in
400 pL of 25 ammonium formate (pH 10) and loaded on a cartridge. The elution was
carried out with an increasing gradient of acetonitrile in loading buffer and with pure
methanol (last elution). All fractions were dried, and pellets were resuspended in 60 pL
of 0.1% TFA with 2% MeCN. MS analysis was performed via LC-MS in the Laboratory
of Mass Spectrometry (IBB PAS, Warsaw) using a nanoAcquity UPLC system (Waters)
coupled to an LTQ-Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). The mass spectrometer was operated in the data-dependent MS2
mode, and data were acquired in the m/z range of 200-2000. Peptides were separated by
a 180 min linear gradient of 95% solution A (0.1% formic acid in water) to 45% solution
B (acetonitrile and 0.1% formic acid). The measurement of each sample was preceded
by three washing runs to avoid cross-contamination. Data were analysed with the Max-
Quant 1.6.3.4 platform (Cox and Mann 2008; Tyanova et al. 2015). The Gallus gallus
reference proteome database from UniProt was used.

Interference spectra of GO with CELE

To obtain the interference spectra of the two factors, GO aqueous solution (1000 mg/L)
were mixed with DMEM containing 1% CELE in ratio 1:2. Mixture was incubated at
37 °C overnight. The next day, mixture was centrifuged at 2000 rpm for 10 min and
washed to get rid of proteins not bound to GO. The Fourier transform infrared spectra
of nfGO 4 CELE were acquired using a Perkin Elmer System 2000 instrument as previ-
ously described.

Cell cultures and treatments

The liver cancer cell lines HepG2 (HB-8065) and C3A (CRL-10741) and the non-cancer
bone marrow stromal cell line HS-5 (CRL-11882) were obtained from ATCC (Manas-
sas, VA, USA). Cell cultures were maintained at 37 °C under 5% CO, in DMEM, Low
Glucose (Gibco, Thermo Fisher Scientific) supplemented with 10% foetal bovine serum
(FBS, Thermo Fisher Scientific), penicillin (100 U/mL), and streptomycin (100 mg/mL,
Thermo Fisher Scientific). Cells were seeded on 6-well plates (1.5 x 10° cells in each
well), and the cultures were maintained for 48 h and 7 days.

All experiments were conducted according to the following scheme: (1) no treatment
group—control; (2) group using the nfGO; (3) group with the addition of CELE in an
amount of 1% of the culture medium—CELE; (4) group using the nfGO with the addi-
tion of CELE in an amount of 1% of the culture medium—nfGO + CELE. CELE compo-
nents were added as serum-like supplements to medium. The medium containing CELE
was incubated on nfGO at 22 °C for 5 min. Finally, the cells were added onto the CELE-
loaded nfGO.
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MTT assay

Viability assessment of cells cultivated on the nfGO and/or with the addition of CELE
was performed using MTT assay (No. ab211091, Abcam, Cambridge, UK). Cells
were seeded on the 96-well microplates at a concentration 2 x 10* cells/well. All of
the treatment groups were examined in six repetition. Cells were cultured for 48 h,
and then DMEM was removed. Serum free DMEM (50 pL) and MTT reagent (50 uL)
were added into each well. After 3 h at 37 °C, mixture containing DMEM and MTT
was removed and cells were lysed using 150 pL of MTT solvent. The results were
examined using Tecan Infinite 200 microplate reader (Tecan, Durham, NC, USA) at
590 nm.

BrdU assay

Cell proliferation was studied using a bromodeoxyuridine (BrdU) incorporation assay
(BrdU colorimetric) (Roche Applied Science, Indianapolis, IN, USA). HS-5, HepG2, and
C3A cells were seeded in the 96-well microplates according to the scheme described in
the “Cell cultures and treatments” section at a concentration 7 x 10° cells/well. All of
the treatment groups were examined in six repetitions. Cells were cultivated for 24 h,
and then 20 pL of 100 uM BrdU solution in DMEM was added to each well of the cul-
tured cells. The cells were labelled with BrdU for 24 h. All further steps were carried
out according to the manufacturer’s instructions. Cell proliferation was analysed using a
Tecan Infinite 200 microplate reader at 370 nm with a reference wavelength of 492 nm.

Microscopy

Light microscopy

To assess cell morphology, an inverted light microscope (Leica, TL-LED, Wetzlar,
Germany) was used. The instrument was connected to a digital camera (Leica MC190
HD) and operated with LAS V4.10 software (Leica). The cells were stained using hae-
matoxylin—eosin after 48 h of incubation. Six pictures were taken of two independent
samples. Morphometric analysis of 10x magnification images was performed using
the Image] software.

Cell invasion was assessed using culture-insert 2 well (No. 80209, Animalab, Ger-
many) in 6-well plate. The total area of 6-well plate was uncoated (control, CELE)
or coated by nfGO (nfGO, nfGO + CELE). Cells were seeded at a concentration
5x 10* cells/well and cultivated in culture-insert 2 well to achieve a monolayer.
The growth area in culture-insert was 0.22 cm? per well. Width of cell free gap was
500 pm £ 100 um. After 24 h of incubation, inserts were removed, and the cell layer
was washed with PBS. The plate was filled with 2 mL of medium in each well, and
cells were cultivated for 48 h. Cells were fixed with methanol and stained with hema-
toxylin—eosin. Photographs were taken at the same area at 10x magnification of the
wound using inverted light microscope. Images analysis was performed using Image].

Scanning electron microscopy
Microstructures of cell morphology were evaluated using SEM. HS-5, HepG2 and
C3A cells were seeded on 6-well plates uncoated and coated with nfGO. After 7 days
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of exposure, the cells were rinsed in phosphate-buffered saline (PBS, pH 7.2) and then
fixed in 2.5% glutaraldehyde (G5882, Sigma-Aldrich) for 20 min. Cells were incubated
in osmium tetroxide (OsO,) and then in freshly made 1% carbohydrazide and fixed
again in OsO, for 30 min. After thorough rinsing, the plates were cut to fit the critical
point dryer (Polaron CPD 7501, Quorum Technologies, Laughton, UK). Cells were
dehydrated through a hexylene glycol series (Sigma-Aldrich). Samples were placed on
aluminium SEM stubs. Six pictures were taken of two independent samples.

Flow cytometry

The cell cycle was evaluated using flow cytometry (FACSCalibur, Becton Dickinson,
Franklin Lakes, NJ, USA). Cell cycle analysis, based on DNA content, was performed
according to the UC San Diego Health Sciences (2019), using CellQuest Pro software.
Cells were cultured in 6-well plates for one week as described in “Cell cultures and treat-
ments” section. Cells were detached with trypsin, which was neutralised with fresh
DMEM. After centrifugation, cell pellets were washed, resuspended in PBS (1 mL), fixed
with 9 volumes of 70% ethanol at 4 °C for 24 h. For propidium iodide (PI, 500 pg/mL)
staining, after centrifugation, each sample of cells was resuspended in 500 pL of staining
solution. The staining solution contained RNAse A (2 uL, Thermo Fisher Scientific), PI
(20 pL, Thermo Fisher Scientific), Tween 20 (0.5 uL), and PBS (477.5 pl). After incuba-
tion for 30 min, the cells were analysed by flow cytometry by measuring the fluorescence
emission at 530 nm and 575 nm (or equivalent) using excitation at 488 nm. Each meas-
urement was repeated three times.

Gene expression

RNA isolation

Cell cultures were maintained according to the previously described scheme. After
7 days of incubation, cells in 6-well plates were detached with trypsin and collected by
centrifugation. All steps of RNA isolation were performed according to the protocol
from the manufacturer Macherey-Nagel (No. 740955.250, Diiren, Germany). The RNA
concentration in each sample after isolation was determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). RNA was stored at — 80 °C.

DNA synthesis

The RNA level in all samples was equalised, and 10 pL of RNA mixture in water was
used for cDNA synthesis using a High-Capacity cDNA Reverse Transcription Kit (No.
4368814, Applied Biosystems, Foster City, CA, USA). The procedure was performed
according to the manufacturer’s protocol with the following cycle conditions: 10 min at
25 °C, 120 min at 37 °C and store at 4 °C. cDNA synthesis was performed using a 2720
Thermal Cycler (Thermo Fisher Scientific). ssDNA concentration was measured with the
NanoDrop 2000 (Thermo Fisher Scientific), and 300 pL of 20 ng/pL ssDNA was pre-
pared. ssDNA samples were kept at — 20 °C.

RT-PCR Gene expression at the mRNA level was measured using the AACT relative
quantification real-time PCR method. The reaction mixture was prepared using Power
SYBR™ Green PCR Master Mix (Thermo Fisher Scientific), 10 uM forward primers,
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Table 3 Primers used to evaluate the expression of genes involved in proliferation and cell

adhesion

(2021) 12:2

Gene

Sequence of primer 5’—3’ Amplicon GenBank accession

size (bp)

number

References

pcna

ki67

mcm2

a?

a3

a4

ab

ab

aV

g1
B4

Fak

e-cadherin

n-cadherin

B-catenin

gapdh

F: CCATCCTCAAGAAGGTGT 7
T1GG

R: GTGTCCCATATCCGCAAT
TTTAT

F: CCACACTGTGTCGTCGTTTG 123
R: CCGTGCGCTTATCCATTCA

F: GTGGATAAGGCTCGTCAGAT 87
R: GTCGTGGCTGAACTTGTT

F: GGTTCCTACTTTGGCAGT 149
ATT

R: AACCTTGTCTGATTGAGA
GCA

F: GGAACGGGACTTTCGCAT 154
R: GGTACTTCGGCTTTCTCA
TCA

F: AAGGGACCTTCAGGTGCA 129
R: TGTAGCCGGTGATTTACCAT

F: GCTTCTCAGATCTGCTCGTG 131
R: GTCACTTCCAACGAGGTT
TG

F: TGCAGTGTGAGGCTGTGT 88
ACA
R: GTGGCCACCTGACGCTCT

F: TTGAATATACTGCTAACC 1
CCG

R: TCGAAACTGAACTCTTGA
GGATAG

F: AATCTTCCAATTGAGGAT 140
ATCAC

R: AAAACAGCCAGTAGCAAC
AAT

F: GAAGGGTTGCCCTCCAGA 107
R: GCTTGAGCTTCTCTGCTGTT

F: AGACGAGATGTTCAGGGA 1
CcC

R: GGTCTCCTCTGTGATTTG
GAA

F: CCCACCAGAGGAGTATGT 150
CcC

R: CCCAGGTCAGAGTTCAAT
AG

F: ACAACGCCCCCATACCAGA 138
R: CACTCGCCCCGTGTGTTAGT

F: ACAGATGTGGACAGGATT 124
GTGGGT

R: TATCCCGGCGTTTCATCC
ATACCA

F: CCTATGCAGGGGTGGTCA 95
AC

R: CGACCTGGAAAACGCCAT
CA

F: GAGAAGGCTGGGGCTCAT 97
TG
R: CATGGTTCACACCCATG

0

w

5

NM_182649.2

NM_001145966.2

NM_004526.4

NM_181501.2

NM_002203.4

NM_002204.4

NM_000885.6

NM_002205.5

NM_000210.4

NM_001145000.3

NM_002211.4

NM_001321123.2

XM_017013688.2

NM_001317185.2

NM_001308176.2

NM_001012329.2

NM_002046

PrimerBlast

Szczepaniak et al. (2018)
Szczepaniak et al. (2018)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Dingemans et al. (2010)

Chenetal. (2012)

PrimerBlast

PrimerBlast

PrimerBlast

PrimerBlast
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10 uM reverse primers, and RNase/DNase-free water at a ratio of 10:1:1:1.3. Then, 5 pL of
100 ng of ssDNA was added to 10 pL of the reaction mixture. The primers used for real-
time PCR are presented in Table 3. Glyceraldehyde-3-phosphate dehydrogenase (gapdh)
was used as the reference house-keeping gene. The study was performed using a StepO-
nePlus™ Real-Time PCR System (Thermo Fisher Scientific) with the following settings:
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. StepOneTM
Software 2.2.2 was used to asses gene expression. All reactions were performed in tripli-
cate, and the experiment was run two independent times. The ACT value was calculated
from the formula CT gene — CT GAPDH and used to investigate statistical significance.
The — AACT value is expressed as the relative gene expression (ACT control — ACT
treated group).

Statistical analysis

The data were analysed using analysis of variance—ANOVA (for analysis of more than
two research groups) or an unpaired t-test using GraphPad Prism software version
8.1.2 (GraphPad Software Inc., La Jolla, CA, USA). The differences between the groups
determined by ANOVA were assessed with Bonferroni’s multiple comparisons test. Dif-
ferences with a p-value <0.05 were defined as statistically significant compared to the
control group: one asterisk (*), p-value<0.05; two asterisks (**), p-value<0.01; three

asterisks (***), p-value <0.001.
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