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1. Introduction

Nanostructured graphene oxide enriched with
metallic nanoparticles as a biointerface to
enhance cell adhesion through mechanosensory
modifications

Michat Pruchniewski, (¥ Ewa Sawosz,? Malwina Sosnowska-tawnicka,’

Agnieszka Ostrowska, (2@ Maciej tojkowski,” Piotr Koczon, Pawet Nakielski,
Marta Kutwin,? Stawomir Jaworski® and Barbara Strojny-Cieslak (2 *@
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Nanostructuring is a process involving surface manipulation at the nanometric level, which improves the
mechanical and biological properties of biomaterials. Specifically, it affects the mechanotransductive per-
ception of the microenvironment of cells. Mechanical force conversion into an electrical or chemical
signal contributes to the induction of a specific cellular response. The relationship between the cells and
growth surface induces a biointerface-modifying cytophysiology and consequently a therapeutic effect.
In this study, we present the fabrication of graphene oxide (GO)-based nanofilms decorated with metallic
nanoparticles (NPs) as potential coatings for biomaterials. Our investigation showed the effect of decorat-
ing GO with metallic NPs for the modification of the physicochemical properties of nanostructures in the
form of nanoflakes and nanofilms. A comprehensive biocompatibility screening panel revealed no disturb-
ance in the metabolic activity of human fibroblasts (HFFF2) and bone marrow stroma cells (HS-5) culti-
vated on the GO nanofilms decorated with gold and copper NPs, whereas a significant cytotoxic effect of
the GO nanocomplex decorated with silver NPs was demonstrated. The GO nanofilm decorated with
gold NPs beneficially managed early cell adhesion as a result of the transient upregulation of alp5 integrin
expression, acceleration of cellspreading, and formation of elongated filopodia. Additionally, the cells,
sensing the substrate derived from the nanocomplex enriched with gold NPs, showed reduced elasticity
and altered levels of vimentin expression. In the future, GO nanocomplexes decorated with gold NPs can
be incorporated in the structure of architecturally designed biomimetic biomaterials as biocompatible
nanostructuring agents with proadhesive properties.

signal," and consequently modifying the polarization of the
structure and functions of cells.” Cells, which sense the topo-

Precisely designed cell growth surfaces can trigger a cascade of
molecular events, ultimately achieving the desired therapeutic
effect. In this case, a comprehensive understanding of the
tissue environment, both physiological and pathological, for a
specific disease state is considered the starting point in the
development of therapies using the processing of mechanical
and chemical stimuli from a substrate into an intracellular
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graphy and chemistry of the nanostructured surface, receive
specific mechanical stimuli and convert them into a set of bio-
chemical reactions, influencing the cellular response.> The
mechanotransduction process initiated by the binding of the
cell membrane to the growth surface by cell-adhesion mole-
cules (CAMs), including integrins, leads to significant changes
in the cellular machinery, and thus the manipulation of the
adhesion phenomenon,® cytoskeleton architecture,”® and
secretory profile of cells.”"°

A peculiar example of the growth surface for cells is gra-
phene oxide (GO) in the form of a nanofilm'"* or incorpor-
ated in the structure of more sophisticated biomaterials as a
coating™'* or filling,">'® enhancing the biological properties
of the constructs. At the molecular level, GO is a one-atom-
thick highly oxidized form of graphene, which is composed of
two-dimensional conjugated sp” carbon atoms arranged in six-
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membered rings, forming a honeycomb-like structure. The
nanobands of the edges surrounding the carbonaceous GO
ground plane are equipped with various dangling bonds and
oxygen-containing molecular species, such as hydroxyl, car-
boxyl, carbonyl, and epoxide groups.’” The reactive nature and
molecular dynamics of GO determine the ease of functionali-
zation and modifiability of the oxidized side edges, which
translates into abundant possibilities for introducing bioactive
substances in the structure of GO nanosheets and enabling
them to be used as nanocarriers of therapeutic agents.
Interestingly, the introduced substances affect not only the
chemical properties of the composites but also the physical
properties of GO, which then has a significant impact on the
biological activity of the construct by modifying the mechano-
transduction signaling pathways.'®° GO-enriched platforms
composed of growth substrates for cells act as a type of
mechanotransmitter, propagating a mechanical signal from
the substrate-cell binding site to the intracellular space.
Therefore, any subtle modification, even at the nanometric
scale, may induce distinct differences in the topography,
stiffness/elasticity, and adhesive properties of the substrate,
and thus cellular mechanosensing.

Synthetic biomaterials dedicated to regenerative medicine
applications are often associated with the problem of poor
adhesive properties, which can be solved by decorating their
surface with GO nanosheets to enhance their bioactivity and
enrich their nanostructure.?**® Furthermore, GO nanosheets
can also be decorated by incorporating secondary phases with
precious and semi-precious metals. In this case, silver (Ag),
gold (Au), and copper (Cu) nanoparticles (NPs), considering
their antimicrobial properties and multifaceted participation
in tissue remodeling and regeneration processes, provide the
desired enrichment of GO nanosheets. Derived GO-metallic
NP nanocomposites differ from their components in terms of
their physicochemical and biological properties. The mutual
interactions of the nanocomposite components lead to the
modification of the properties of the GO nanosheets com-
posed of nanocarriers of metallic NPs, determining their
release profile,>»*> and consequently access to biological
systems. Therefore, in the design and manufacture of hybrid
GO-metallic NP coatings, the molecular interactions in the
nanocomposite and the possibility of releasing both metallic
NPs from the GO nanocarrier and exfoliated GO nanoflakes
entirely from the surface of the biomaterial should be con-
sidered. The possibility of the biodegradation of the nanocom-
plex in the tissue environment makes it necessary to investi-
gate the biological impact of the tested materials in colloidal
form, representing released/exfoliated nanostructures, and as
a nanofilm ground on the solid surface of biomaterials.

This study aimed at deriving and evaluating the biological
effect of GO nanofilms decorated with Ag, Au, and Cu NPs as
enhancers of the bioactivity of GO coatings. The biocompat-
ibility of the prepared nanocomplexes, both in the colloidal
form and as nanofilms, was verified, together with the proad-
hesive properties of the nanofilms. Moreover, preliminary
insights into the nanofilm-cell mechanistic relationship are
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presented. We further report that biocompatible GO nanofilms
decorated with Au and Cu NPs accelerated the processes of
early cell adhesion by initiating a molecular cascade, leading
to the stable attachment of the cell to the GO-metallic NP
nanofilm constituting an artificial extracellular matrix.

2. Results and discussion

A frequent impediment in the use of biomaterials as effective
tools in regenerative medicine is the impaired integration of
the biomaterial surface with the surrounding tissues because
of its low adhesive properties and the disturbance of the
mechanical interactions between cells and the surface, thus
hindering the anchoring of cells on the surface of biomater-
ials. Accordingly, these limitations can be addressed by incor-
porating bioactive coatings with proadhesive and proregenera-
tive properties in the surface structures of biomaterials. The
main goal of this study was to develop GO decorated with
metallic NP nanofilms as a candidate nanocomposite coating
to supplement biomaterials. This nanocomposite was charac-
terized by high cytocompatibility and excellent adhesive pro-
perties, stimulating the formation of a native cellular scaffold
(extracellular matrix) predisposed to supplement biomaterials.
The physicochemical properties and biological activity of pure
GO and GO enriched with metallic NPs in colloidal form and
as a nanofilm were characterized in the context of proadhesive
and proregenerative properties. The assessment of the impact
of the GO-metallic NP nanocomplexes on the cell response,
including mechanotransduction, was performed using biologi-
cal models of fetal foreskin fibroblast HFFF2 and bone
marrow stromal HS-5 cells with a fibroblast-like morphology as
cellular representations of the skin and bone tissue environ-
ment, respectively.

The analysis of the hydrodynamic diameter determined by
the DLS method (Fig. 1a-d) showed homogeneous populations
of all nanostructures dispersed in water at time point 0 h,
without the presence of agglomerates in the samples. The
hydrodynamic diameter was 295 nm, 197 nm, 267 nm, and
384 nm for GO, GO-Ag NPs, GO-Au NPs, and GO-Cu NPs,
respectively. After 24 h, an increase in the hydrodynamic dia-
meter and the presence of agglomerates were observed for all
the nanocomplexes dispersed in water. The hydrodynamic dia-
meter increased by 16%, 20%, 55%, and 112% at the 0 h time
point for GO, GO-Ag NPs, GO-Au NPs, and GO-Cu NPs,
respectively. The nanocomplexes dispersed in the culture
medium (DMEM) supplemented with 10% FBS showed signifi-
cant heterogeneity at 0 h and 24 h. However, agglomerates
were observed at 0 h for GO and GO-Ag NPs and after 24 h for
GO-Au NPs and GO-Cu NPs. The hydrodynamic diameter of
GO without metallic NPs in the culture medium was 413 nm
immediately after their addition to the medium, which subtly
increased after 24 h. In general, the nanocomplexes increased
the hydrodynamic diameter to >1000 nm when introduced in
the culture medium, and after 24 h, the hydrodynamic dia-
meter was reduced to 888 nm, 436 nm, and 604 nm for GO-Ag

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The influence of choice of dispersion medium and time on the physicochemical properties of GO nanocomplexes. Graphs representing the
hydrodynamic diameter measured by dynamic light scattering (DLS) for GO (a), GO—Ag NPs (b), GO—Au NPs (c), and GO—Cu NPs (d) expressed as
intensity (%) as a function of size (hydrodynamic diameter, nm; logarithmic scale). Polydispersity index measurements (e), where the dots represent a
single measurement and the bar indicates the median values (n = 3). Changes in the zeta potential (f), where the results are presented as mean (n =
4) with standard deviation. Each measurement was performed in ultrapure water at 0 hour (blue) and after 24 hours (navy blue) and the culture
medium (DMEM) at O hour (pink) and after 24 hours (red). The size of nanoflakes based on high-resolution scanning electron microscopy visualiza-
tion (g), where the dots represent a single measurement and bar indicates the median (n = 50).

NPs, GO-Au NPs, and GO-Cu NPs, respectively. However, DLS
is not a recommended method for the analysis of non-spheri-
cal materials such as GO. Here, the results of the analysis were
only used to estimate the behavior of the nanostructures
depending on the dispersion medium and time; therefore, the
obtained values may differ from reality to some extent. The
size of the nanoflakes determined by microscopic analysis was
3767 + 620 nm, 4732 + 1073 nm, 3849 + 988 nm and 4501 +
928 nm for GO, GO-Ag NPs, GO-Au NPs and GO-Cu NPs,
respectively.

Based on the polydispersity index (PDI), the size distri-
bution of the nanostructures was determined (Fig. 1f). In the
case of the nanostructures dispersed in water at the time point
0 h, the lowest PDI of approximately 0.1, was demonstrated.
After 24 h, the PDI increased to 0.23, 0.23, 0.35, and 0.27 for
GO, GO-Ag NPs, GO-Au NPs, and GO-Cu NPs, respectively,
thus proving an increase in colloid heterogeneity. The nano-
complexes introduced in the culture medium also formed a
heterogeneous dispersion within 0 h. However, after 24 h, the
PDI decreased to a value generally considered acceptable for
nanomaterials (0.3), but the colloids still maintained a rela-
tively high particle size distribution.

This journal is © The Royal Society of Chemistry 2023

Electrophoretic light scattering was performed to determine
the stability of the nanocomplexes. For all the nanomaterials,
a negative zeta potential was demonstrated (Fig. 1e). The zeta
potential value for the water-dispersed nanostructures was
<—50 mV, excluding GO-Cu NPs, indicating their good col-
loidal stability. After 24 h, the zeta potential remained at the
original level or decreased slightly. The zeta potential for GO-
Cu NPs in water was —33 mV and —35 mV for 0 hours and
24 h, respectively. After introducing the nanostructures in the
culture medium, a significant decrease in the zeta potential
value was observed, hence destabilization of the colloid. The
zeta potential value for the nanostructures dispersed in the
medium was about —10 mV at 0 h and remained at a similar
level after 24 h.

The raw infrared spectra recorded in the middle range, i.e.,
400-4000 cm ™" are presented in Fig. 2a, with transmittance/%
against wavenumber/cm™" on the y- and x-axis, respectively. All
samples produced very similar spectra. Thus, it was impossible
to distinguish the samples solely by visual inspection without
a legend. In the high spectral region at 3600-3300 cm™', an
intense broad band generated by the O-H stretches or hydro-
gen bonding between O-H groups is present in the spectrum

Nanoscale, 2023, 15, 18639-18659 | 18641
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Fig. 2 Fourier-transform infrared spectra of (a) GO and GO-metallic
nanocomplexes in the middle region (4000-500 cm™2). Discrimination
of GO sample and GO-Ag NP, GO-Au NP and GO-Cu NP samples into
homologous groups based on the spectral data (b). Color markings: red,
GO; green, GO—-Ag NPs; yellow, GO—-Au NPs; and blue, GO-Cu NPs.

of all the samples. This band is asymmetrical, with a character-
istic broad shoulder on the right-hand side, which is due to
the presence of C-H stretching of carbon and hydrogen from
the benzene ring. Next, in the range of 3000-2600 cm™',
several weak bands assigned to C-H stretches were observed.
Given that all of them are located at wavenumbers lower than
3000 cm™', they evidence the presence of aliphatic carbon
chains. The noise present at around 2300 cm™' is due to
carbon dioxide. At 1619 cm™, a strong, sharp band generated
by very characteristic >C=C< stretches is present. Next, a
middle-intense band is present at 1349 cm™', corresponding
to C-H deformation, and a weak band at 758 cm™*, which was
not assigned. Although the shape of all the spectra looks very
similar, a closer look at the band assigned to the carbon-
carbon double bond stretching vibrations allowed us to con-
clude that the spectra are not identical. Therefore, this spectral
region was used in the discriminant analysis to distinguish
among the GO-Ag NP, GO-Au NP, GO-Cu NP and GO samples.

Fig. 2b presents the result of the discriminant analysis con-
ducted with three samples of every type of sample, i.e., GO-Ag
NPs, GO-Au NPs, GO-Cu NPs and GO. Separate homologous
groups were calculated with the use of Mahalanobis distances.
This separation evidenced that the samples in the same group
are different from that in the other groups. The data in the
1920-1218 cm™" spectral region was used for calibrating the
discriminant model. The above-mentioned statement that the
region where the carbon-carbon double bonds appeared is
very important given that if the spectral data from the other
regions, including the total spectral region or O-H band

18642 | Nanoscale, 2023, 15, 18639-18659
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region alone, were used for calibrating the statistical model,
the discrimination did not occur. This indicates that the
specific difference among the samples is in the C=C bonds
but not alone. If considered together with the C-H defor-
mation region, then discrimination at a 100% level occurs,
specifically, in the energy value of the carbon-carbon double
bonds. Given that one of the carbons from the C=C bond is
bonded to a specific metal, e.g. Ag, Cu, and Au, in all the
samples, the strength of the C=C bond is different. Hence,
the energy for the C=C stretching is different. Consequently,
this presents itself as the above-mentioned small difference in
the spectrum. Therefore, this difference can serve to dis-
tinguish samples of GO combined with different metals.

The topographic assessment of the nanofilms was per-
formed using SEM (Fig. 3a) and AFM visualization (Fig. 3b and
¢). In general, the GO and GO-metallic NPs formed irregular,
rough, and subtly wrinkled surfaces. Decorating GO with
metallic NPs enhanced the draping, and thus the roughness
and heterogeneity in terms of surface height. The average
roughness value (R,) was 3.6 nm, 8.6 nm, 24 nm, 14 nm, and
22 nm for the uncoated surface (control), GO, GO-Ag NPs,
GO-Au NPs, and GO-Cu NPs, respectively. Evenly distributed
Ag NPs were observed on the surface of the GO-Ag nanofilm,
which increased the height to a maximum of 171 nm. In the
case of the GO-Au and GO-Cu nanofilms, the presence of uni-
formly distributed metallic NPs of various sizes and a
maximum nanofilm height of 100 nm (GO-Au NPs) and 89 nm
(GO-Cu NPs) were observed.

Goniometric analysis showed increased wettability of the
control surface after coating with GO and GO-metallic NP
nanocomplexes (Fig. 3d). Moreover, the incorporation of
metallic NPs in the GO structure significantly decreased the
CA of the nanofilm surface compared to the pure GO nano-
film. The average CA value was 38.7°, 36.8°, and 38.0° for the
GO-Ag NPs, GO-Au NPs, and GO-Cu NPs, respectively, while
that for GO was approximately 7.3° lower.

Given that biocompatibility is an inherent feature of bioma-
terials in direct contact with patient tissue, a comprehensive
biocompatibility analysis was performed, capturing the cellu-
lar response at various levels, as presented in Fig. 4-6. In this
study, two elements differentiated the tested factor, and thus
the impact on in vitro cytobiocompatibility was distinguished,
i.e., the treatment approach (colloid or nanofilm) and decorat-
ing GO nanosheets with metallic NPs (Ag NPs, Au NPs, and Cu
NPs). The importance of considering the colloidal form of GO
and the nanocomplexes in the assessment of biocompatibility
is justified given the possibility of the exfoliation of nanoflakes
from the surface of the nanofilm.

Based on the neutral red test (Fig. 4), which assesses the
cell viability through the uptake and accumulation of the dye
in lysosomes, no cytotoxic effect of GO in the colloidal form
was demonstrated on HFFF2 cells, while in the form of a nano-
film, a reduction in the viability of HFFF2 cells was observed
only for the highest concentration of GO (200 pg mL™%).
Alternatively, a considerable decrease in HFFF2 cell viability
treated with GO-Ag NPs was observed regardless of the treat-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The surface topography of GO and GO-metallic NP nanofilms. Scanning electron microscopy (SEM) (a) and atomic force microscopy (AFM)
(b, c) visualization. 3D images (b) and 2D images (c) with results of average roughness (R,) of the control (uncoated surface), GO, GO—-Ag NP, GO-Au
NP, and GO-Cu NP nanofilm topography. Scale bars: (a) 20 um, (b) 20 pm x 20 um X sample height [pm] (AFM), and (c) 5 pm. Sessile drop contact
angle (CA) measurement of nanofilms (d), where the dots represent a single measurement and the black crossbar the median (n = 10), while the
different letters (a, b, and c) indicate statistically significant differences among the groups (p < 0.05).

ment approach. The other nanocomplexes did not reduce the
viability of the HFFF2 cells. Colloidal GO without metallic NP
decoration did not reduce the HS-5 cell viability. However, the
GO nanofilm caused a statistically significant dose-dependent
decrease in HS-5 cell viability starting at 12.5 pg mL™" concen-
tration, which is an approximately 27% decrease compared to
the control cells for the highest GO concentration (200 pg
mL™"). In the nanocomplexes, a significant reduction in the
viability of HS-5 cells cultivated in the presence of GO-Ag NPs
was demonstrated, regardless of the concentration and treat-
ment approach. A decrease in the viability of HS-5 cells was
also observed for the GO-Au NP (5:10 ug mL ™" and 50:10 pg
mL™") and GO-Cu NP (50 : 10 ug mL™") nanofilms.

Colloidal GO reduced the activity of mitochondrial dehydro-
genase, as determined by the MTT assay (Fig. 5), and conse-
quently, the HFFF2 cell viability. A dose-dependent decrease in
viability was observed for the HFFF2 cells treated with colloidal
GO starting at a concentration of 25 pg mL™'. A significant

This journal is © The Royal Society of Chemistry 2023

decrease in viability was noted for the HFFF2 cells treated with
the colloidal GO-Ag NP nanocomplex. A dose-dependent
decrease in viability was also demonstrated for the HFFF2 cells
cultivated in the presence of colloidal GO-Au NPs and GO-Cu
NPs. A subtle decrease in HFFF2 cell viability on GO nanofilms
was noted from 12.5 ug mL™", while a significant decrease was
observed only at GO concentrations of 100 pg mL™" and 200 ug
mL™". The GO-Ag NP nanofilms contributed to a complete
reduction in HFFF2 cell viability to 0%, while the GO-Cu NP
nanofilms significantly decreased the HFFF2 cell viability to
approximately 75%. Slightly reduced HS-5 cell viability was
demonstrated from the lowest concentration of colloidal GO
without a clear dose-dependent effect and for the cells in the
presence of GO-Ag NPs regardless of the treatment approach.
In the remaining cases, the tested factors did not reduce the
activity of mitochondrial dehydrogenase.

Increased LDH leakage (Fig. 6), and thus impaired cell
membrane integrity, was observed in the HFFF2 cells treated

Nanoscale, 2023, 15, 18639-18659 | 18643


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03581f

Open Access Article. Published on 17 November 2023. Downloaded on 3/13/2026 4:16:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a HFFF2 colloid b
150 f
bccde d de ef ef de cde bed b
° °
= =
< 100 c
o o
o o
c s
< 50 <
a
0 R IR IR ) S
S ¢ OIS
PO AN RN PR RPNy
0 > ) o ()
Concentration [mg/L]
c HS-5 colloid d
150 fg h gh f h
_ b ¢ e de b cd c —_
) 3
£ I
< 100 c
o o
(] [S]
© s
= =0 =
a
¢ > P H % .9
% SOOI
O
PP PSS SNy
° ) ) o ()

Concentration [mg/L]

View Article Online

Nanoscale
HFFF2 nanofilm
150 Control
c cde cdcde decde e cde Go
100 H GO-Ag
b H GO-Au
B GO-Cu
50
a
0 e |
) S PO OO
& O PP PSS GRS Gt Bhe
OO
Concentration [mg/L]
HS-5 nanofilm
150 Control
GO
ghfghfg ef de d c ef d h de mGO-Ag
100 — -
= W GO-Au
B GO-Cu

50 b

a
0
I A I~ PN » BN JRA I IO RO IO G S IR Y
O 5 ANV NN N NN
POV R ST AT SARTANS
) P 9

Concentration [mg/L]

Fig. 4 The viability of HFFF2 (a and b) and HS-5 (c and d) cells after 24-hour treatment with GO and GO-metallic NPs in colloidal (a and c) or
nanofilm (b and d) form determined by the neutral red assay. The results are expressed as percentage of the control (mean with standard deviation;
n = 4). Different letters above the bars indicate statistically significant differences among the groups (p < 0.05). Bar color markings: green, control;
beige, GO; gray, GO—Ag NPs; dark green, GO—Au NPs; and purple, GO-Cu NPs.

with the GO-Ag NP nanocomplex in the nanofilm form at a
concentration of 5:10 pg mL™". In the case of HS-5 cells, LDH
leakage was observed for the cells treated with colloidal GO at
100 pg mL™" and 200 pg mL™" and cultivated on the nanofilm
at a concentration of 200 ug mL™". In the remaining cases, no
cytotoxic effect was found, which is understood as a disruption
of the cell membrane integrity, and consequently the leakage
of LDH above the level of the untreated cells.

The main premise for the cytotoxic effect of GO is its high
affinity for the cell membrane, contributing to the formation
of pores on the cell as a result of the cooperative extraction of
lipids driven by the nanostructure,*® wrapping the cells, and
thus isolating them from the environment® and cutting the
cell membrane through the sharpened edges of GO nano-
flakes.>® As a result of the destruction of the lipid bilayer of the
cell, small fragments of GO are internalized, followed by the
induction of oxidative stress,>® mitochondrial dysfunctions,®
epigenetic changes,® and finally cell death. However, a
thorough understanding of the nature of GO and its biointer-
actions with biological systems lays the foundation for design-
ing a precise therapeutic approach by adjusting the dose,
physicochemical properties, mechanotransduction relation-
ship, and mode of application that will exclude the cytotoxic
effects of GO and reveal its therapeutic properties.

18644 | Nanoscale, 2023, 15, 18639-18659

Cells applied to nanofilms initially sediment toward the
surface, contacting the ventral side of the cell body with the
substrate. After adhering to the substrate, the cells can carry
out chemical surface modifications and migration to generate
the most favorable growth conditions. Therefore, GO nanoplat-
forms can be a stimulating basis for building a native protein
scaffold, forming a cellular niche, and thus supporting and
directing cell growth. Given that pure GO nanofilms are con-
sidered biocompatible nanostructures, the aforementioned
reduction in cell viability for high GO concentrations may result
from increasing the nanofilm roughness to a critical value for
cells. Cells, depending on their type and origin, have certain pre-
ferences related to their surface roughness because of the differ-
ences in the mechanical properties in the niche they inhabit.
For example, less rough surfaces are more favorable for the
growth and development of fibroblasts compared to bone-
derived cells.*>** Moreover, cells show varying degrees of toler-
ance to changes in surface roughness. The high surface rough-
ness value of micro-structured surfaces may result in the down-
regulation of adhesion-related genes such as integrins or lami-
nins by epithelial cells compared to cells cultivated on nano-
structured surfaces with lower roughness, while fibroblasts
growing on both nano- and micro-structured surfaces express
genes on a similar level, but higher than the control cells.>*

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The effect of GO and GO—metallic NPs in colloid (a and c) and nanofilm (b and d) form on HFFF2 (a and b) and HS-5 (c and d) cell viability
after 24-hour treatment determined by the MTT assay. The results are expressed as percentage of the control (mean with standard deviation; n = 4).
Different letters above the bars indicate statistically significant differences among the groups (p < 0.05). Bar color markings: green, control; beige,
GO; gray, GO-Ag NPs; dark green, GO—Au NPs; and purple, GO-Cu NPs.

As the surface roughness increases, cell adhesion decreases,
while the nuclear tension and formation of stress fibers
increase.® Increasing the concentration of GO for the deri-
vation of nanofilms is directly proportional to the number of
overlapping layers of carbon nanostructures, resulting in an
increase in thickness and decrease in the surface roughness.>®
Moreover, the increased roughness of GO nanolayers was
associated with the enhanced hydrophilicity of the surface,
facilitating the initiation of contact between the cell and the
surface.’” Increased hydrophilicity may increase the amount of
adsorbed proteins,*® including cell receptor proteins, and
change their conformation,®® thereby enhancing the sub-
strate—cell interaction.

In contrast to the nanofilm treatment approach, the cells
treated with a colloid are doomed to nanoflakes freely sedi-
menting on their dorsal surface. Given the lack of cellular
mechanisms enabling the shedding of the GO coat or GO-
metallic NPs, cells are arbitrarily isolated from the extracellular
environment by nanoflakes in a size- and dose-dependent
manner, which excludes the intercellular communication
essential for cell survival and hinders the exchange of mole-
cules between the cell and the environment and receiving
extracellular stimuli. Therefore, the treatment of cells with the
colloidal form of GO considers any type of physical damage to

This journal is © The Royal Society of Chemistry 2023

the cells, ie., pore formation, isolation by insulating, and
cutting with sharp edges, while in the case of using GO as a
nanofilm, the cytotoxic effect of GO by isolation and wrapping
was minimized or completely excluded. As demonstrated by
DLS analysis (Fig. 1a), GO, when introduced in DMEM
enriched with 10% FBS, aggregated, which may result in the
accelerated sedimentation of large GO aggregates in the cells.
Subsequently, GO aggregated, constituting a mechanical stres-
sor for the cells by covering, burdening, and isolating them
from the extracellular environment. The application of a
mechanical stressor, even assuming its biocompatibility, can
lead to changes in cytophysiology through modifications in
mechanical stresses in the maturation of focal adhesion,*® an
increase in interstitial fluid pressure, and an increase in cell-
cell and cell-ECM tension.*"

Here, Ag NPs with the concentration of 10 pg mL™" de-
posited in the GO nanoflakes as a GO-Ag NP nanocomposite
was observed to be extremely cytotoxic to the cells, and dec-
orating GO with Ag NPs did not cancel the deleterious
bioeffect of the Ag NPs. The inclusion of Ag NPs in the struc-
ture of GO nanoflakes resulted in a complete reduction in cell
viability (Fig. 4 and 5) regardless of the treatment approach
and the concentration of GO as a carrier. The cells treated with
GO-Ag NPs possessed an apoptotic cell morphology (Fig. 9),

Nanoscale, 2023, 15, 18639-18659 | 18645


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03581f

Open Access Article. Published on 17 November 2023. Downloaded on 3/13/2026 4:16:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a HFFF2 colloid
110
1004 i
x
®
E 90
5
- 201
6
B f f d
S 0l ® ef ded ¢ f e
b a I.l
P AFPPOPONOO OO OO0
L NV 07V O NN NN
00%2‘6‘“,. ©N V6 8768 6§
V
Concentration [mg/L]
Cc HS-5 colloid
1104 .
§100- l
_9
T 90
3 209 f f ef
S b bc de cd
2 10
a
04 ——
P APOP OO OO OO QOO0
o X IAROENENNIENENINEN
\"&&0\'}6(»\11, v N2V G S B B
oo“& ™ I SR
V)

Concentration [mg/L]

(op

% of LDH max

Q.

% of LDH max

View Article Online

Nanoscale
HFFF2 nanofilm
107 Control
100 Il B LDH max
90 I GO
B GO-Ag
207 B GO-Au
¢ be N GO-Cu
101 ab a ab T ab a
N F PP D5 O OO OO
O NV V07 VD NN N NN
00&%&’55 [N N VG S 6§ 6
Y
Concentration [mg/L]
HS-5 nanofilm
110 Control
B LDH max
100 GO
90 B GO-Ag
f H GO-Au
204 i
e bccdecd e de e - M GO-Cu
101 a ab a
04 — T T T— T
P AP DD DO OO OO0
L V07V O NN
o°%*?‘&“" ©'N V6 S 6§ 6§
vV

Concentration [mg/L]

Fig. 6 The evaluation of the membrane integrity of HFFF2 (a and b) and HS-5 (c and d) cells after 24 hours of treatment with GO and GO—metallic
NPs in the form of colloid (a and c) and nanofilm (b and d) determined by the LDH leakage assay. The results are presented as the percentage of
LDH max (mean with standard deviation; n = 4). Different letters above the bars indicate statistically significant differences among the groups (p <
0.05). Bar color markings: green, control; red, LDH max; beige, GO; gray, GO—Ag NPs; dark green, GO—-Au NPs; and purple, GO—-Cu NP.

while both mitochondrial activity and neutral red uptake were
inhibited (Fig. 4 and 5). Before the Ag NPs gain access to the
cell membrane, there is an earlier interaction with the serum-
containing culture medium, which increases the release of Ag
ions and contributes to the formation of a protein crown on
the surface of the Ag NPs composed mainly of albumin.** The
NPs receive their biological identity because of proteins
included in the protein corona, which strengthens the affinity
of the NPs to the membrane receptors.*> Ag NPs are interna-
lized by endocytosis and clathrin-dependent macropinocyto-
sis.** Subsequently, Ag NPs cause many abnormalities, and
the main causes of their cytotoxicity are thought to be mem-
brane pore formation, oxidative stress, lipid peroxidation,**
and the induction of mitochondrial dysfunction.*® Ag NPs
cannot be completely rejected for biomedical applications
given their high antibacterial potential; however, the dose and
method of their application should be adjusted so that they
annihilate bacteria, and simultaneously do not exhibit any
deleterious effect on the cells and tissues of patients. GO
abolishes the cytotoxic effects of Ag NPs against human kerati-
nocytes, while enhancing the antifungal effect (Candida albi-
cans) for the nanocomplex at concentrations of 50 pg mL™"
and 4.8 pg mL™" for GO and Ag NPs, respectively.’” The GO-Ag

18646 | Nanoscale, 2023, 15, 18639-18659

NP nanocomposite (200 mg L") is also an excellent comp-
lement to polyurethane foils because of the increased biocom-
patibility compared to solitary Ag NPs evaluated on fibroblasts
and umbilical vein endothelial cells, both of human origin,
and the chorioallantoic membrane model in ovo as well as
antibacterial properties assessed with Salmonella enteritidis.*®
The incorporation of GO-Ag NPs in hydroxyapatite coatings
improves the mechanical properties of the implant, maintains
the antibacterial effect of Ag NPs, and is biocompatible for
osteoblast-like cells, even at concentrations of 3% for GO-Ag
NPs.*® Moreover, the GO-Ag NP nanocomplex at a concen-
tration of 5:25 ug mL™" (GO-Ag NPs) is highly biocompatible
with skin tissue based on a 3D EpiDerm model, and simul-
taneously affect tissue reconstruction by modulating the
secretory profile of cytokines.>

GO-Au NP nanocomposites in the colloidal form and GO-
Cu NPs in both forms reduced the activity of mitochondrial
dehydrogenases in HFFF2 cells (Fig. 5). However, the decrease
in the mitochondrial metabolic activity of the HFFF2 cells
treated with GO-Au NPs and GO-Cu NPs in colloidal form cor-
responded to a decrease in the viability of the cells treated
with pure GO. The HFFF2 cell viability was 54.25%, 59%, and
51% for 50 pg mL™' GO, 50:10 pg mL™' GO-Au NPs, and

This journal is © The Royal Society of Chemistry 2023
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50:10 pg mL~" GO-Cu NPs, respectively, suggesting that not
only a high concentration of colloidal GO with metallic NPs
contributed to the reduction in metabolic activity. However,
the decrease in the viability of the HFFF2 cells cultivated on
the GO-Cu NP nanofilm to 73% for the concentration of
50:10 pg mL™" did not correspond to pure GO at the concen-
tration 50 pg mL™" (94.5%). Therefore, it can be argued that
the adverse effect of surface topography on cell viability occurs
through the activity of mitochondria. The GO-Au NP and GO-
Cu NP nanofilms slightly reduced the viability of the HS-5 cells
(86% and 89.75% for GO-Au NPs and GO-Cu NPs, respect-
ively), as assessed by the neutral red assay (Fig. 4), also to the
extent corresponding to pure GO (89.25%). Thus, the most bio-
compatible nanocomposite turned out to be GO-Au NPs,
especially in the form of a nanofilm, which makes it suitable
to be used as a coating for biomaterials for various purposes.
To assess the morphology of the actin cytoskeleton and cell
nuclei, visualization using a confocal microscope was per-
formed. Despite maintaining the relatively normal morphology
of HFFF2 cells (Fig. 7) treated with GO, GO-Au NPs, and GO-
Cu NPs, subtle differences in the organization of the actin
cytoskeleton depending on the treatment approach can be
observed. The HFFF2 cells cultivated on the nanofilms showed
a very comparable actin cytoskeleton architecture compared to
the control cells, while the colloid-treated cells showed slightly
increased dynamics of the actin cytoskeleton system.
Microscopic analysis confirmed the cytotoxic effect of the GO-
Ag NPs on the HFFF2 cells regardless of the treatment
method, as manifested by the significant disorganization of
the actin cytoskeleton and shrinkage and reduction of the
surface area of the GO-Ag NP-treated cells. Neither the colloids
nor nanofilms of GO, GO-Au NPs, and GO-Cu NPs showed a
cytotoxic effect on the HS-5 cells, as evidenced by the correct
organization of the actin cytoskeleton and the morphology of
the cell nuclei (Fig. 8). However, in the case of the HS-5 cells
maintained in the presence of both the colloidal and nanofilm
GO-Ag NPs, significantly shrunken spherical cells and small

HFFF2
Control

Colloid

Nanofilm

GO-Ag

View Article Online

Paper

fragments of genetic material, possibly apoptotic bodies, were
observed.

In this experiment, we demonstrated the effect of nano-
structures on the cytoskeleton, which plays an important role
in cellular adhesion, and simultaneously disturbances in its
architecture may indicate the cytotoxicity of nanocomplexes.
Actin filaments act as a mechanosensor of the mechanical
forces of cells, including tensile forces;>" therefore, the compo-
sition of the actin cytoskeleton was also investigated in this
study. Microscopic analysis of the actin cytoskeleton showed
differences in the actin filament architecture depending on
the treatment approach (Fig. 7 and 8). GO nanoflakes can bind
directly to actin filaments, increase the distance between
actin-actin subunits, and consequently increase the cell
stiffness, and thus the possibility of cell migration.* GO
nanosheets can be internalized by cells by localizing to F-actin
filaments, affecting the cytoskeletal fluctuations and rheology,
resulting in the induction of cell cycle changes, the induction
of oxidative stress, and ultimately cell death.>® Moreover, col-
loidal GO may alter the dynamics of the cytoskeleton and cell
membrane by attenuating the transduction of integrin-
FAK-Rho-ROCK signaling.>® However, GO modulates the
assembly kinetics of actin filaments in a concentration- and
application-dependent manner, making cells grown on the GO
surface more elongated and spread out compared to the cells
treated with GO nanoflakes accompanied by enhanced actin
polymerization.>?

The visualization of the cells using SEM enabled the assess-
ment of the morphology of the organelles actively involved in
the process of cell adhesion and attachment to the substrate,
i.e., filopodia and lamellipodia, as well as the general mor-
phology of the cell and the structure of the cell membrane
(Fig. 9). The HFFF2 cells in contact with GO, GO-Au NP, and
GO-Cu NP nanofilms achieved a slightly more three-dimen-
sional and convex structure of the cell soma compared to the
control cells, while being firmly attached to the substrate. The
cells developed a more extensive network of elongated and

GO-Au GO-Cu

Fig. 7 Confocal microscopy visualization of the actin cytoskeleton architecture of HFFF2 cells after 24-hour exposure to GO and GO—metallic NPs
in colloid and nanofilm form. Blue, cell nuclei (DAPI) and red, actin cytoskeleton (Alexa Fluor 633 phalloidin). Scale: 80 pm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Organization of the actin cytoskeleton of HS-5 cells visualized by confocal microscopy after 24-hour treatment with GO and GO-metallic
NPs in colloidal and nanofilm form. Blue, cell nuclei (DAPI) and red, actin cytoskeleton (Alexa Fluor 633 phalloidin). Scale: 100 pm.

Control

HFFF2

Fig. 9 Evaluation of the adhesion of HFFF2 and HS-5 cells to GO and GO-metallic NP nanofilms after 24 h incubation. The arrows indicate
filopodia (white), lamellipodia (green), and apoptotic bodies (red). Scale: 20 pm.

branched filopodia, growing directly in front of the lamellipo-
dium compared to the cells on the uncoated surfaces as well
as short microspikes protruding from the side edges of the
cell, independent of the lamellipodium. In addition, in the
case of the cells treated with the GO-Au NP nanofilm, few long
protrusions in direct contact with the substrate were visible.
The HFFF2 cells on the GO-Ag NP nanofilms showed signifi-
cant membrane permeabilization, cell soma shrinkage, apop-
totic bodies, and vesicles typical of apoptotic cells. The HS-5
cells cultivated on the GO, GO-Au NP, and GO-Cu NP nano-
films showed a similar morphology to the control cells.
However, only the GO-Au NP nanofilms contributed to the for-
mation of a dense network of chaotically arranged filopodia by
the cells. The HS-5 cells on the GO-Ag NP nanofilm exhibited
a change in morphology from the characteristic spindle-
shaped to spherical and were additionally surrounded by apop-
totic bodies and blebs in their vicinity.

18648 | Nanoscale, 2023, 15, 18639-18659

Microscopic analysis of the cell coverage of the nanofilms
demonstrated increased coverage areas for the GO-Au NP and
GO-Cu NP nanofilms by HFFF2 cells at the 30 min time point
compared to the control (Fig. 10a). At 60 min, a greater cover-
age area of the HFFF2 cells on the GO-Cu NP nanofilm was
observed, while a reduction in the coverage area was observed
for the cells cultivated on the GO-Au NP nanofilm at 120 and
240 min. A significantly increased coverage area by the HFFF2
cells was also noted for the GO-Au NP nanofilm after 240 min.
In the case of the HS-5 cells, at 30 min, a reduction in the area
covered by cells on the GO-Ag NP nanofilm was demonstrated
(Fig. 10b). Consequently, an increase in the coverage area was
demonstrated for the cells cultivated on the GO (60 min), GO-
Au NP (120 min), and GO-Cu NP (60 min, 120 min, and
240 min) nanofilms.

The LDH assay (Fig. 10c and d) complemented the micro-
scopic analysis and expressed the adhesive properties of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 The adhesion assessment of HFFF2 (a and c) and HS-5 (b and d) cells to GO and GO-metallic NP nanofilms determined based on micro-
scopic analysis (a and b) and total amount of intracellular LDH (c and d) at 30, 60, 120, and 240 minutes. The microscopic analysis results are
expressed as the mean % coverage (n = 3, +SD) of the total visual area (100%), while the total LDH assay results are expressed as the mean (n = 5,
+SD) of the spectrophotometric reading (A490 nm, ref A680 nm). Statistically significant differences between the control and study groups within a
specific time point are marked as *p < 0.0332, **p < 0.0021, ***p < 0.0002, and ****p < 0.0001. Bar color markings: green, control; beige, GO; gray,

GO-Ag NPs; dark green, GO—Au NPs; and purple, GO-Cu NPs.

nanofilms by the amount of intracellular LDH of the cells
attached to the nanofilms after a series of washes. In contrast
to the previously performed LDH assay, this variant assessed
the intracellular LDH level of the cells attached to the growth
surface, and subsequently lysed instead of the amount of LDH
released extracellularly. Nanofilms, excluding the GO-Ag NP
nanofilm, enhanced early HFFF2 cell adhesion within 30 min.
Subsequently, the GO-Ag NP nanofilms contributed to a
marked reduction in HFFF2 cell adhesion at all time points
compared to the controls. HFFF2 cell adhesion was supported
by the GO-Au NP and GO-Cu NP nanofilms at 240 min. A
similar trend was observed for the HS-5 cells. Early adhesion
of HS-5 cells at the 30 min time point was supported on the
nanofilms, excluding the GO-Ag NP nanofilm. A significant
decrease in adhesion was observed for the HS-5 cells on the
GO-Ag NP nanofilms at 60, 120, and 240 min, and a slight
reduction compared to the control was noted on the GO-Au
NP nanofilm at 60 and 120 min.

May-Griinwald Giemsa cell staining at a specific time point
demonstrated cell morphological differences depending on
the adhesion time as well as the nanofilm constituting the
growth surface. After 30 min, increased surface area and flat-
tening within a single cell were observed for the HFFF2

This journal is © The Royal Society of Chemistry 2023

(Fig. 11) cell line grown on nanofilms compared to the control
cells. Moreover, sprouting filopodia were observed on the GO-
Au NP and GO-Cu NP nanofilms. At 60 min, a high similarity
of cells in all the study groups was observed in terms of flatten-
ing and general morphology. However, relatively more cells
remained on the nanofilms after washing. After 120 min, the
cells cultivated on the GO, GO-Au NP, and GO-Cu NP nano-
films developed longer and more robust networks of filopodia
compared to the control cells, while after 240 min, the cells
acquired an elongated and spindle-shaped morphology charac-
teristic for the HFFF2 cell line. In the cells on the GO-Ag NP
nanofilms, initiation of the vacuolization process was observed
after 60 min, progressing at time points,
accompanied by a significant change in morphology, and
finally the shrinkage of the cells to achieve a spherical or irre-
gular shape with sprouting apoptopodia, regular or beaded, at
120 and 240 min.

The GO and GO-Cu NP nanofilms elicited a cellular
response, and subsequently managed HS-5 cell adhesion
(Fig. 12) in a similar manner to the HFFF2 cells. In the early
phase of adhesion, the HS-5 cells on the GO, GO-Au NP, and
GO-Cu NP nanofilms were more flattened (30 min and
60 min) and equipped with sprouting filopodia (60 min) in

successive
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Fig. 12 The general morphology and adhesion of HS-5 cells to GO and GO—-metallic NP nanofilms at 30, 60, 120, and 240 minutes. May-Grinwald

Giemsa staining. Scale: 50 pm.

contrast to the control cells. Shrunken and unexpanded HS-5
cells were observed on the GO-Ag NP nanofilm at the 30 min
and 60 min time points. After 120 min, the cells on the GO,
GO-Au NP, and GO-Cu NP nanofilms assumed the spindle-
shaped morphology typical of the HS-5 cell line, while the cells
on the uncoated surface finally reached the correct mor-

18650 | Nanoscale, 2023, 15, 18639-18659

phology after only 240 min. At 120 min, the HS-5 cells were
subtly flattened, thus revealing progressive vacuolization.
Moreover, the morphology of the cells was significantly dis-
turbed and different compared to the control cells.

In this study, we proved the proadhesive effect of the sur-
faces formed from GO nanocomposites. Given that the main

This journal is © The Royal Society of Chemistry 2023
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function of the coatings is to manage and enhance cell
adhesion and develop an effective cell-surface biointerface,
several tests were performed to assess the cell adhesion to GO
and GO-metallic NPs. The in vitro analyses demonstrated the
proadhesive properties of the GO, GO-Au NP, and GO-Cu NP
nanofilms. As presented in Fig. 10 and 11, the GO-Au NP and
GO-Cu NP nanofilms enhanced the cell adhesion to a greater
extent compared to the pure GO nanofilm, especially within
the first hour after cell seeding. SEM visualization of the cells
cultivated on the GO-Au NP and GO-Cu NP nanofilms
revealed the formation of numerous branched filopodia
(Fig. 9), which are responsible for, among others, cell
migration and binding to the substrate. Moreover, on GO
nanofilms enriched with Au NPs and Cu NPs, a greater cell
coverage area and increased number of cells were observed
(Fig. 10a and b). Decorating GO with metallic NPs led to an
increase in surface hydrophilicity (Fig. 3d), suggesting
enhanced cell adhesion driven by increased wettability. Many
studies prove the proadhesive properties of GO by, for
example, increasing the degree of cell flattening®® and the
development of cell cytoplasmic protrusions, including
filopodia.®”

The expression of genes related to the process of cell
adhesion was determined using the real-time PCR technique
(Fig. 13). The research group treated with the GO-Ag NP nano-
film was excluded from the analysis given its high cytotoxicity,
and thus lack of proadhesion properties.

The analysis demonstrated vimentin (VIM) downregulation
for HFFF2 cells on the nanofilms after 24 h, and additionally
for cells on the GO nanofilm after 4 h. In the HS-5 cells on the
nanofilms, VIM downregulation was also observed at both time
points except for the cells on the GO-Au NP nanofilm at 4 h.

Vimentin maintains the proper shape of the cell, anchors
the organelles in the cytosol, stabilizes the cytoskeleton, and is
responsible for maintaining appropriate cell elasticity.
Moreover, vimentin modulates cell mechanosensing and influ-
ences the cell shape and intracellular tension. The rearrange-
ment of vimentin fibers can occur in response to surface topo-
graphy.”® Vimentin translocation to the plasma membrane
area results in enhanced integrin-ligand interactions by indu-
cing changes in the clustering of integrins mediated by vimen-
tin heads.>® However, the overexpression of vimentin heads is
not a favorable phenomenon given the possibility of integrin
cleavage from the vimentin fibers, and consequently impaired
cell adhesion. Thus, vimentin is an important molecular link
in mechanotransduction given that it is responsible for main-
taining the mechanical homeostasis of the cell in response to
the physicochemical properties of the growth surface. In this
study (Fig. 13), after 4 h cell cultivation on nanofilms, no
differences in VIM expression were observed except for a slight
downregulation for the cells seeded on the pure GO nanofilm.
In contrast, after 24 h treatment, significant downregulation of
VIM was observed by the cells, especially those grown on the
nanofilms decorated with metallic NPs. It is assumed that the
cells, in response to the increased roughness of the substrate,
changed their elasticity as a result of changes in the VIM
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levels. Generally, it is believed that the downregulation or
mutations of VIM reduce the migratory capacity of cells.®®°*
However, considerations apply to cells cultivated in two-dimen-
sional planar surfaces. Surfaces made of GO nanoflakes and
their nanocomposites gain not only roughness but also three-
dimensionality. Actively migrating cells cultivated on two-
dimensional surfaces upregulate VIM, whereas when cells are
maintained on three-dimensional surfaces and spatial layouts,
the downregulation of VIM is accelerated and cell migration
processes promoted,®® and consequently may promote wound
healing processes.

The expression of INGa5 and INGf1 was shown to be upre-
gulated within 4 h in the HFFF2 cells on the GO-Au NP and
GO-Cu NP nanofilms. However, after 24 h, the expression
returned to the control level (INGa5) or was downregulated
(INGp1). In the case of the HS-5 cells, INGa5 was downregu-
lated for cells on the GO (4 h) and GO-Cu NP (4 h and 24 h)
nanofilms, and INGf1 was downregulated for the cells on all
the nanofilms after 24 h.

The 51 integrin (ING o5p1) is the primary fibronectin
(FN) transmembrane receptor facilitating the formation of the
cell-surface junction, and thus participating in cell-surface-
mediated signaling. In our study (Fig. 13), in the case of
HFFF2 cells cultivated on nanofilms enriched with metallic
NPs, a trend was observed consisting of the increased
expression of integrins (INGs) at the early adhesion stage (4 h),
while after 24 h, the expression was normalized (ING a5) or
downregulated (ING f1). ING 1 interacts directly with vimen-
tin, which enables the binding of heterodimer a5p1 to FN.%?
Vimentin regulates the assembly of INGs and their depletion
reduces the clustering of the ING a5f1 heterodimer.®?
However, INGs do not lose their activity because of other mole-
cular sources of activation stimulus, such as talin, kindlin,®*
and protease-activated receptors.®> Moreover, the downregula-
tion or knockout of vimentin results in an enhancement in the
integrin-driven adhesion machinery,®®®” which is consistent
with our results by the downregulation of vimentin with the
simultaneous upregulation of INGs in the HFFF2 cells culti-
vated on GO-Au NP and GO-Cu NP surfaces in the early phase
of adhesion (after 4 h).

The upregulated expression of FAK was observed in the
HFFF2 cells cultured on the GO and GO-Au NP nanofilms for
24 h and 4 h, respectively. However, FAK downregulation was
demonstrated in the HS-5 cells on the GO and GO-Cu NP
nanofilms at both time points. Downregulation of PI3K
expression was observed for both cell lines on the GO-Cu NP
nanofilm over 24 h. No changes in FNI expression were
observed for both cell lines.

FAK is a protein involved in the adhesion, migration, cell
cycle regulation, and phosphorylation of cytoskeletal proteins.
The primary function of FAK is to launch an intracellular
cascade of events, leading to the formation of focal adhesions
via ING B1, which is a direct recruiter of the FAK protein.®® The
FAK-Src-PI3K (phosphoinositide 3-kinase) pathway regulates
Hippo signaling, which integrates extracellular signals with
intracellular control, thereby regulating cell proliferation and
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Fig. 13 The analysis of gene expression at the mRNA level in HFFF2 and HS-5 cells 4 and 24 h after treatment with GO, GO—Au NP, and GO-Cu NP
surfaces. The real-time PCR technique was used to determine the expression of the following genes: VIM (vimentin), INGa5 (alpha-5 integrin), INGp1
(beta-1 integrin), FAK, PI3K (phosphoinositide 3-kinase), and FN1 (fibronectin). The points in the graphs (a) represent the mean with deviation (n = 3),
and the treatment time is indicated as follows: blue dot = 4 hours; beige square = 24 hours. The results are presented as log2FC, where log2FC > 0
indicates upregulation and log2FC < 0 downregulation relative to the controls (log2FC = 0) within a single gene. Statistically significant differences
between the control and study groups are marked as *p < 0.0332, **p < 0.0021, ***p < 0.0002, and ****p < 0.0001. The columns and rows of the
heat map (b) represent the samples and genes, respectively, while the colors indicate the fold changes in gene expression (green = upregulation; red
= downregulation).

adhesion during organ development and wound healing.”® and modeling of the FN matrix, which is a native cell scaffold.
Maintaining the balanced expression of FAK and PI3K seems to The equilibrium of cell signaling consists of promoting the
be crucial in the early adhesion stages given the fact that they adhesion of cells to the growth surface in the early stages of
link INGs with FN,”°7> allowing for the appropriate allocation —adhesion, and then normalizing the process as further pro-
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motion contributes to the formation of physiologically non-
functional tissues such as keloids or fibrosis, which may be
the result of FN overexpression.”*”* This trend was maintained
only in the case of HFFF2 cells cultivated on the surface of
GO-Au NPs (Fig. 13), which turned out to be a platform that
manages biological processes in the most appropriate way.
According to the previous analyses, the GO-Au NP nanofilm
was found to be the most biocompatible and proadhesive
nanofilm derived from the GO-metallic nanocomplex; there-
fore, it was selected for further research and compared to the
control (uncoated surface) and the GO nanofilm not decorated
with metallic NPs. To assess the cell stiffness expressed as the
modulus of elasticity depending on the adhesion surface, AFM
analysis was performed (Fig. 14). Overall, an increase in cell
stiffness was observed for both cell lines, which followed the
order of control < GO < GO-Au NPs. The average modulus of
elasticity of the HFFF2 cells was 5.1 kPa, 6.6 kPa, and 10.4 kPa
for the cells on the uncoated surface (control), GO nanofilms,
and GO-Au NPs, while for the HS-5 cells, the average modulus
of elasticity was 3.1 kPa, 3.2 kPa, and 4.9 kPa for the uncoated
surface nanofilms, GO, and GO-Au NPs, respectively.
Characteristic higher values of the modulus of elasticity were
observed, moving the average upward for the HFFF2 cells on
the GO nanofilm, with an even greater increase for the GO-Au
NP nanofilm. A highly heterogeneous structure in terms of
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stiffness was observed in the HFFF2 cells, especially in the
case of the cells grown on the GO-Au NP nanofilm.

3. Experimental

3.1. Nanomaterials

3.1.1. Preparation of nanomaterials. A GO dispersion
(4000 pg mL™', Advanced Graphene Products, Zielona Gora,
Poland) was obtained through the oxidation of graphite using
the modified Hummers’ method. According to the manufac-
turer’s information, 2-3-layer GO flakes with a size of >3 pm,
specific surface area of >28 m” g~', and molecular structure
consisting of carbon (>70.45 at%), oxygen (<28.67 at%), and
sulfur (>0.88 at%) were enriched in carbonyl, carboxyl,
hydroxyl, and epoxide groups. Silver (Ag), gold (Au), and
copper (Cu) metallic NPs in hydrocolloid form with concen-
trations of 100 ug mL™" (Ag NPs) and 50 ug mL ™" (Au NPs and
Cu NPs) were purchased from Nano-Tech (Warsaw, Poland).
Serial dilutions of 10x concentrated GO (31.25, 62.5, 125, 250,
500, 1000, and 2000 pg mL ™) were prepared in ultrapure water
followed by the sonication of the GO stock solution at 500 W
and 20 kHz for 5 min using a Vibra-Cell™ Ultrasonic Liquid
Processor (Sonics&Materials, Newton, USA). The GO solutions
were diluted in a 1:9 ratio (v/v) with culture medium to final

HS-5 b Elasticity modulus
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Fig. 14 Atomic force microscopy three-dimensional map of elastic modulus (a) and distribution of elastic modulus (b) for HFFF2 and HS-5 cells on
the uncoated surface (control), GO, and GO-Au NP nanofilms after 24 hours. The dots represent a single cell puncture point by the microlever and
the black dashed lines indicate the median. Cells on the following growth surfaces are color-coded: green — uncoated surface; beige = GO

nanofilm; and dark green = GO—Au NP nanofilm.
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concentrations of 3.125, 6.25, 12.5, 25, 50, 100, and 200 pg
mL~". To produce the nanofilms, solutions of 10x concen-
trated GO were combined with ultrapure water in a ratio of
1:4 (v/v) in such a way that the same mass of GO was found in
the corresponding samples regardless of the cell treatment
approach used. Drying in sterile conditions of the nanofilms
was carried out under a laminar chamber until complete evap-
oration of the solvent and completely dry nanolayers were
obtained. The water-suspended nanostructure concentrates
were sonicated prior to every experiment.

3.1.2. Preparation of nanocomplexes. To derive nanocom-
plexes of GO-Ag NPs, GO-Au NPs, and GO-Cu NPs, solutions
of GO and metallic NPs were sonicated separately, as described
earlier. Subsequently, after 15 min, the GO solution was added
to the metallic NPs and sonicated again. Finally, the resulting
nanocomplexes were allowed to self-assemble for 30 min at
room temperature before being used for analysis. The prepared
solutions were 2x concentrated and diluted in a 2x concen-
trated culture medium in a 1:1 ratio (v/v) to obtain final con-
centrations of 5:10 pg mL™" and 50:10 pg mL™" (5 pg mL™"
and 50 pg mL™" for GO and 10 pg for the metallic NPs). The
nanofilms composed of nanocomplexes were formed by dilut-
ing concentrated solutions of nanocomplexes in a 1:1 ratio
(v/v) with ultrapure water and drying as for pure GO.

3.1.3. Characterization of nanomaterials

3.1.3.1. Nanoflakes. An evaluation of the size distribution
and stability of the hydrocolloid was performed for selected
concentrations of nanostructures, ie., 50 pg mL™" for GO and
50:10 pg mL~' for GO-metallic NP nanocomplexes. Zeta
potential measurements were performed by microelectrophor-
esis with Smoluchowski approximation and size distribution
measurements by dynamic light scattering (DLS) using a
Zetasizer Nano-ZS90 analyzer (Malvern Instruments,
Worcestershire, UK) after stabilization of the colloids for 120 s
at 25 °C in triplicate. The measurements were performed in
two media to determine the physicochemical behaviour of the
nanostructures during in vitro assays, ie., ultrapure water and
a culture medium supplemented with 10% fetal bovine serum
(FBS) at two time points (0 and 24 h). The size of the nano-
flakes was determined using a high-resolution scanning elec-
tron microscope (SEM) (Quanta FEG 250). Briefly, 2.5 pL of
GO-metallic NP solution at a concentration of 50:10 pg mL ™
was applied to a cover slip and dried. Then, visualization with
a beam voltage of 5 kV was performed. Measurements were
performed for 50 nanoflakes from at least 3 images using the
Image] software (Eliceiri/LOCI lab, Madison, USA).

To detect the chemical bonds present in the studied nano-
structures, infrared spectra were recorded with the use of the
Fourier transform technique (FT-IR). A PerkinElmer System
2000 spectrometer (PerkinElmer Inc., Waltham, MA, USA) was
used as the working instrument. The samples were dried and
thoroughly mixed with KBr crystals (ratio 1:300 m/m) for
5 min in a laboratory mill to obtain a fine powder. Then, using
a pellet-maker and a 5-ton hydraulic press, transparent pellets
with a diameter of 13 mm were prepared. The pellets were
placed into a dedicated holder that in turn was placed in the
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spectrometer measuring chamber and radiated with infrared
radiation in the spectral range of 4000-400 cm™" to collect
spectral data. The measurements were preceded by the collec-
tion of the background spectrum containing the bands gener-
ated by some vibrations, translations and rotations of gaseous
present, e.g. CO, and H,0O. Every spectrum was recorded with
4 em™ resolution and 25 scans. Raw spectra were used for stat-
istical analysis.

3.1.3.2. Nanofilms. The assessment of the morphology of
the GO-metallic NP surfaces was performed using a scanning
electron microscope (SEM) (Quanta 200, FEI, Hillsboro, OR,
USA). A 50:10 pg mL™' solution of GO-metallic NPs was
applied to a 12-well plate (500 pL). After complete drying, the
nanostructures were visualized with a beam voltage of 20 kV.

The assessment of the topography and surface formation of
the nanofilms was analyzed via atomic force microscopy (AFM)
(Asylum Research, MFP3D Bio, Santa Barbara, CA, USA). AFM
imaging was performed in air and AC mode using a commer-
cial triangular cantilever (MLCT Bruker, Camarillo, CA, USA),
with a spring constant of k = 0.10 N m™". The area of the
mapped surfaces was 5 pm x 5 pm.

The contact angle (CA) measurement and determination of
the hydrophilic nature of the nanofilms, derived as in the case
of SEM analysis, were performed using an OCA15 goniometer
(Data Physics Instruments GmbH, Filderstadt, Germany).
Measurements were carried out using the sessile drop method
directly after a drop of deionized water (1 pL) came into
contact with the nanofilm. For each sample, 10 measurements
were performed at room temperature.

3.2. Invitro cell cultures

3.2.1. Maintenance conditions of cell cultures. In the bio-
logical tests, the HS-5 (bone marrow stromal cells) obtained
from ATCC (American Type Culture Collection, USA) and
HFFF2 (fetal foreskin fibroblasts) purchased from Sigma-
Aldrich (USA) human-derived cell lines were used. The cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with a glucose concentration of 1 g L' (HFFF2) or
4.5 g L' (HS-5), supplemented with 10% FBS, with the
addition of streptomycin (100 mg mL™") and penicillin (100 U
mL ™). All medium components were purchased from Gibco™
(Thermo Fisher Scientific, Waltham, USA). The cells were cul-
tured under standard conditions at 37 °C, under 5% CO,, and
in a humid atmosphere (95%). The cells were seeded at a
density of 0.5 x 10° cells per mL (SEM, AFM) or 1.5 x 10° cells
per mL (other assays) in volumes of 0.1 mL, 1 mL, or 1.5 mL
for 96-, 12-, or 6-well plates, respectively.

3.2.2. Experimental conditions. In the cytotoxicity screen-
ing panel, the cells were treated with GO in the form of hydro-
colloids and nanofilms (final concentrations of 3.125, 6.25,
12.5, 25, 50, 100, and 200 pg mL™"). In the first approach, the
cells were treated with nanostructures in the form of hydrocol-
loids diluted in culture medium for 24 h after adhering to the
substrate, while the second approach involved directly seeding
the cells suspended in the culture medium on nanofilms and
incubation for 24 h. For the real-time PCR analysis, 4 h incu-
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bation was additionally used, while for the assessment of
adhesion (LDH, microscopic analysis), the following incu-
bation times were used: 30, 60, 120, and 240 min. As a control,
the cells were treated with medium with the addition of ultra-
pure water instead of the dispersion of nanostructures. In the
experiments evaluating the activity of the nanostructures in
the form of nanofilms, the control cells were cultivated on
wells pre-treated with ultrapure water and dried. Based on the
results for pure GO, two concentrations (5:10 pg mL™" and
50:10 pg mL™') of GO-metallic NP nanocomplexes were
selected to determine their effect on the cellular response.
After cytotoxicity screening, the concentrations of 50 pg mL™*
for GO and 50:10 pg mL ™" for GO-metallic NPs were selected
for the remaining tests.

3.3. Cytotoxicity screening panel

Given that cytotoxicity assays often rely on different cellular
mechanisms at the molecular level or within individual orga-
nelles, cytotoxicity screening was performed with three
different assays to provide a complete description of the cyto-
toxicity of the tested nanomaterials including neutral red
uptake, MTT mitochondrial activity, and lactate dehydrogenase
(LDH) leakage assays.

3.3.1 Neutral red lysosomal retention assay. Neutral red
(3-amino-7-dimethyl-amino-2-methylphenazine hydrochloride)
is an eurhodin dye taken up by living cells via active transport,
and consequently incorporated in the anionic sites in the lyso-
somes. Cell viability is directly proportional to the amount of
chromophore deposited in the lysosomal matrix. After 24 h of
treatment of the cells with the nanocomplexes, the culture
medium was replaced with 100 pL of medium supplemented
with 0.4 ¢ mL™" of the neutral red dye (Chempur, Piekary
Slaskie, Poland) at a ratio of 9: 1 (v/v) per well. Previously, the
prepared neutral red stock solution was centrifuged (600g,
10 min), and the obtained supernatant was additionally fil-
tered and heated to 37 °C before being added to the cells.
Subsequently, after 3 h of incubation at 37 °C, the medium
was discarded, and the cells were rinsed with phosphate
buffered saline (PBS), and finally dissolved in 100 pL of a solu-
bilization buffer (ethanol, acetic acid, and ultrapure water at a
ratio of 50:1: 49 [v/v]) per well for 20 min at room temperature
on an orbital shaker. Prior to spectrophotometric reading, the
plates were centrifuged (2502, 10 min), and then the super-
natant was transferred to clean multi-well plates to avoid the
falsification of the results by nanofilms. Spectrophotometric
measurement was performed using an Infinite®200 PRO
microplate reader with i-control™ software (Tecan Group Ltd,
Germany) at a wavelength of 540 nm. Four repetitions were
performed for each group. The results were expressed as the
mean percentage of the test sample relative to the mean
control (100%).

3.3.2. MTT mitochondrial activity assay. The MTT assay is
a colorimetric assay based on the reduction of the water-
soluble yellow salt tetrazolium (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to insoluble purple formazan by
mitochondrial succinate dehydrogenase, which is only active

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

in metabolically active cells. The amount of obtained formazan
is directly proportional to the number of metabolically active
cells. After the cells were exposed to the nanocomplexes for
24 h, 15 pL of a tetrazole salt (Sigma Aldrich) solution (5 pg
mL™" PBS) was added per well before the solution was incu-
bated for 3 h at 37 °C. Then the obtained formazan crystals
were dissolved in 100 pL of 10% sodium dodecyl sulfate (SDS)
per well acidified with 0.01 M hydrochloric acid. After 2 h of
incubation at 37 °C on an orbital shaker, the amount of forma-
zan was determined colorimetrically by reading the absor-
bance at 570 nm using an Infinite®200 PRO microplate reader
with i-control™ software (Tecan Group Ltd, Minnedorf,
Germany). Analogously to the neutral red assay, the plates
were centrifuged before reading, and the supernatant was
transferred to clean plates. Four replicates were performed for
each group. The cell viability of the treated groups was
expressed as a percentage of the control group (100%).

3.3.3 LDH leakage assay. The last cytotoxicity assay per-
formed was the lactate dehydrogenase (LDH) leakage assay.
LDH is a stable enzyme present in cells; however, when the
cell membrane is breached, and consequently permeabilized,
LDH is released in the extra-cytoplasmatic space. This assay is
based on a series of enzymatic reactions initiated by the
reduction of NAD+ to NADH/H+ via the LDH-catalyzed conver-
sion of lactate to pyruvate. Finally, the pale yellow substrate
(tetrazolium salt) is reduced to red formazan by H/H+ transfer
from NADH/H+. The Cytotoxicity Detection Kit (LDH) pur-
chased from Roche was used to perform the assay. Unlike the
previous cytotoxicity tests, the cells were seeded in a culture
medium with low FBS (2%) to prevent the serum from
affecting the test results. A high control (LDH max) was per-
formed by dissolving the cells in a medium containing 1%
Triton X-100 for 30 min at 37 °C to determine the maximum
release of LDH activity from the cells. After the incubation of
the cells with the nanocomplexes, the plates were centrifuged
(250g, 10 min), and 50 pL of the supernatant was transferred
to a new transparent plate to the corresponding wells. Then,
50 pL of a freshly prepared reaction buffer was added per well
before the buffer was incubated for 30 min in the dark at room
temperature on an orbital shaker. A spectrophotometric
reading was performed at a wavelength of 490 nm with a refer-
ence of 690 nm. The measurements in each study group was
performed in four replicates. Percent cytotoxicity was calcu-
lated according to the following equation:

Cytotoxicity [%] = (exp. value)/(high control) x 100

where exp. value is the average absorbance z for each study
group treated with nanocomplexes and high control is the
average absorbance for LDH max.

3.4. Visualization of cells

3.4.1. Actin cytoskeleton morphology. The assessment of
the effect of the nanocomplexes on the actin cytoskeleton was
performed by visualization using an FV-100 confocal micro-
scope (Olympus, Tokyo, Japan). The nanostructures with a con-
centration of 50 pg mL™" were selected for further research.
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After 24 h treatment with hydrocolloids and nanofilms, the
cells were washed with warmed PBS and fixed with 4% PFA for
15 min. Subsequently, the slides were rinsed three times with
PBS, and the cell membranes were permeabilized for 5 min
with 0.5% Tween-20 diluted in PBS. After washing three times
with PBS, a mixture of 300 uM DAPI (nuclear labeling) and
6.6 pM phalloidin conjugated with Alexa Fluor 633 (actin cytos-
keleton labeling) diluted in PBS was added. Both labels
were purchased from Molecular Probes (Eugene, Oregon,
USA). Incubation was performed for 15 min in the dark.
Then, the slides were rinsed three times with PBS and
twice with deionized water and immediately mounted with a
drop of Fluoromount Aqueous Mounting Medium (Sigma
Aldrich) and sealed. Each incubation was performed at room
temperature.

3.4.2. Evaluation of cell-nanofilm interactions. The initial
evaluation of cell adhesion to the GO-metallic NP nanofilms
and the effect of the nanofilms on the cell surface was per-
formed via SEM visualization. Twenty-four hours after seeding
the cells on the nanofilms, the slides were washed with PBS
and primary-fixed in 2.5% glutaraldehyde in phosphate buffer
(PB) for 30 min at 4 °C. Then three washes with cold PB and
post-fixing with 1% osmium tetroxide in PB for 60 min at 4 °C
were performed. After fixation, the cells were washed three
times with PB and dehydrated with a series of ethanol at room
temperature: 25%, 50%, 60%, 70%, 80%, 90%, 95% (5 min for
each concentration), and 100% (3 changes of 15 min). The
slides were critical point-dried (Polaron CPD 7501, Quorum
Technologies, Laughton, UK) and sputtered with a thin layer of
gold prior to visualization.

3.5. Adhesion assessment

The effect of the GO-metallic NP nanofilms on cell adhesion
was evaluated by measuring the surface coverage of the nano-
films by the cells and the total LDH leakage assay. The cells
were plated in 12-well (coverage area measurements) and
96-well (LDH assay) plates coated with nanofilms and incu-
bated at 4 time points of 30, 60, 120, and 240 min. The last
time point was chosen as the time needed to achieve correct
morphology and flattening of the control cells. In addition,
real-time PCR analysis was performed to assess the expression
of genes related to the adhesion and cellular cytoskeleton.
3.5.1. Microscopic analysis. To evaluate the adhesion of
the cells to the nanofilms at specific time points, visualization
of the cell morphology stained with the May-Griinwald Giemsa
method was performed under an inverted microscope (Leica,
Wetzlar, Germany) using the LAS V4.10 software and a light
camera (Leica MC190 HD). After a certain incubation time, the
samples were gently rinsed three times with PBS with divalent
ions (Mg>" and Ca**). Then, fixation was carried out for 20 min
in 4% PFA at room temperature. Subsequently, the washing
was repeated, and the samples were stored at 4 °C in PBS until
the fixation and washing of the longest incubated samples.
Next, the cells were stained with 0.5 mL of May-Griinwald solu-
tion for 3 min. Afterward, 0.5 mL of PBS was added, and the
incubation was repeated. The dye solution was discarded and

18656 | Nanoscale, 2023, 15, 18639-18659

View Article Online

Nanoscale

further replaced with Giemsa’s dye 20 times and diluted in de-
ionized water for 15 min. Finally, the preparations were rinsed
5 times with deionized water and dried under a fume hood
before visualization. All the staining steps were performed at
room temperature. Three photographs per study group were
taken at 10x magnification to determine the cell coverage area
using Image] software (Eliceiri/LOCI lab, Madison, USA) and
evaluate the general morphology of the cells adhering to the
nanofilms at a specific time point.

3.5.2. Total LDH leakage assay. The total LDH leakage
assay was performed to quantify the cells adhered to the GO-
metallic NP nanofilms at a specific time point by the amount
of LDH released. After incubation, the culture medium with
unattached cells was discarded, and the cells attached to the
bottom of the wells were washed twice with PBS™&"/®" and
lysed with 1% Triton X-100 in a culture medium without FBS
for 30 min at 37 °C to break the integrity of the cell mem-
branes and complete leakage of the LDH enzyme from the
cell. Then, the procedure was performed according to the
methodology presented in the cytotoxicity panel for the LDH
leakage assay. For each test group, 4 repetitions were per-
formed. The LDH content was expressed as the average absor-
bance (A490 nm-A690 nm) in the group for the specified
adhesion time.

3.5.3. Gene expression evaluation

3.5.3.1. RNA isolation. Total RNA was isolated using the
PureLink® RNa Mini Kit (ThermoFisher Scientific,
Wilmington, DE, USA). The cells were seeded on a nanofilm-
coated 6-well plate incubated for 4 h or 24 h. Next, the cells
were washed with warm PBS, and then trypsinized and neu-
tralized with DMEM supplemented with 10% FBS. The
detached cells were centrifuged (5 min, 300g), and the result-
ing pellet was rinsed twice with PBS. Afterward, 300 pL of
lysis buffer containing 1% p-mercaptoethanol was added to
the pellet and lysed for 15 min at room temperature with
occasional vortexing. The lysate was centrifuged (10 min,
12 000g, 4 °C) and the supernatant was transferred to a clean
tube with one volume of 70% ethanol. The remaining stages
of isolation were carried out in accordance with the protocol
provided by the manufacturer. Finally, the elution of total
RNA was performed in 30 pL of RNase-free water. The con-
centration of the obtained RNA was measured using a
NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE,
USA), equalized, and stored at —80 °C. At the stage of RNA
isolation, the groups treated with GO-Ag NP nanofilms were
excluded because of the inability to isolate a sufficient
amount of genetic material.

3.5.3.2. RT-PCR. The cDNA High Capacity Reverse
Transcription Kit (AppliedBiosystem, Foster City, Ca, USA) was
used for the reverse transcription of RNA to derive cDNA via
reverse transcriptase polymerase chain reaction (RT-PCR)
according to the manufacturer’s protocol. A total of 500 ng of
RNA was used for each reaction. The samples were placed in a
2720 Thermal Cycler (Thermo Fisher Scientific, USA), and the
temperature profile was set as 25 °C (10 min), 37 °C (120 min),
and 4 °C (5 min). The ¢cDNA concentration was measured on

This journal is © The Royal Society of Chemistry 2023
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Table 1 Primer sequences for the investigated genes
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Gene Sequence of primer 5'—3’ Amplicon size [bp] GenBank accession number

VIM F: CCTCACCTGTGAAGTGGATGC 112 NC_000010.11
R: CAACGGCAAAGTTCTCTTCCA

INGa5 F: GCCGATTCACATCGCTCTCAAC 139 NM_002205.5
R: GTCTTCTCCACAGTCCAGCAAG

INGp1 F: GGATTCTCCAGAAGGTGGTTTCG 143 NM_133376.3
R: TGCCACCAAGTTTCCCATCTCC

FAK F: CCCACCAGAGGAGTATGTCC 150 XM_017013688
R: CCCAGGTCAGAGTTCAATAG

PI3K F: GGTTGTCTGTCAATCGGTGACTGT 108 NG_012113.2
R: GAACTGCAGTGCACCTTTCAAGC

FN1 F: ACAACACCGAGGTGACTGAGAC 143 NG_012196.2
R: GGACACAACGATGCTTCCTGAG

GADPH F: GAGAAGGCTGGGGCTCATTTG 97 NM_002046

R: CATGGTTCACACCCATG

the NanoDrop instrument and adjusted to 10 ng pL™" in
RNase-free water. The samples were stored at —20 °C.

3.5.3.3. Real-time PCR. Relative gene expression at the
mRNA level was performed using real-time quantitative PCR
and the AACT method for the following human genes: vimen-
tin (VIM), o5 integrin (ITGA5), P1 integrin (ITGB1), focal
adhesion kinase (FAK), phosphoinositide 3-kinase (PI3K), and
fibronectin (FN1) (Table 1). Glyceraldehyde-3-phosphate dehy-
drogenase (GADPH) was used as the housekeeping gene
(endogenous control). The reaction mix consisted of 5 pL of
PowerUp SYBR Green Master Mix (Applied Biosystem,
Waltham, MA, USA), 5 pL 50 ng cDNA template, 3.5 pL of
RNase-free water, and 0.75 pL 10 pM forward and reverse
primer (Genomed, Warsaw, Poland). Finally, 15 pL of the reac-
tion mix was dropped per well on a MicroAmp™ Fast Optical
48-Well Reaction Plate (Applied Biosystems, Waltham, MA,
USA). The reactions for each treatment group were performed
in triplicate. The reaction was performed on the
StepOnePlus™ Real-Time PCR System with the following
temperature profile: 95 °C (10 min), followed by 40 cycles of
95 °C (15 s) and 60 °C (60 s). Relative gene expression was cal-
culated according to the 27#*“" method, where AACT = ACT
of the target gene —ACT of calibrator (untreated sample) and
ACT = mean CT of the target gene - mean CT of endogenous
control (GADPH). The results were normalized to the
calibrator.

3.6. Mechanical measurements of cells

Cell stiffness expressed as elastic modulus (kPa) was deter-
mined using AFM. The tests were performed for cells grown on
GO and GO-Au NP nanofilms. Conical cantilevers (Applied
NanoStructures; height of 4-6 pm) were used for the measure-
ments. The angle of inclination of the cantilever sidewalls was
a ~ 20°, the frequency was 17 kHz, and the nominal spring
constant was 35 ph nm™". To determine the spring constant
and the sensitivity value of the optical lever, the probes were
calibrated before the measurement using the thermal vibration
method, in accordance with the algorithm provided by the
microscope manufacturer. The probe deflection threshold was

This journal is © The Royal Society of Chemistry 2023

set at 0.25 V. AFM was set to operate in contact mode. The
measurement was performed by indenting the cell at a fixed
threshold. The indentation speed was fixed at 1 yum s~'. The
assumed cut-off point guaranteed that the indentation depth
was between 1 pm and 2 pm. The recoil distance of the probe
was set to 2 pm. Cell maps were made of 45 rows x 44 columns
of punctures (total 1980 F-D curves per cell). The Hertz model
for conical indenters was used to analyze the curves.

3.7. Statistical analysis

The significance of differences among the groups was verified
through one-way analysis of variance (ANOVA) using Tukey’s
post-hoc test in GraphPad Prism 9.1.2 (GraphPad Software, San
Diego, California USA) and Statistica 13.3 (StatSoft, Poland)
software. Results with p < 0.05 were considered statistically sig-
nificantly different.

4. Conclusions

Our results demonstrated the modulation of cell mechanosen-
sing in a nanotopographically dependent manner, thereby
altering the biocompatibility and adhesive properties of nano-
films. GO decorated with gold NPs was revealed to be the most
biocompatible surface, not disturbing the cell metabolism and
morphology, and a proadhesive nanoplatform by accelerating
the formation of a cell-surface junction guided by the tempor-
ary upregulation of integrin expression. In this study, we
demonstrated the acceleration of cell flattening and the for-
mation of an advanced network of filopodia by cells cultivated
on the surface of GO with gold NPs as well as reduced cell elas-
ticity and downregulation of vimentins. Overall, our results
support the use of gold NP-enriched GO nanocomposites as
surface nano-structuring agent. Subsequent advanced studies
will focus on incorporating this nanocomplex into more soph-
isticated biomaterials and determining their molecular and
physiological mechanisms as well as biointeraction with cellu-
lar and tissue models.
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