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GO is a 2D nanomaterial that has attracted attention in many industries in recent years, such as the chemical
industry, electronics or medicine. Due to its unique properties such as strength, hydrophilicity and large
specific surface area with the possibility of functionalization, GO is a particularly attractive material in
biomedicine as a candidate for use in targeted drug delivery. In such a case, we need information on
whether graphene oxide penetrates into cells and whether we are able to detect and monitor GO in
these cells during and also after the treatment to evaluate possible degradation process of GO and its
interaction within the cell compartements. This work introduces the Raman spectroscopy as label-free
detection method showing the advantages of combining Raman spectroscopy with MCR (Multivariate
Curve Resolution) analysis for advanced detection of GO in cervical cancer (Hela) cells. Our synthesized
GO is characterized firstly by AFM, SEM and Raman spectroscopy and then MCR-Raman spectroscopy is
used to detect internalized GO in individual Hela cells. Moreover, by using our methodology, distribution
of GO as well as its chemical stability inside the cell for up to six months is investigated without using
any additional labeling or tracing the GO. Thus, MCR-Raman spectroscopy may become a new analytical
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Introduction

Graphene, which was first isolated in 2004,' is one of the best
known, explored and used 2D nanomaterials from that time on.
For the application of graphene in other fields such as catalysis,
detection of substances, carriers, adsorption, etc., the function-
alization of graphene by chemical and physical methods is
crucial to generate new properties of graphene derivatives
according to the need of their application.>* An example of
successful derivatization of graphene is the GO we have studied.
Although GO, unlike graphene, has been known for a long time
since it was first synthesized by oxidation of graphite by the
chemist Brodie in 1859.° However, until the isolation of gra-
phene, GO was a relatively uninteresting and unused material.
GO is an oxidized form of graphene that has better properties
than graphene itself in certain parameters, is more reactive and
has a large specific surface area with the possibility of further
functionalization.®” It also exhibits excellent hydrophilicity and
strength. All these features make it a promising material for use
in catalysis, sensors, environment” and also in biomedicine, since
GO can non-covalently bind a variety of biomolecules, for
example for targeted drug delivery."**®* GO also exhibits
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tool in preclinical and clinical applications of graphene-based nanotheranostics.

antibacterial activity, mainly due to its high content of oxygen
groups, which interact well with the polar membranes of
bacteria.>'® However, knowledge on the internalization of gra-
phene oxide inside mammalian cells is still limited. The uptake
of graphene oxide by cells is a complex phenomenon influenced
by factors such as particle size and surface modification. In
addition, nanomaterials introduced into living organisms
interact with components of biological fluids. All these factors
need to be taken into account when considering the uptake of
potential drug carriers by cells."* Thus, the fate of graphene oxide,
biodegradation or active targeting in cells is extremely important
from not only a safety perspective, but also in order to monitor
the potential mechanism of action in targeted therapy.

Raman spectroscopy has a number of advantages over other
methods in biomedical applications. The low sample prepara-
tion requirements and the relatively non-destructive nature of
Raman spectroscopy allow its use for tissue analysis and, in
conjunction with the microscope, the analysis of individual
cells and organelles can be easily performed. In addition, the
absence of the need for sample staining, compared with other
techniques such as fluorescence microscopy, allows its appli-
cations in drug transport and metabolism studies.’ In fact,
dyes can significantly affect the interaction of the drugs used
with the cell when investigating drug transport and metabo-
lism.*»** Raman microscopy is particularly frequently used, as it
is sensitive enough to monitor changes in cells at the molecular
level. In addition to the detection of cancer cells, Raman

This journal is © The Royal Society of Chemistry 2023
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spectroscopy can also be used in the investigation of cancer
treatment options™ or targeted drug transport.*>'® It has been
published that 2D nanomaterials can also be used as carriers to
prevent premature degradation of the drug and minimize its
non-specific toxicity.” In addition to targeting tumor cells, the
downstream action of the drug in the cell is also important.
From a therapeutic and also safety point of view, affinity for
specific organelles, particularly mitochondria, nucleus and
lysosomes, is desirable. This is because if the drug is trans-
ported directly to the site where it is intended to act, it is less
likely to be destroyed or rejected by the cell, thereby maximizing
its efficacy.” Therefore, 2D nanomaterials used for drug trans-
port into cells must in particular meet the requirements of
biocompatibility with the human body, biodegradability and
low toxicity."® A number of methods have been used to analyse
spectra obtained by the Raman method." Mapping and multi-
dimensional cellular resolution (MCR) are two well-known
approaches that we have used recently to analyze Raman
spectra.* Unlike mapping, which scales intensity based on the
acquired spectra, multidimensional curve resolution (MCR) is
a statistical method that does not require reference spectra. The
main difference between mapping and MCR is that mapping
uses a single reference spectrum and applies it to the image,
whereas MCR uses multiple reference spectra, spectral
components and combines the experimental data.”® MCR can
be used to obtain critical information about image composi-
tion, chemicals'***> and map the surface based on composition,
which is often presented through color coding. Correlation
mapping can also extract the composition based on a single
spectrum, but this could only be done in? One component at
a time.”® MCR-based Raman spectroscopy can be used to detect
GO penetrated inside HeLa cells, however, to study the fate of
GO within the cells more deeply, here, we are introducing
Raman spectroscopy with cell line mapping. The obtained
background-adjusted multispectral data is analysed by using
the MCR (Multivariate Curve Resolution) algorithm to identify
individual components in the sample. MCR gives evolutionary
analytical data originating from a process or analytical
measurement® and thus closely mimics the structure of an
analytical measurement. The MCR algorithm is applied to the
Raman spectra of GO inside the HeLa cells and their compo-
sition is quantitatively determined by comparison with the
Raman spectra of each pure form. The aim of this research is
the detection and imaging of GO distribution in single HeLa
cells which is a promising approach to determining GO, its
degradation products, or moreover interaction of GO with
cellular components (lipids and proteins), organelles or cyto-
plasmic membrane, which shows great potential in expanding
the knowledge of anticancer therapy and can be used in
personalized diagnostics, therapy and drug transport in the
future.

Experimental
Chemicals and reagents

Graphite powder (particle size below 20 pm), potassium
permanganate (purity =99.0%), potassium nitrate (purity
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=99.0%), sulfuric acid (96%), hydrogen peroxide and sodium
hydrogen phosphate dihydrate (p.a.) was purchased from
Sigma-Aldrich. Phosphate buffer prepared from sodium chlo-
ride (purity =99.0%), potassium chloride (purity =99.0-
100.5%) and potassium dihydrogen phosphate (purity
=99.995%) from penta were used in the preparation of the cell
samples. Cell fixation was performed with paraformaldehyde
solution (4%) from penta. Ultrapure water was prepared in the
laboratory using a Puris water system, from MiraeST, model
Esse-UP analysis.

Synthesis of GO

GO was prepared by oxidation of graphite powder using the
Hummers' method.”® The procedure was as follows: 23 ml of
sulphuric acid (dropwise) was added to a mixture of 1 g of
graphite powder and 0.5 g of sodium nitrate. The reaction
mixture was then cooled to 0 °C and 3 g of potassium
permanganate was added successively during further cooling,
keeping the temperature below 20 °C during this exothermic
reaction. After the addition of the permanganate, the reaction
mixture was heated to 35 °C and stirred for 30 minutes. In the
next step, 46 ml of distilled water was slowly added and the
reaction mixture was further stirred at 98 °C for 15 minutes.
After 15 minutes, the mixture was cooled to room temperature,
1 ml of 30% hydrogen peroxide and 140 ml of distilled water
were added. The resulting material was centrifuged at 6000 rpm
for 7 minutes and washed with distilled water. This process was
repeated several times to remove residual impurities. The ob-
tained material was dried overnight in a vacuum oven and then
GO powder was obtained. From the GO thus obtained, efficient
size selection of GO powder dispersed in water was performed
by sonication followed by centrifugation. 10 mg of GO powder
was dispersed in 20 ml of distilled water and sonicated for 1
hour. Then the dispersion was stirred overnight on a magnetic
stirrer. This was followed by centrifugation at 13 500 rpm for
20 min, and finally, decantation of the supernatant was per-
formed, which contained GO particles of the desired size.

Cell preparation

The cell culture used for the experiment was human cervical
epithelial tumour HeLa cells from ATCC, USA. The cells were
cultured in DMEM (Dulbecco's Modified Eagle medium) with
low glucose concentration from Life Technologies at 37 °C and
5% CO2 atmosphere. A calcium fluoride slide (substrate for
Raman analysis) was inserted into a well in the culture plate.
Standard trypsinization of the cells was performed and a suffi-
cient number of cells (approximately 60% confluence) were
seeded into the well on the substrate. The cells were kept to
adhere to the surface of the substrate overnight. The next day,
labelling of the cells with GO suspension was performed to
achieve the desired concentration of GO in the volume of
medium used. The cells with GO were then incubated for
a further 24 hours. Control cells were cultured for 48 hours
without labelling with GO suspension. After incubation, the
culture medium was removed and the cells were gently washed
with phosphate-buffered saline (PBS). Subsequently, 1 ml of 4%
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paraformaldehyde solution in PBS was added to the cells for
fixation. The cells were left in the refrigerator for 10 min for
fixation, after which the fixing agent was aspirated followed by
washing with phosphate buffer and ultrapure water. The cell
sample was let dry before measurement.

Characterization of prepared GO

AFM, SEM. The surface morphology of GO was measured by
AFM using tapping mode with ACTA-SS (AppNano, USA) tip,
a frequency of 200-400 kHz and a force constant of 13-77 N
m . Measurements were performed at room temperature with
humidity ranging from 45-55%. Height profiles were calculated
using Gwyddion 2.51 software. The size and overall morphology
of samples were analysed by SEM on a Hitachi SU6600 (Hitachi,
Japan) with an accelerating voltage of 5 kV. For these analyses,
the sample was placed on a copper grid with a carbon layer and
dried at room temperature. Zeta potential values were deter-
mined by the DLS method using the instrument Malvern Zeta-
sizer Nano.

Raman spectroscopy

For the detection of Raman signal from GO, Raman spectral
data were obtained on a DXR Raman microscopy (Thermos
Scientific) with an excitation laser operating at 455 nm. Raman
spectra were measured in the range from 500 to 3.500 cm ™ *. The
spectral resolution of the applied combination of laser and
optic was 1.0 cm ™. The step size of the X- and Y-axis displace-
ment was no larger than 1 pm, allowing for high resolution. The
range of motion in the Z-axis was not limited but allowed
focusing on a sample with a maximum height of at least 5 mm.
Experimental parameters were as follows: the number of expo-
sures measured was 32 s and the length of exposure was 2 s,
laser power 4 mW (on the sample surface). A lens with 50x
magnification was chosen (with N.A. —0.55). Before the CCD
detector, a 50 um pinhole assembly with 1200 notches per mm
grid was chosen. Fluorescence correction was also turned on to
co-opt unwanted fluorescence from the cells. The spectra ob-
tained were then adjusted to baseline using OMNIC 8.2.0.403
software (polynomial fit, where n = 3).

The presence of GO in cells was confirmed by mapping.
During the mapping, an area of 2-4 cells was mapped (usually
100 x 130 pm), in which a total of about 200 spectra were
measured, corresponding to 200 sampling points within one
map. Each spectrum was subjected to 32 s exposures and the
exposure time was 2 s. A total of 512 exposures were made to
collect the background. The measured maps were processed in
OMNIC software for background editing and further process-
ing. The obtained background-adjusted multispectral data were
further analysed using the Multivariate Curve Resolution (MCR)
algorithm to identify individual components in the sample. Two
regions of expected components (GO and cell) and four
components (only one region and three components for control
cells without GO) were given for the calculation. The compo-
nents corresponding to HeLa cells, GO and substrate were then
selected from the algorithmically found components. From
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these, RGB maps were generated to show the spatial distribu-
tion of each component using the assigned colours.

Results & discussion

Cancer is among the leading causes of death worldwide. In
2018, there were 18.1 million new cases and 9.5 million cancer-
related deaths worldwide. By 2040, the number of new cancer
cases per year is expected to rise to 29.5 million and the number
of cancer-related deaths to 16.4 million.>

In the case of cancer, it is extremely important to make
a diagnosis and classification of the cancer in the earliest phase
to ensure on-time and appropriate treatment. However, tumor
cells are still usually analyzed by H&E staining as a standard
method for preliminary morphological diagnosis, which gives
very low sensitivity and specificity, especially in the case of
poorly differentiated cells.”” In this study we show the advantage
of using Raman spectroscopy to study cells, where internal
biochemical changes can be detected, to assess the physiolog-
ical status and diagnose disease before any cellular morpho-
logical changes on one hand®® and on the other hand by the
using of MCR-Raman spectroscopy we can study the GO
chemical stability and its interaction within the cancer cells
once it will be used as a nanoplatform for drug delivery
purposes. Our study thus opens up the possibility of non-
invasive and label-free diagnostics becoming an attractive and
safe method for preclinical or clinical usage.”

Characterisation of prepared GO

The prepared GO was characterized by AFM, SEM, {-potential
measurements, Raman spectroscopy and D and G band inten-
sity ratio. The AFM method was used to obtain the elevation
topography of the GO. From Fig. 14, it can be seen that the GO
height profile reaches about 1.2 nm and shows a large amount
of irregularities and is dissected. It can also be seen that the
sample has a relatively large area and is mainly composed of

0.68 um

072 um

Raman shift (cm™)

Fig.1 A — AFM image of the used graphene oxide with height profiles
calculated for the marked particles; B — SEM images of the used
graphene oxide, C — Raman spectrum of graphene oxide used for
incubation with cells.

This journal is © The Royal Society of Chemistry 2023
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areas with fewer layers. SEM images of GO with scales of 500 nm
are shown in Fig. 1B. From the images, it can be seen that the
surface is more indented, which is consistent with the AFM
results. To characterize the properties of the layers in the
dispersion, the zeta potential of GO was measured with a value
of —30.5 mV. Negative values of zeta potential are due to the
presence of electronegative functional groups formed on the
graphite lattice during oxidation.*® It was thus demonstrated
that GO exhibits moderate stability (according to the ASTM
standard for stability of colloidal suspensions).**

GO was then characterized by Raman spectroscopy. In the
Fig. 1C is shown obtained spectrum typical for GO. The band
with the highest intensity at a wavenumber of 1600 cm '
corresponds to the G band, which is typical of both the Raman
spectra of graphene and the spectra of its other forms. This
band arises due to the vibration of the carbon bonds in the
hexagonal lattice; the 7 electrons in this sp® bond additionally
cause resonance and the resulting band is therefore often very
intense.*> The second typical but less intense band at a wave-
number of 1350 cm ™" belongs to the D band, which occurs in
the region 1342-1356 cm ™" in GO spectra.*® The band is the
result of distortions and deformations of the hexagonal sp*
lattice.** In addition to these two intense bands D and G, less
1 2940 em™!
3180 cm ' can also be found in the spectra. These bands
correspond to the overtones of the D and G bands. The most
prominent of these (2940 cm ™) is referred to as the D + D’ band
lying in the region 2920-2940 cm ' and is a typical feature of
GO spectra.®® The band at 2715 cm ™" is referred to as the 2D
band (sometimes also G') and is an overtone of the D band
vibration.’>*® The sharp band is an indicator of single-layer
graphene because it is sensitive to the thickness of the mate-
rial being measured.*® The last mentioned band at a wave-
number of 3180 cm™' is referred to as the 2D’ band and
corresponds to the second-order vibration of the D and 2D
bands.*

intense bands at wavenumbers 2715 cm™ and

GO penetration into HeLa cells

In the first step, control HeLa cells, i.e. cells without GO, were
characterized by Raman spectroscopy. All measured control

2A 2B,

12 345 67

A

Raman shift (cm?) Raman shift (cm™)

Intensity
~
o

Intensity

o o oaw o "l Y\

)Y NS

Raman shift (cm?)

Raman shift (cm) Raman shift (em™)

Fig. 2 A — Raman spectrum of control Hela cell with position of the
peaks of the most prominent bands (1 - 780 cm™, 2 = 1000cm™, 3 -
1310 cm™%, 4 - 1450 cm™%, 5 - 1650 cm ™%, 6 — 2930 cm ! and 7-
3060 cm™Y); B—E — Raman spectra of one Hela cell after incubation
with 4 different GO concentrations, (B) 18.75 pg ml™, (C) 25 ug ml™,
(D) 37.5 ng mtt and (E) 57.6 ug ml~! cell with position of the peaks of
the most prominent bands — applicable to all concentrations (1 —
1350 cm %, 2 - 1600 cm™%, 3 - 2930 cm ™).
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cells provided a spectrum typical of a cervical cancer cell line.
One representative spectrum is shown in Fig. 2A. Bands are
shown in the 800-1800 cm™' wavenumber region, which is
considered to be the fingerprint region in cells, corresponding
to signals from nucleic acids and proteins.”” At 780 cm *
wavenumber, signals from valence vibrations of the cytosine
and uracil heterocycles were present, and a distinct narrow
band of the amino acid phenylalanine was observed at
1000 cm ™' wavenumber. Around the 1100 cm ™' wavenumber,
there was a band of symmetric vibration of the O-P-O bonds of
the phosphate skeleton of nucleic acids. In addition to the
vibrations from proteins and nucleic acids, a band of vibrations
originating from C-C bonds in lipids was also discernible in
this region at a wavenumber of 1130 cm~'. Other nucleotides
showed bands in the wavenumber range of 1180-1400 cm ™ * and
a band originating from the vibration of amide III - at a wave-
number of 1310 cm™ " could be seen. At 1450 em ™" there is
a distinct band corresponding to the deformation vibrations of
CH, and CH; bonds in proteins.*® At 1650 cm ™', a signal of
amide I vibrations can be observed, which originates from
valence vibrations of peptide bonds in proteins. In the 1800-
2700 cm™ ' wavenumber range, there was a region without
significant signals. This is a typical feature of cell spectra and is
referred to as the silent region. The dominant feature of the
whole spectrum is a band at 2930 cm™ " with high intensity,
which corresponds to the symmetric valence vibration of the
CH; phospholipid membrane. In the region 2854-2900 cm
a signal of lower intensity is evident, which corresponded to the
asymmetric valence vibration of CH, bonds in lipids and fatty
acids. At a wavenumber of 3060 cm ™", there was a signal orig-
inating from vibrations of aromatic nuclei and CH=CH double
bonds. In the region 3170-3500 cm ™" the signal originating
from the low activity vibrations of water contained in the cell
was found.

Subsequently, the presence of GO, at different concentra-
tions during incubation, in HeLa cells was recorded by
measuring individual Raman spectra. The results are shown in
Fig. 2B-E. All the spectra obtained contained D and G bands of
GO at the same wavenumbers as in the spectra of pure GO, i.e. at
1600 cm ™' and 1350 cm ™, respectively. In the region 2500-
3300 cm ™, the overtone bands of the D band (i.e., 2D and 2D’
band) were visible, and the G’ band was obscured by the signal
from the vibration of proteins in the cell at a wavenumber of
2930 cm .

The Raman spectra show that the intensity varies consider-
ably in individual measurements (see the different colours of
spectra in 2B, 2C, 2D and 2E) obtained in a single cell but also
the spectra are different in each measured cell (2B-2E). This is
due to the fact that the intensity in the case of cells is dependent
on the cell profile in addition to the exact composition of the
site, which varies from organelle to organelle. At sites where the
cell is higher, its components are more abundant than at low-
profile sites, since Raman spectroscopy allows focusing to
different depths of the sample, which can cause significant
differences in the intensity of the scattered radiation in high-
profile samples. The intensity of the GO bands themselves also
depends on the exact position of its particles within the cell. If

Anal. Methods, 2023, 15, 5582-5588 | 5585
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a given GO particle is present within an organelle, its signal is
attenuated relative to a GO particle located freely in the
cytoplasm.

Raman mapping of GO distribution in cells

GO was further detected in the samples by using advanced
mapping and analysed using multivariate curve resolution
(MCR), Fig. 3A-D. The following maps were then generated
from these results using RGB analysis.*” In these maps, the
relative distribution of graphene oxide in HeLa cells is shown in
colour. In all mapped samples, i.e., with concentrations of 18.75
pg ml™%, 25 ug ml~, 37.5 ug ml~" and 57.6 ug ml™", GO was
undoubtedly present in the resulting maps. As the concentra-
tion of GO used in sample incubation increased, the number of
detected particles increased in individual cells.

It can be seen from Fig. 3A that the map of the sample with
the lowest mapped concentration (18.75 pg ml~') showed
a small amount of particles scattered throughout the cell cross-
section. There was no clumping or accumulation at specific
locations in the cell. In Fig. 3B and C, higher concentrations (25
ng ml~* and 37.5 ug ml~") showed a noticeable increase in the
number of GO particles in the cells in the maps. There is also
a noticeable clustering of more particles in both maps. In
contrast, the map of the sample with the highest GO concen-
tration, Fig. 3D, was significantly dominated by GO. The HeLa
cell was completely overwhelmed by it and contained GO over
almost the entire cross-section. There were large clusters of GO
in the cells and the cells had significantly different morphology
under the microscope from the low-concentration samples at
first glance. The Raman spectrum of GO, shown in green on the
RGB map, can be seen in Fig. 3E, and the Raman spectrum of

s0

W A J A

- _ n./k"/r\/g____...,.»v AL
"1 600 2000 3 600 1600 "2 600 3
Raman shift (ecm ')

Fig. 3 A — Map of Hela cells with GO incubation concentration of
18.75 ng ml~t The top left shows the microscope image with the
mapping area marked, the top right shows the obtained RGB map (also
for the individual components, i.e. GO and Hela cell). Blue represents
Hela cells and green represents GO particles; B — Hela cell map with
GO concentration of 25 ng ml; C — Hela cell map with GO incubation
concentration of 37.5 ug mli™* and D — Hela cell map with GO
concentration of 57.6 ng ml™%. E — Raman spectrum of GO, shown in
green on the RGB map and F — Raman spectrum of Hela cell, shown in
blue on the RGB map. Note: the scale bars are 10 pm.
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the HeLa cell, shown in blue on the RGB map, can be seen in
Fig. 3F.

From the obtained maps, it is noticeable that the number of
particles that penetrated inside the cells increases with
increasing concentration of GO used in cell incubation. At
higher concentrations, GO particles cluster together and the
maps show GO overwhelming the cells throughout the cross-
section.

MCR-Raman imaging provided spectra of individual cells
containing GO at 4 different concentrations and the spatial
distribution of two chemical components (labeled GO and cell
HeLa). Component 1 represents GO (green label) and a typical
Raman spectrum of GO can be seen. For component 2, which
represents the HeLa cell (blue label), a series of peaks can be
observed, see Fig. 3A-D. At 2940 cm ', a prominent C-H peak
belonging to the lipids of the phospholipid membrane
(symmetric CH, stretch) can be observed.* This peak can be
observed at 2930 cm ' in Fig. 2A, and is therefore shifted due to
the presence of GO in the cell and its interaction with the cell.
The same shift can be observed in the case of proteins present
in the control cell and in cells with GO. These peaks are 1455
and 1660 cm ™', which represent the deformation vibrations of
CH, and CH; bonds in the proteins,® and the amide I vibration
signal, which comes from the valence vibrations of peptide
bonds in the proteins. Thus, it is clear that MCR-Raman
imaging can image the intracellular distribution of lipids and
proteins due to the improved resolution of overlapping Raman
bands.**

Stability of cells with GO

The ratio of the intensities of the D and G bands - ID/IG (where
the D peak indicates defects in the sample and the G peak
indicates the vibration of sp> carbon bonds) is used as an
indicator of structure in Raman spectroscopy of graphene and
its derivatives.*> In the characterization, the pure GO sample
had an ID/IG ratio of 1.19. The higher the ratio, the more defects
and irregularities are present in the structure of the measured
graphene. Due to the disruption of sp> bonds in the graphene
structure during its oxidation to GO, the D band of GO is then
intense. The ID/IG ratio is therefore higher for GO than for
graphene and can be used as an indicator of the degree of its
oxidation.

The box plot shows the presence of significant changes in the
ratio of bands D and G. A higher ID/IG ratio indicates more
defects in the GO structure, which may be due to interaction
with the cell. The change in these values suggests that chemical
changes in GO within cells have occurred over time.

The stability of GO samples in cells was measured over
a period of 6 months. To evaluate the stability, a sample with
a concentration of 37.5 pg ml~" was selected and measured, and
this sample was then measured as mentioned above for 6
months, with several measurements taken at different points of
the HeLa cell with GO each month. An overview of selected
spectra from all months is shown in Fig. 4. Both GO and HeLa
cell signals were present in the samples throughout the
measurement period, but the samples were more sensitive

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Graph showing the change in intensity ratios of bands D and G
measured in one sample over the six months (I-VI).

during the last measurements. Changes in signal intensity were
again observed during individual measurements due to
a combination of differences in the profiles of individual cells,
the precise location of GO in the cell, and the focus of the
microscope itself. The intensity ratios of the D and G bands (ID/
IG) were used to evaluate changes that have occurred in the
sample over time. This approach would become very important
in preclinical research from the long-term perspective to study
possible changes in the structure of GO during the time within
the cell, its interaction with cell compartments, and mecha-
nisms of the degradation process of GO inside the individual
single cells.

Conclusions

This work shows for the first time the use of Raman spectros-
copy to study the presence of graphene oxide in cervical cancer
cells, the fate of GO within a single cell and its evaluation by
MCR analysis. MCR-Raman spectroscopy could be used as
highly complementary to fluorescence labeling-based methods
and MCR imaging can become a tool for exploratory single-cell
studies,* as MCR analysis faithfully mimics the structure of the
analytical measurement and the MCR-Raman method offers
a promising approach to determine GO within single cells at the
same time. Since MCR-Raman spectroscopy can be used to
observe peak shifts within a cell as a result of GO interaction
with single-cell components, there is a great potential for
studying changes in the consequences of this GO interaction
within cell compartments. Based on the mapping, graphene
oxide was confirmed in all mapped samples in cells, at various
concentrations. It was evident from the obtained maps that the
number of particles that penetrated inside each of the cells
increased with increasing concentration of GO used during the
cell incubation. At the highest concentrations, clustering of GO
particles was observed and the maps showed GO overwhelming
the cells throughout the cross-section. Raman spectroscopy
proved to be a promising label-free method that, together with
MCR analysis, provides information on GO detection even in
individual single HeLa cells which is a beneficial complemen-
tary analytical method in drug delivery treatment studies using
2D graphene-based nanomaterials.

This journal is © The Royal Society of Chemistry 2023
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