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ABSTRACT
In this study, we investigated the cytotoxic effect of highly soluble dextran-coated CeO2 
nanoparticles on human fetal lung fibroblasts MRC-5. We examined individual nanoparticle-treated 
cells by Raman spectroscopy and analyzed Raman spectra using non-negative principal component 
analysis and k-means clustering. In this way, we determined dose-dependent differences between 
treated cells, which were reflected through the intensity change of lipid, phospholipid and 
RNA-related Raman modes. Performing standard biological tests for cell growth, viability and 
induction of apoptosis in parallel, these changes were correlated with nanoparticle-induced 
apoptotic processes. The cells with specific spectral characteristics, referring to non-apoptotic, but 
possibly autophagic cell death modality, were also detected. Additionally, Raman imaging 
combined with principal component and vertex component analysis was used to map the spatial 
distribution of biological molecules in treated and untreated cells. This work provided the 
description of different resulting states of the treated cells depending on the dextran-coated CeO2 
nanoparticles dose, which can be later used in the design of the nanoparticles for industrial or 
medical applications. The wide content of information resulting from single-cell Raman 
spectroscopy has the potential to detect biochemical changes caused by nanoparticles that 
would otherwise require a series of expensive and time-consuming standard biological techniques.

1.  Introduction 

Cerium oxide (CeO2) is a rare earth metal oxide, 
characterized by a fluorite cristal structure with a 
significant concentration of oxygen vacancies 
(Campbell and Peden 2005). Cerium can exist in two 
oxidation forms, Ce3+ and Ce4+ (Reed et  al. 2014). 
By receiving or releasing one or more oxygen atoms 
from crystal lattice and changing the Ce3+/Ce4+ ratio 
at the same time, cerium oxide can easily cycle 
between CeO2 and CeO2-x states. Such characteristics 
provide CeO2 with excellent redox and catalytic 
capabilities, used for industrial application (Ma et  al. 
2018), but also crucial for biological activities. 
Namely, CeO2 nanoparticles (NPs) can mimic the 
activity of numerous cellular enzymes, like 

superoxide dismutase and catalase, but also oxidase 
and peroxidase (Walkey et  al. 2015; Feng et  al. 
2022). This means that those NPs can act both as 
scavenger and generator of harmful reactive oxygen 
species (ROS) in the cell. The imbalance between 
the pro-oxidant and anti-oxidant activities of CeO2 
can lead to oxidative stress, resulting in apoptotic 
cell death, which is considered the main reason for 
the possible cytotoxicity of these NPs (Jana et  al. 
2014; Mittal and Pandey 2014; Nourmohammadi 
et  al. 2019).

Nowadays, CeO2 NPs are present in a large num-
ber of industrial products, such as fuel catalysts, 
polishing agents, gas sensors etc. (Reed et  al. 2014; 
Zhou et  al. 2021; Jung, Kittelson, and Zachariah 
2005; Mangalaraja et  al. 2010). Emitted into the air 
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from such sources, they can be inhaled and poten-
tially affect the lungs and other internal organs. The 
toxicity of inhaled CeO2 NPs, manifested by 
decreased viability of lung cells and induction of 
inflammation, has been demonstrated in some in 
vivo studies in rat and mouse model systems 
(Srinivas et  al. 2011; Guo et  al. 2019). It has also 
been shown that these NPs can cause pulmonary 
fibrosis, a very serious and progressive disease with 
fatal outcome (Annangi et  al. 2021; Hill et  al. 2019). 
Contrary to these studies, other in vivo and in vitro 
experiments showed that CeO2 NPs can protect cells 
from the negative influence of free radicals, such 
as those from cigarette smoke (Niu, Wang, and 
Kolattukudy 2011; Chen et  al. 2006). There is limited 
information about the mechanisms of CeO2 NPs 
interactions with different bronchiolar and alveolar 
cell types and their interplay during lung tissue 
remodeling (Annangi et  al. 2021; Ma et  al. 2012).

MRC-5 is a cell line derived from human fetal 
lung fibroblasts, connective tissue cells that play a 
key role in the development of pulmonary fibrosis 
(Ortiz-Zapater et  al. 2022). In the literature, only few 
data about the possible cytotoxic effect of CeO2 
NPs on these cells are available and the results of 
the performed studies are not clear and consistent, 
evidencing both weak and strong cytotoxicity (Pešić 
et  al. 2015; Spezzati et  al. 2017; Alghamdi 2023). 
Some studies have shown that the cytotoxic effect 
is highly dependent on the dimensions of NPs and 
the size of their agglomerates in dispersion, which 
are usually present due to CeO2 poor solubility (Abdi 
Goushbolagh et  al. 2018). In recent decades, 
researchers have investigated surface modifications 
that would address the solubility problem. One such 
modification concerns the coating of NPs with dex-
tran. Dextran molecules have been shown to suc-
cessfully stabilize the surface charge of CeO2 NPs 
and prevent agglomeration, without affecting the 
redox properties and toxicity of CeO2 per se (Naha 
et  al. 2020; Perez et  al. 2008; Yazici, Alpaslan, and 
Webster 2015; Karakoti et  al. 2007).

The most common methods for screening the 
cytotoxicity of NPs are based on the loss of cell 
membrane integrity or mitochondrial membrane 
potential, demonstrating the physical state of the 
cells, with no insight into the underlying mecha-
nisms. To detect more specific biochemical changes 
caused by NPs, e.g. DNA degradation or expression 
of a protein of interest, several standard methods 
that include labels, dyes or antibodies would be 
required (Drasler et  al. 2017). With some of them 
NPs can interfere, which makes the result of the 
experiment irrelevant (Monteiro-Riviere, Inman, and 

Zhang 2009). On the other hand, Raman spectros-
copy gives an insight into the entire chemical com-
position of the cell and the structures of present 
biomolecules (Ferraro, Nakamoto, and Brown 2003). 
Physiological or pathological changes in the cell 
that lead to a change in its biochemical composition 
are reflected in the cell’s Raman spectrum (Brauchle 
et  al. 2014; Shin et  al. 2019; Wieland et  al. 2021; 
Short et  al. 2005; Lasalvia, Perna, and Capozzi 2019). 
Since the Raman spectrum of a NP-treated cell con-
tains information about the effect of NPs on numer-
ous cellular macromolecules, it can be used to 
simultaneously monitor several changes, for which 
several conventional biological methods are usually 
needed. Furthermore, Raman spectroscopy is a non-
destructive, biocompatible method that does not 
require additional chemicals and labels. Consequently, 
Raman spectroscopy offers great possibilities in 
screening and studying the effects of NPs on 
human cells.

Raman measurements are most often performed 
on a single cell, which is another advantage com-
pared to conventional methods for evaluating the 
effects of NPs on the cells (Brauchle et  al. 2014; Ma 
et  al. 2021; Pavillon and Smith 2023). Differences in 
the Raman spectra of NP-treated cells enable mon-
itoring of different modalities of interactions 
between NPs and the cell and correlate spectro-
scopic with biochemical and morphological changes 
(Lasalvia, Perna, and Capozzi 2019; Fazio et  al. 2020). 
For this purpose, Raman images, showing the spatial 
distribution of spectral information, are of great help 
(Harvanova et  al. 2017; Ahlinder et  al. 2013). To 
assess the effects of NPs on the cell culture as a 
whole, it is necessary to analyze the Raman spectra 
of a large number of cells using multivariate statis-
tical methods. In this way, cells can be grouped and 
classified according to the effects of NPs and finally 
can be compared with each other. One of the com-
mon methods used for this application is principal 
component analysis (PCA) (Brauchle et  al. 2014; 
Pavillon and Smith 2023; Schie et  al. 2014; Crow 
et  al. 2005). In a previous publication, we showed 
that the relatively new and non-standard method 
of non-negative PCA (nnPCA) is particularly suitable 
for the analysis of cells’ spectra, since in the result-
ing components, which show the differences 
between the analyzed spectra, Raman spectral fea-
tures of specific molecules are easily recognized 
(Miletić et  al. 2023). Particular attention was paid 
to the lipid features of the Raman spectrum as 
potentially important for recognizing the degree of 
cell damage caused by NPs. Vertex component anal-
ysis (VCA) is another unsupervised method of 
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multivariate statistics. While PCA components rep-
resent linear combinations of original variables that 
capture the variability of the data set in the best 
way, the VCA algorithm extracts pure components, 
so-called endpoints, which are differently abundant 
in each of the original variables (Nascimento and 
Dias 2005). If Raman spectra are collected at many 
points across the entire cell, the contribution of 
each VCA component can be quantified for each 
point and used to create a color image of the cell. 
This method is less frequently used than PCA (Mazur 
et  al. 2013; Hedegaard et  al. 2011; Krafft et  al. 2011; 
Zuser et  al. 2010; Liu et  al. 2022) for the analysis 
of the cells’ Raman spectra. There are only few pub-
lished studies that used VCA for Raman imaging of 
NP-treated cells, and none of them addressed the 
cytotoxic effect of NPs (Chernenko et  al. 2009; 
Chernenko et  al. 2013; Tolstik et  al. 2016).

In this work, the cytotoxic effect of dextran-coated 
CeO2 NPs on MRC-5 cells was studied using vibra-
tional Raman spectroscopy. To the best of our 
knowledge, there is no data in the available litera-
ture on the effect of dextran or similar material 
coated CeO2 NPs on MRC-5 cells. Dose-dependent 
differences among cell spectra were analyzed pri-
marily using nnPCA. Raman spectra combined with 
PCA and VCA were also used to obtain Raman-PCA/
Raman-VCA images, showing the differences in the 
spatial distribution of biomolecules of control and 
treated cells. In addition to Raman spectroscopy, 
several conventional biological methods were 
employed to detect changes in cell growth, meta-
bolic activity and induction of apoptosis in 
NP-treated MRC-5 cells. The performed experiments 
aimed to expand knowledge about safety issues 
related to the use of CeO2 NPs in industry and med-
icine, applying for this purpose a comprehensive 
approach of Raman spectroscopy and at the same 
time examining the potential of the given method-
ology in this scientific field.

2.  Materials and methods

2.1.  Cell culture

MRC-5 cells (ATCC, USA), human fetal lung fibro-
blasts, were cultured in DMEM high glucose content 
medium (Sigma-Aldrich, USA) supplemented with 
10 % fetal calf serum (FCS, Sigma-Aldrich) (v/v) and 
1 % antibiotic/antimycotic solution (Sigma-Aldrich), 
in a humidified atmosphere with 5 % CO2 at 37◦C.

MRC-5 is a normal diploid human cell line with 
a 46, XY karyotype, derived from normal lung tissue 

of a 14-week-old male embryo (Jacobs et al., 1970). 
The modal number of chromosomes is 46 and 
occurs in 70 % of cells, with the polyploidy rate of 
3.6 %. Cells are capable of 42 to 46 population 
doublings before senescence begins. MRC-5 cells 
display a fibroblast-like morphology, with a diameter 
of approximately 18 μm. Doubling time can vary 
between 35 and 45 hours, depending on cultivation 
conditions. MRC-5 cells used in this study were 
between 25 and 30 population doublings (ATCC n.d.; 
Cytion n.d.).

2.2.  NPs synthesis and cell treatment

Dextran-coated CeO2 (CD) NPs were synthesized 
according to the synthesis procedure by Karakoti 
et  al (Karakoti et  al. 2007). Briefly, 0.5 g of cerium 
nitrate hexahydrate was added in 50 ml of 0.135 mM 
dextran T40 solution in deionized water. The result-
ing solution was oxidized with 0.05 ml of 30 % 
ammonia and stirred for 24 hours. 24 hours after cell 
seeding, the cell culturing medium is replaced with 
a fresh medium containing 100 µg/ml, 200 µg/ml or 
400 µg/ml CD NPs and incubated for 48 hours. 
Synthesized NPs were stable in dispersion, with an 
average grain size of 3–4 nm and the hydrodynamic 
radius of 47 nm (Miletić et  al. 2020).

2.3.  NPs characterization

The grain size of NPs was estimated using transmis-
sion electron microscopy, while crystalline structure 
and average crystallite size was determined from 
X-ray diffraction (XRD) spectra, as described in our 
previous study (Miletić et  al. 2020). The specific sur-
face area and porosity of the nanoparticles were 
determined using a gas-adsorption analyzer, SURFER 
ANALYZER 11510300 (Thermo Fisher Scientific). 
Before measuring, the powder samples were 
degassed under vacuum (10−² Torr) at 150 °C for 
2 hours to remove any adsorbed gases. The 
Brunauer-Emmett-Teller (BET) analysis method was 
employed to calculate the specific surface area. 
Average hydrodynamic radius of NP was determined 
by dynamic light scattering (DLS), also described 
earlier (Miletić et  al. 2020).

2.4.  SRB assay

Cells were cultured in 96-well plates with seeding 
density of 7000 cells/well. Next day the cells were 
treated with CD NPs, incubated for 48 h and then 
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fixed with trichloroacetic acid. After fixation, the 
cells were stained for 15 min with 0.4 % (wt/vol) 
sulforhodamine B (SRB) (Sigma-Aldrich) dissolved in 
1 % acetic acid. Washing with 1 % acetic acid 
repeated in four steps was applied to remove 
unbound dye. SRB which stayed bound was 
extracted with 10 mM unbuffered Tris base 
(Sigma-Aldrich). The absorbance of the extracted 
dye solution was measured at 550 nm in a micro-
plate reader (Wallac, VICTOR2 1420 Multilabel 
counter, PerkinElmer, Finland). The absorbance val-
ues obtained for NPs without the cells (blank) was 
subtracted from the values obtained for samples. 
Results were presented as percent of the control, 
where the cell growth of control is set to 100 %, 
in the form of mean values ± standard error. The 
assay was performed three times in three replicates 
for every experimental group. Statistical significance 
of differences between treated and untreated cells 
was estimated by one-way analysis of variance 
(ANOVA) and post-hoc Tukey test, performed in R.

2.5.  MTT assay

Cells were seeded in 96-well plates at density of 
7000 cells/well and next day treated with CD NPs. 
After 48 h, the cell culture medium with NPs was 
discarded and 100 μl of fresh culture medium con-
taining 0.5 mg/ml of MTT (Sigma-Aldrich) was added. 
Upon 2 h of incubation at 37 °C and 5 % CO2, 100 μl 
of 10 % SDS (0.01 N HCl) was added to each well 
and the plate was incubated at 37 °C overnight. 
The absorbance was measured at 570 nm on a 
microplate reader (ELx800, BioTek). Results were cal-
culated by subtracting absorbance values obtained 
for blank (NPs without the cells) from the values 
obtained for samples and the average value for the 
control cells (cells without NPs) was set to 100 %. 
Results were presented as percent of the control. 
Experiments were repeated three times in three 
replicates. The data are presented as mean ± stan-
dard error. One-way ANOVA with Tukey post-hoc 
test performed in R was used for statistical analyses 
since the data followed a normal distribution.

2.6.  Apoptosis detection

For apoptosis detection, a commercial FITC Annexin 
V Apoptosis Detection Kit with PI (Biolegend, USA) 
was used. The protocol given by the manufacturer 
was adapted for staining on microscope slides. The 
cells were grown for 48 h on 20 × 20 mm glass slides 
in a cell culture medium, after which the medium 

was removed. Тhe slides were rinsed twice with PBS 
and immersed in annexin-V binding buffer with 
annexin-V-FITC (5 µl/100 µl of buffer) and propidium 
iodide (PI; 10 µl/100 µl of buffer) added. After 15 min 
of incubation at room temperature in the dark, 
slides were rinsed twice in PBS and air dried. In the 
final step of sample preparation, microscope cover 
slips were mounted to slides with the aid of mount-
ing medium Mowiol (Sigma-Aldrich). The samples 
were analyzed by Leica TCS SP5 II confocal micro-
scope (Leica Microsystems, Germany), equipped with 
acusto-optic tunable filter and acusto-optic beam 
splitter for excitation-emission separation. The emit-
ted radiation of various wavelengths is taken to two 
photomultiplier tubes for detection. Visualization 
was achieved by excitation of FITC with 488 nm Ar 
laser and PI with 543 nm HeNe laser. The emitted 
fluorescence was detected in sequential mode via 
the green (FITC) and red (PI) channels, to avoid 
signal overlap between the channels. Samples with 
untreated cells that underwent exactly the same 
staining and preparation procedure as treated cells 
were used as negative controls. At least six fields 
of view were recorded from each sample.

For assessing the frequency of apoptotic cells by 
flow cytometry, the same FITC Annexin V/PI kit was 
used, following the manufacturer’s instructions for 
flow cytometry. In brief, untreated MRC-5 cells and 
cells incubated with NPs for 48 h were washed twice 
in PBS supplemented with 2 % FCS and 0.01 % 
NaN3 (Sigma-Aldrich Chemie GmbH), and resus-
pended in Annexin V Binding Buffer. Next, 5 μL of 
FITC-conjugated annexin V and 10 μL of PI solution 
were added to the cells and incubated for 15 min 
at room temperature in the dark. For analysis, 50 
000 events per sample were acquired on a flow 
cytometer (LSR II, Becton Dickinson, East Rutherford, 
NJ, USA). Data were analyzed using FlowJo v10 soft-
ware (TreeStar Inc., Achland, OR, USA). One-way 
ANOVA with Tukey post-hoc test was used for sta-
tistical analyses.

2.7.  Transmission electron microscopy (TEM)

NP-treated cells after 24 hours of incubation, as well 
as untreated controls were detached from the cell 
flask surface using trypsin/EDTA, washed twice with 
PBS and fixed in 2.5 % glutaraldehyde in 0.1 M cac-
odylate buffer. Cells were then post-fixed with 1 % 
osmium tetroxide in the same buffer, dehydrated in 
a series of ethanol and embedded in Epon (Agar 
Scientific, UK). The sections were cut with a dia-
mond knife (Diatome, Switzerland), mounted on 
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copper grids and counterstained with uranyl acetate 
and lead citrate on Leica EM STAIN (Leica 
Microsystems, Germany). Philips CM12 transmission 
electron microscope (Philips/FEI, The Netherlands) 
operated at 60 keV and equipped with a SIS 
MegaView III digital camera (Olympus Soft Imaging 
Solutions, Germany) was used for examination and 
images obtaining.

2.8.  Raman spectroscopy

For the Raman experiments, three sample groups 
were prepared: cells treated with 200 μg/ml CD 
NPs, cells treated with 400 μg/ml CD NPs and con-
trol cells. Each group was grown in three T-25 cell 
culturing flasks in parallel, i.e. in three replicates. 
After incubation with NPs, treated cells, as well as 
untreated controls, were detached with trypsin/
EDTA. During the step of inhibition of trypsin, cell 
suspensions from three cell flasks of the same sam-
ple group were collected into one common tube. 
After removing the trypsin, the cells were fixed in 
Roti-Histofix 4 % (Roth, Germany) for 20 min at 
room temperature and washed twice in PBS 
(2 × 5 ml per flask). The resulting pellets were resus-
pended in 1 ml of PBS and stored at 4 °C. Right 
before the measurement, PBS was discarded, the 
cells were washed in 1 ml of DI water and resus-
pended in 50 μl of DI water (100 μl for control sam-
ple, due to higher cell density). A drop of 20 μl was 
placed onto CaF2 coverslip and air dried. Raman 
spectra were acquired with NT-MDT system NTEGRA 
Prima (NT-MDT, The Netherlands) using 600 g/mm 
grating. A laser excitation line of 532 nm with an 
incident power of ~0.5 mW was used and the expo-
sure time was 180 s. Raman spectra were measured 
in the nuclear region of the cell, to avoid spectral 
differentiation based on different cell compart-
ments. The cells chosen to be measured were not 
selected based on their morphology but ran-
domly chosen.

2.9.  Raman spectra preprocessing

The obtained spectra were calibrated using Raman 
spectra of paracetamol. The spectral region (700–
1800) cm−1, so called fingerprint region, was chosen 
for the analysis. The background was subtracted by 
first order polynomial  fit. Finally, Raman spectra 
were normalized relative to the mean intensity cal-
culated for entire spectrum. All spectral preprocess-
ing steps were performed in R, using hyperSpec 
package (Beleites and Sergo 2024).

2.10.  Raman data analysis

nnPCA was performed in R using nsprcomp package 
(Sigg 2018). The function of the same name, nspr-
comp, computes components (nnPCs) by projecting 
the principal vectors onto the non-negative orthant. 
Each nnPC is calculated after the previous one so 
that it captures the maximum of variance not 
explained by the previous nnPCs. The procedure 
would be the same as standard PCA if the negativity 
restriction were not applied. The percentage of the 
explained additional variance of each nnPCA is cal-
culated using function peav.

K-means clustering was performed using the 
function kmeans from the R package stats. The goal 
of this method is to group the data of the dataset 
into clusters, in such a way that the sum of squares 
from each data point (a spectrum) to the centroid 
of the cluster is minimized. The number of clusters 
should be predefined. Here, the grouping of all 
measured Raman spectra (control and treated cells’ 
spectra) into four clusters was chosen. Clustering 
into three and five groups was also tried out but 
gave less valid physical meaning.

2.11.  Raman imaging

Cell samples for Raman imaging were prepared in 
the same way as for previously described Raman 
measurements (Paragraph 2.8). Two sets of samples 
were prepared: cells treated with 200 µg/ml CD NPs 
and control (untreated) cells. Micro-Raman spectros-
copy investigation of the individual cells was per-
formed on confocal Horiba Xplora plus system 
equipped with 532 nm laser excitation source and 
Peltier cooled CCD detector. The Raman spectra 
were collected with low laser power, using 50x long 
working distance (LWD) objective and 600 g/mm 
grating.

To map single cells, we utilized a piezo-controlled 
sample stage, adjusting the grid raster to match the 
morphology of the cells under investigation. Data 
acquisition was performed within the spectral range 
of 500 cm−1 to 1800 cm−1, with each acquisition last-
ing 30 seconds. Following the measurements, we 
applied a first order polynomial baseline fitting pro-
cedure to all collected spectra. This step was crucial 
for compensating for random spatial variations on 
the sample surface.

Subsequently, PCA analysis of measured spectra 
in the region 700 cm−1 to 1800 cm−1 was performed 
for each single cell (NP-treated and control), using 
R function prcomp from package stats. The resulting 
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PC1 was used for cell imaging: PC1 score values for 
each pixel were presented by color scale (from 
green to red). Similarly, the VCA imaging method 
was applied: based on the abundance of VC1, VC2 
and VC3 components in the spectra of each pixel, 
color maps of both control and treated cells were 
created. This method was applied using R function 
vca from package hyperSpec.utils, with ncomp argu-
ment set to value 3 (for extraction of three pure 
components from the data set) (Mayer 2024). 
Spectra measured on the cell periphery were 
excluded from both PCA and VCA imaging, due to 
the significantly different background and signal-to-
noise ratio. If they were included in the analysis, 
they would be separated into distinct group as out-
liers, masking the differences between the spectra 
measured on the central part of the cells. For that 
reason, we first did PCA to identify such outliers 
and then repeated PCA or performed VCA with the 
rest of the spectra. In that way we have imaged 
~500–600 pixels for control and NP-treated cells, 
with a pixel size of 0.6 × 0.6 µm.

3.  Results and discussion

MRC-5 cells grown in culture were treated with CD 
NPs synthesized and characterized in our previous 
study (Miletić et  al. 2020). They proved to be very 
stable in dispersion, with a hydrodynamic radius of 
less than 50 nm, while the CeO2 NPs used in previ-
ous studies on MRC-5 cells were very susceptible 
to agglomeration, with a hydrodynamic radius of at 
least 500 nm (Pešić et  al. 2015; Spezzati et  al. 2017; 
Alghamdi 2023; Abdi Goushbolagh et  al. 2018). The 
average grain size, crystallite size, hydrodynamic 
radius and specific surface area (SBET) of CD NPs 
are summarized in Table 1 (more details are given 
in Supplementary material and Figure S1).

CD NPs were applied in the dose range of (100–
400) µg/ml, also used in previous studies of CeO2 
NPs effect on MRC-5 cells (Pešić et  al. 2015; Spezzati 
et  al. 2017; Alghamdi 2023; Abdi Goushbolagh et  al. 
2018), with an altered incubation time of 48 hours. 
The effects of NPs were first evaluated by standard 

biological methods, in order to select the doses that 
will be used for Raman measurements based on 
their results and to assure more reliable interpreta-
tion of Raman spectra analysis.

3.1.  NPs effects on cell growth, metabolic activity 
and apoptosis induction

Effects of NPs on cell growth (SRB assay), metabolic 
activity (MTT) and induction of apoptosis (annexin-V-
FITC) were examined. Changes in metabolic activity 
determined by MTT were more intense than the 
changes in cell growth detected by SRB assay for the 
same applied dose of NPs (Figure 1). While average 
cell growth decreased to 67 % and 29 % in average 
upon treatment with 200 µg/ml (CD-200 cells) and 
400 µg/ml CD NPs (CD-400 cells), respectively, meta-
bolic activity registered by MTT dropped sharply to 
32 % and 10 % in average, relative to control. 
Considering that MTT assay detects the level of met-
abolic activity based on mitochondrial function pres-
ervation, it follows that mitochondrial function 
impairment is one of the first events in the cells 
treated with cytotoxic dose of CD NPs. Interestingly, 
at the lowest applied dose, 100 µg/ml, a slight 
increase (109 % in average) in metabolic activity is 
noticed, possibly through the stimulation of cell pro-
liferation. At higher doses, CD NPs are undoubtedly 
cytotoxic. As previously stated, due to their physico-
chemical properties, CeO2 NPs exert both pro-oxidative 
and anti-oxidative activity, which could result in dif-
ferent, sometimes opposite, effects on cells. 
Nevertheless, in order to trace the changes of the 
same parameters, we limited this study to cytotoxic 
doses of NPs.

Impairment of mitochondrial activity caused by CD 
NPs leads to induction of cell death, which is confirmed 
by staining the cells with fluorescently labeled annexin-V 
and PI. Annexin-V specifically binds to phosphatidylser-
ine, while PI intercalates between the bases of nucleic 
acids and dyes them. In the confocal microscopy images 
shown in Figure 2a, left panel, cells stained by annexin-V-
FITC only (annexin-V+/PI−, colored green) represent the 
cells with externalized phosphatidylserine, but still with 
the intact cell membrane, i.e. the cells in early apopto-
sis. The cells stained with both annexin-V-FITC and PI 
(annexin-V+/PI+, colored green and red) are the cells 
with damaged cell membrane, i.e. cells in necrosis or 
later phases of apoptosis. For quantifying cell frequen-
cies in early and late apoptosis flow cytometry was 
used. The flow cytometry analysis confirmed that expo-
sure to CD NPs induced apoptotic cell death of MRC 
cells. Namely, compared to the control cells, 48 h 

Table 1. C haracteristics of CD NPs: grain size estimated from 
TEM images; average crystallite size, determined from XRD 
using Scherrer formula; average hydrodynamic radius, deter-
mined by DLS; and BET specific surface area (SBET).

Grain size 
(TEM)

Crystallite size 
(XRD)

Hydrodynamic radius 
(DLS)

Specific 
surface area 

(SBET)

≈ 4 nm 3.5 nm 46.5 nm 34.4 m2/g
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exposure to both CD-200 and CD-400 NPs increased 
the frequency of early (annexin V+/PI−) and late (annexin 
V+/PI+) apoptotic cells in culture. Moreover, the fre-
quency of late apoptotic cells increased in a 
concentration-dependent manner, whereas the fre-
quency of early apoptotic/necrotic cells was similar 
among the cells exposed to either CD-200 or CD-400 
(Figure 2a, right panel, and Figure 2b).

TEM imaging was performed on treated cells with 
lower dose of CD NPs, i.e. CD-200 cells, to confirm 
the uptake and intracellular presence of NPs. TEM 
images of both control and CD-200 cells are shown 
in Figure 3. Accumulations of NPs can be detected 
mostly in cytoplasmic endosome-like vesicles across 
the entire NP-treated cell, except within the nucleus.

3.2.  Raman spectroscopy of NP-treated cells and 
spectral multivariate analysis

Since biological methods showed that doses of 
200 µg/ml and 400 µg/ml CD NPs are both cytotoxic 
to MRC-5 cells but to a different extent, the Raman 
measurements were performed on both groups of 
MRC-5 treated cells, as well as on untreated cells 
as controls. Raman spectra of treated and untreated 
MRC-5 cells were comparatively analyzed. In Figure 
S3 (Supplementary material) mean Raman spectra 
of control and treated cells are presented. As can 
be seen, spectral differences between the three cell 
groups are very subtle and manifested by the 
changes of relative intensity, rather than by radical 
decrease/increase of particular Raman modes inten-
sities. The standard deviation for CD-200 cells is the 

largest, suggesting the existence of different sub-
populations of the cells, with unequal levels 
of damage.

To extract more precisely changes in the Raman 
modes in treated cells, nnPCA was applied. This 
non-conventional modification of standard PCA is 
useful in the analysis of cell spectra, resulting in PC 
loadings which could be interpreted more intui-
tively. nnPCA was performed in a pairwise manner, 
meaning that CD-200 and CD-400 cells spectra were 
analyzed separately, through direct comparison with 
the control. PC components that enable the greatest 
separation of cell groups, i.e. that best describe the 
differences between control and treated cells, were 
identified using PC scores plots. The relevant scores 
plots for CD-200 and CD-400 cells are shown in 
Figures 4 and 6, respectively. Corresponding PC 
loading vectors for CD-200 and CD-400 cells are 
shown together in Figure 5. The peaks contained 
by PC loading vectors indicate Raman modes whose 
intensity changes in the spectra of treated cells, 
while the sign of PC scores (PC+ or PC−) determines 
the direction of the change (increase or decrease 
of Raman mode intensity).

As can be seen from Figure 4, nnPCA of control 
and CD-200 cells abstracted two PCs which segre-
gate control and treated cells: PC1 and PC2. Taken 
together, those two PCs encompass ~60 % of total 
variance among the cells spectra. On average, 
CD-200 cells have a positive PC1 score (PC1+), hence 
PC1 presents Raman modes whose intensity 
increases after the treatment with NPs (Figure 5a). 
For PC2, the reverse is true: CD-200 cells on average 

Figure 1. C hanges in cell growth (left) and metabolic activity (right) induced by CD NPs, assessed by SRB and MTT assays, respec-
tively. Standard error bars, *p < 0.05, **p < 0.01, ***p < 0.001.
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have a negative PC2 score sign (PC2−), therefore 
PC2 presents the Raman modes with decreasing 
intensity in NP-treated cells (Figure 5d). Control cells 

on average have negative PC1 and positive PC2 
scores (PC1−/ PC2+); the corresponding annotation 
will be used for the other PCs in the further text.

PC1 overall appearance from Figure 5a resembles 
the Raman spectrum of lipid molecules and almost 
all presented peaks can be assigned to different types 
of lipid modes, though other biomolecules cannot be 
strictly excluded. In Table S1 (Supplementary material) 
are presented cell Raman modes assignations. 
Furthermore, all peaks present in this component, 
except 1128 cm−1, 1147 cm−1, 1162 cm−1, 1548 cm−1 and 
1597 cm−1 peaks, are contained in the Raman spectrum 
of phosphatidylserine (Milligan et  al. 2021).

Figure 2. I nduction of cell death caused by CD NPs. a) Left 
panel: fluorescence confocal microscopy images of cells dyed 
with annexin-V-FITC (green) and PI (red). Annexin-V+/PI− (col-
ored only green) are cells in early apoptosis, while annexin-V+/
PI+ (colored green and red) are in late apoptosis or necrosis. 
Right panel: the corresponding flow cytometry dot plots indi-
cating annexin-V-FITC vs PI staining of MRC-5 cells are pre-
sented (control cells in the first row and CD-200 and CD-400 
treated cells in the second and third rows, respectively). b) 
Distribution of early (quadrant Q3) and late (quadrant Q2) 
apoptotic cells, gated as indicated on the flow cytometry dot 
plots. Standard error bars, *p < 0.05, **p < 0.01, ***p < 0.001. 
The presented data are from one of two experiments with 
similar results performed in three technical replicates.

Figure 3. T EM images of the untreated cell (row 1) and the 
cells treated with CD-200 NPs (rows 2–4). Arrows point to NPs 
accumulations in the cell. For more images of control cells see 
Figure S2 in Supplementary material.
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PC2 resulting from the same analysis is shown in 
Figure 5d. Considering the negative PC2 score sign 
for CD-200 cells, all peaks that appear in this com-
ponent indicate the decreasing intensity of corre-
sponding Raman modes. PC2 is composed of typical 
nucleic acid modes: 786 cm−1, 1099 cm−1, 1182 cm−1, 
1375 cm−1, 1485 cm−1 and 1576 cm−1. The presence of 
a small shoulder at 814 cm−1, as well as the position 
of the mode at 1099 cm−1 instead of 1095 cm−1, sug-
gest that RNA molecules are present among the 
nucleic acids which diminish in CD-200 treated cells. 
Also, for the peaks centered at 1237 cm−1 and 
1337 cm−1, the shoulders positioned at ~1245 cm−1 
and 1322 cm−1, which are particularly prominent in 
RNA (Samuel et  al. 2022), are hinted. Beside nucleic 
acids modes, this PC2 contains a few peaks typical 

for protein Raman modes (1006 cm−1, 1162 cm−1, 
1683 cm−1). Modes at 1237 cm−1 and 1337 cm−1 could 
be from protein and nucleic acids both (see Table S1).

Results of the Raman spectra analysis by nnPCA 
method can be explained in the light of the results 
given by standard biological experiments. A decrease 
in cellular metabolic activity, that is disordered mito-
chondrial function, could be caused by oxidative 
stress generated by CD NPs in the cell, which was 
reported in previous studies (Hussain et al. 2012; Park 
et al. 2008). Overproduced ROS induce mitochondrial 
membrane potential loss and impairment of the 
mitochondrial oxidative chain, leading to increased 
mitochondrial membrane permeability and loss of its 
function. At that step, MTT assay already detects the 
cytotoxic effect of NPs (Figure 1). Cytochrome C 
released from dysregulated mitochondria triggers the 
apoptosis pathway (Figure 2), while disruption of 
mitochondrial redox reactions leads to the enhance-
ment of oxidative stress and deterioration of oxida-
tive damage of other cell structures and molecules. 
Beside mitochondria, ROS damage DNA, causing 
breaks of its chains, which also triggers apoptosis. 
Therefore, decreased DNA Raman modes, especially 
those originating from phosphodiester bonds, could 
be expected as a consequence of oxidative DNA 
damage. RNA present in the cell is also damaged by 
ROS, while new RNA transcription is disabled by the 
degradation of DNA and overall metabolic dysregu-
lation. When apoptosis is triggered in the cells, one 
of the first biochemical events is an externalization 
of phosphatidylserine to the outer leaflet of the cell 

Figure 4.  nnPCA of control (black squares) and CD-200 cells 
(green triangles): PC1:PC2 scores plot. Centroids of the groups 
are represented by a correspondingly colored circles with an 
orange border. Percentages in the brackets denote the amount 
of total variance encompassed by each PC.

Figure 5.  PC loading vectors showing the variations in lipid content among the cells: a) PC1 obtained from nnPCA of control and 
CD-200 cells, b) PC1 obtained from nnPCA of control and CD-400 cells, c) PC5 obtained from nnPCA of control and CD-400 cells. 
PC loading vectors showing the variations in nucleic acid content among the cells: d) PC2 obtained from nnPCA of control and 
CD-200 cells, e) PC2 obtained from nnPCA of control and CD-400 cells, f ) PC3 obtained from nnPCA of control and CD-400 cells.
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membrane. Externalized phosphatidylserine is there-
fore conventionally used as a marker for early apop-
tosis detection, usually by exposing the cells to 
labeled annexin-V (Figure 2). Detection of early apop-
totic NP-treated cells correlates to increased phos-
phatydylserine Raman modes in treated cell spectra. 
Other lipid structures in treated cells which can be 
associated with increased lipid Raman modes, are 
different membranous organelles, such as endosomes 
or endolysosomes, generated by NPs intake, or lipid 
droplets, overaccumulated in cell death processes.

The changes in the Raman spectra of CD-200 
cells (Figure 5a and d), correspond very well with 
the results obtained by standard biological assays. 
The resemblance of nnPC components to the Raman 
spectra of particular biomolecules (lipids and nucleic 
acids) makes spectral analysis of CD-200 cells rela-
tively simple.

However, with the higher dose of NPs (CD-400), 
the analysis becomes slightly more complex. Figure 
6a and b present PC scores obtained from nnPCA 
of control and CD-400 cells. The upper score plot 
shows that treated and untreated cells can be best 
distinguished by PC1 and PC5, though separation 
by PC1 is much greater: more than 90 % of analyzed 

treated cells differ from control. This component 
also encompasses much larger part of the total vari-
ance than PC5. Corresponding PC1 and PC5 load-
ings are shown in Figure 5b and c, respectively.

Like PC1 from the analysis of cells treated with 
lower dose of NPs, this PC1 also shows an increase 
in lipid modes intensity in treated cells. The differ-
ence in lipid content between treated and control 
cells, based on PC1, is more emphasized for the 
higher than for the lower dose (compare Figures 4 
and 6 a). This could be partially attributed to the 
increased level of endocytic vesicles, more present 
at higher doses. The appearance of PC1 difference 
among the two doses (Figure 5a and b) seems to 
be of particular interest. The most obvious differ-
ence is in the relative intensity of 1267 cm−1 and 
1300 cm−1 peaks, I1267/I1300, which is significantly 
higher for the cells treated with the lower dose of 
NPs (Figure S4, Supplementary material). According 
to the literature, higher intensity ratio of these 
modes in the Raman spectra of cells indicates lower 
saturation of cellular lipids (Czamara et  al. 2015). 
Our previous study pointed to this intensity ratio 
as a potential marker indicating the degree of 
NP-induced cell damage (Miletić et  al. 2023). This 
study confirms that I1267/I1300 has a higher value in 
early apoptotic cells, compared to the cells in late 
apoptosis or necrosis.

Furthermore, PC1 obtained from the analysis of 
higher dose (Figure 5b) is less rich in resolved peaks 
and almost without peaks in the region (800–1000) 
cm−1, typical for phospholipids. Instead, phospho-
lipid modes from this region appear in PC5 (Figure 
5c), which also has positive score sign for treated 
cells (PC5+). In PC1:PC5 score plot (Figure 6a) the 
following can be observed: while almost all treated 
cells differ from control by PC1, most of them, but 
not all, differ also by PC5. Those cells in which total 
lipid content is increasing (PC1+), but markers of 
phosphatidylserine and other phospholipids are not 
expressed (PC5−) are circled by a black curve in the 
score plot, in order to trace their behavior regarding 
PC2 and PC3 components. Besides lipid modes, PC5 
contains some protein modes too.

PC2 component, bearing mostly DNA Raman 
modes (Figure 5e), does not separate control and 
CD-400 cells (Figure 6b). Still, it can be observed 
that the dispersion of DNA content among treated 
cells is wider than among control cells: there are 
cells having lower or higher DNA content than 
either control cells. It can be assumed that the 
intensity of DNA Raman signal is under the influ-
ence of DNA quantity, integrity and density; 

Figure 6.  nnPCA scores plots of control (black squares) and 
CD-400 cells (brown triangles): PC1:PC5 (a) and PC2:PC3 (b). 
Centroids of the groups are represented by a correspondingly 
colored circles with a green border. Percentages in the brack-
ets denote the amount of total variance encompassed by each 
PC. The cells with positive PC1 but negative PC5 score values 
(PC1+/PC5− cells) are encircled by a black curve at the upper 
graph; the same cells at the bottom graph are encircled also 
with black curves.
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therefore it can be diminished by DNA cleavage, 
but also enhanced by DNA condensation (Brauchle 
et  al. 2014; Corfe, Dive, and Garrod 2000).

Unlike PC2, PC3 component from analysis of 
CD-400 cells separates treated from control cells 
(Figure 6b). This component also bears some of the 
nucleic acid modes (Figure 5f ), but it indicates their 
decrease upon cell treatment. The most important 
modes are 786 cm−1and 814 cm−1, but also 733 cm−1, 
1182 cm−1, 1237 cm−1, 1337 cm−1, 1375 cm−1, 
1485 cm−1 and 1576 cm−1. Relative intensity I814/I786 
in this component is particularly high and indicates 
that the content of RNA rather than DNA diminishes 
in the cell. Considering that apoptotic nuclear con-
tent can be cleaved or highly condensed, while 
cytoplasmic RNA is degraded, such results of Raman 
spectra analysis, representing decrease of Raman 
RNA modes intensity, are in accordance with the 
previous conclusion.

Treated cells with high nucleic acid content in 
general (PC2+), but with lower RNA content com-
pared to control (PC3−) are seen in the score plot 
in Figure 6b. All cells that have a higher lipid (PC1+) 
but not phosphatidylserine content (PC5−) also 
belong to this group of treated cells and are marked 
with the black curve in Figure 6b.

There is, therefore, a population of CD-400 cells 
in which the lipid content is increased compared 
to the control (PC2+/PC3−), but also the DNA content 
(PC1+/PC5−), which is an unusual phenomenon that 
did not occur with CD-200 cells, nor has it been 
described in previous studies on NP-treated cells by 
Raman spectroscopy. At the same time, lipids in the 
given CD-400 cells were not characterized by phos-
pholipid features, and the content of RNA was 
reduced compared to the control cells. In order to 
examine whether PC2+/PC3− and PC1+/PC5− cells 
underwent specific changes induced only by the 
highest dose of NPs, the k-means clustering method 
was applied. This analysis included control, CD-200 
and CD-400 cells altogether. The goal was to deter-
mine whether among all examined cells, PC2+/PC3− 
and PC1+/PC5− CD-400 cells would be segregated 
into a separate cluster. The k-means clustering 
method requires the number of resulting clusters 
to be set as an input parameter. Based on theoret-
ical knowledge, it was assumed that cells can be 
divided into four clusters: unchanged (control) cells, 
cells in early apoptosis, cells in late apoptosis or 
necrosis, and cells in some other modality of cell 
death, characterized by very small reduction of DNA 
material and an increase in lipids without phospha-
tidylserine markers. As a result of this analysis, the 

examined cell spectra were divided into four clusters 
(Figure 7a), where indeed the spectra of PC2+/PC3− 
and PC1+/PC5− cells belonged exclusively to one 
cluster, i.e. cluster 4 (Figure 7a, brown stars). Bar 
plots in Figure 7b show the composition of each 
cluster. Most of the control cells belonged to the 
cluster 3 and a smaller part to the cluster 1. 
Approximately half of the CD-200 cells belonged to 
the cluster 3 and half to the cluster 1. Therefore, it 
was assumed that the cluster 3 contains unchanged 
cells, while the cluster 1 contains cells in early apop-
tosis. Cluster 2 contains only two CD-200 cells and 
more than half of CD-400 cells, therefore it can be 
assumed that it represents cells in late apoptosis or 
necrosis. Cluster 4 consists exclusively of a certain 
number of CD-400 cells. Spectra that correspond to 
the centroid of each cluster are provided in 
Supplementary material (Figure S5), along with opti-
cal images of the cells positioned closest to each 
centroid (Figure S6). To analyze spectral differences 
among the clusters, intensities of typical lipid (I1300) 
and typical DNA (I786) Raman modes in four centroid 
spectra were compared. The values are shown in 
Figure 7c. The cells of cluster 4 have nucleic acids 
content slightly lower than the control but higher 
than the cells assumed to be in early and late apop-
tosis. The lipid content of the cells in cluster 4 is 
very high, approximately equal to the cells in late 
apoptosis (Figure 7c). Therefore, it seems more likely 
that these cells are in some alternative modality of 
cell death, rather than in the furthest stages of 
apoptosis or necrosis.

There is a study which showed that at high doses 
of CeO2 NPs, in addition to the increased level of 
apoptosis, the percentage of autophagic cells also 
increases (Hussain et  al. 2012). At low, non-cytotoxic 
doses, autophagy was not detected. On the other 
hand, another study shows that autophagic cells are 
hardly distinguishable from control cells by Raman 
spectra (Rangan et  al. 2018). In the case of cells 
treated with CD NPs, a large difference in the amount 
of lipids compared to the control can certainly come 
from a large number of endocytic vesicles by which 
the NPs were introduced into the cell, but also from 
a large number of resulted autophagosomes. Unlike 
apoptotic cells, autophagic cells are not character-
ized by externalized phosphatidylserine. In accor-
dance with the above stated, the assumption that 
CD-400 cells with increased lipid content and not 
highly reduced nucleic acid content (compared to 
the control) can represent cells in autophagy is not 
unfounded. High concentration of NPs could activate 
autophagy as a protective mechanism, which in the 
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final outcome can lead to cell death. It is known 
that the mechanisms of apoptosis and autophagy 
communicate in the cell in a complex manner 
(Hussain et  al. 2012; Mariño et  al. 2014). Cells 
detected by Raman spectroscopy as members of a 
separate cluster may therefore be cells that managed 
to survive the impact of NPs thanks to autophagy, 
at least until the moment of examination.

It should be noted that proposed distribution of 
cells in different phases or modalities of cell death, 
based on the k-mean clustering of cells’ Raman 
spectra, is not entirely consistent with the frequency 
of apoptosis detected by flow cytometry, though 
NP dose-dependent increase of late apoptosis fre-
quency is indicated by both methods. Moreover, 
the percent of NP-treated cells in which changes 
were detected by Raman spectroscopy is signifi-
cantly higher than the frequency of apoptosis 
detected by flow cytometry. Raman spectroscopy 
certainly captures a wider spectrum of changes in 
the cells caused by NPs than the externalization of 
phosphatidylserine and the appearance of cell mem-
brane permeability. Some of them are related to 
the entry and transport of NPs in the cell and to 
the direct and indirect interactions of NPs with cel-
lular molecules, which do not necessarily result in 
apoptosis. On the other hand, MTT assay showed a 
very large decrease of viability of NP-treated cells, 
consistent with Raman spectroscopy. Markers of 
various biochemical changes are intertwined in the 
Raman spectrum of the NP-treated cell and provide 
a unique representation of its physiological state. 
The possibility that Raman fingerprint can indicate 
lethal changes caused by NPs earlier or more com-
pletely than some of the conventional methods 
used for this purpose should not be overlooked.

3.3.  Raman imaging

Raman imaging is usually performed using the 
intensity of one or more Raman modes in a certain 
number of locations on the sample to generate an 
image or map of the sample, where the intensity 
of the color corresponds to the intensity of a given 
Raman mode. In this work, instead of classical meth-
odology, the imaging based on multivariate (PCA 
or VCA) analysis of Raman spectra was used. The 
goal of combining statistical methods with Raman 
imaging was to distinguish spectral characteristics 
across the analyzed cells more clearly. For this rea-
son, we labeled the applied methods as PCA-Raman 
imaging and VCA-Raman imaging.

The imaging experiments aimed to show 
NP-induced changes in the spatial arrangement of 
cell molecules. For this purpose, CD-200 cells were 
selected, as moderately damaged NP-treated cells 
which largely kept their integrity, so their maps are 
more comparable to those of control cells. Raman 
spectra were measured in each pixel of three control 
and three CD-200 cells and PCA was applied to all 
measured spectra of six cells together. The resulting 

Figure 7.  K-means clustering of control and treated cells 
Raman spectra. a) Four clusters with belonging cell spectra. 
PC1+/PC5− and PC2+/PC3− cells are marked with brown stars. 
b) The composition of each cluster. c) Plot showing Raman 
intensities I1300 (lipids) and I786 (nucleic acids) for each cluster 
and standard error bars. Lines parallel with x-axis and y-axis 
present statistical significance of differences between the clus-
ters in x (I1300) and y (I786) values, respectively (nonparametric 
ANOVA, ***p < 0.001, *p < 0.05).
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PC1 was used to create PCA-Raman images of the 
cells. Results of this experiment are presented in 
Figure 8. PCA-Raman images are shown in Figure 

8a. PC1 loading spectrum, used for imaging, is 
shown in Figure 8b. It reflects Raman modes of 
nucleic acids and proteins as local maxima and lipid 
modes as local minima (Table S1, Supplementary 
material). It should be noted that, in this case, stan-
dard PCA was used instead of nnPCA, in order to 
simplify the presentation of both lipid and nucleic 
acid changes in the same image. PCA-Raman images 
are generated based on PC1 score value for each 
pixel on the image, in the way that the highest 
positive score is represented by light red and the 
highest negative by light green color (color scale 
in Figure 8a). Hence, light red pixels denote Raman 
spectra with high intensity of nucleic acid and pro-
tein modes (maxima) but low intensity of lipid 
modes (minima), while light green represents the 
opposite: Raman spectra with high intensity of lipid 
and low intensity of nucleic acid and protein modes. 
It is interesting that Raman mode at 1006 cm−1, 
assigned to phenylalanine, which is probably the 
most typical Raman mode of proteins, shares trend 
in spatial distribution with nucleic acids and not 
with lipids, although proteins are present together 
with lipids in the membranes of endocytic vesicles 
and definitely the smaller portion of total cell pro-
teins is localized in nucleus (Itzhak et  al. 2016).

By observing obtained PCA-Raman maps, it can 
be seen that in control cells, Raman modes of nucleic 
acids and proteins dominate, occupying the majority 
of the cell area (Figure 8a, left). They should be most 
intense in the nuclear region, the edges of which 
are not clearly defined in the first two control cells. 
Outside the nucleus, the presence of Raman modes 
with positive intensity in PC1 may originate from 
RNA molecules or possibly from mitochondrial DNA. 
In the third control cell (Figure 8a, third row left), 
the nucleus is more clearly distinguished, but the 
intensity of lipid Raman modes, i.e. the lipid content 
of the cell, is still low. On the other hand, in treated 
cells, lipids are significantly abundant, as evidenced 
by the presence of light green dots on the map, 
while the nuclear region is clearly limited to a smaller 
area than in control cells (Figure 8a, right). Since 
these cells, according to the MTT test, are metabol-
ically less active than control cells, reduced transcrip-
tional activity, and thus the amount of RNA and 
protein in the cytoplasm is expected for them. Also, 
the increase in the amount of lipids is consistent 
with endocytosis and demonstrated induction of 
apoptosis in the treated cells.

In addition to PCA, the VCA method is also 
applied for Raman imaging. The aim of this method 
is to extract spectra of pure components from the 

Figure 8.  PCA-Raman imaging of control and CD-200 treated 
cells a) PCA-Raman images of analyzed cells, based on PC1 
score values in each pixel (left column – control cells, right 
column – NP-treated cells); b) PC1 loading spectrum. Local 
maxima of PC1 are assigned to nucleic acids’ and proteins’ 
Raman modes while local minima are assigned to lipid Raman 
modes, which imply that positive score values at images char-
acterize pixels with high nucleic acids but low lipid content 
(red) and negative score values characterize pixels with low 
nucleic acids but high lipid content (green).
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mixture of components constituting the sample. 
Biomolecules that are contained in a cell have many 
common Raman modes and most often together 
form different supra-molecular structures. Thus, it is 
likely that there are no points in the cell that con-
tain perfectly pure components. However, it is 
expected to obtain components in which the spec-
tral characteristics of certain molecules are more 
prevalent than others. It was reasonable to expect 
that components representing lipids, nucleic acids 
and proteins, as the three main groups of biomol-
ecules in the cell, could be extracted. For that rea-
son, VCA algorithm is designed to calculate three 
VCA components (VC1, VC2, VC3). VCA is applied 
to spectra/pixels of each control or CD-200 cell sep-
arately. This analysis is performed on the same cells 
used for PCA-Raman imaging. Results for one con-
trol and one treated cell (cells whose PCA-Raman 
images are shown in the first row in Figure 8a) are 

presented in Figure 9. Extracted VCA (‘pure’) com-
ponents are given in the first row for control cell 
(Figure 9a–c) and in the fourth row for CD-200 cell 
(Figure 9j–l), while corresponding VCA-Raman 
images are given in the second row for the control 
(Figure 9d–f ) and in the third row for the CD-200 
cell (Figure 9g–i). For components representing 
mostly DNA (VC1) and lipid (VC3) Raman modes, 
red and green colors are used, respectively. Other 
two colors are used for VCA components proposed 
to be dominantly RNA (blue) and dominantly cyto-
chrome c (apricot orange). The intensity scale is 
denoted on the right side of each image and refers 
exclusively to a given image.

As expected, in both control and CD-200 treated 
cell, two VCA components with pronounced nucleic 
acid (VC1, Figure 9a and j) and lipid Raman markers 
(VC3, Figure 9c and l) were extracted. In this case, 
nuclear area in control cell is equally well defined 

Figure 9.  VCA-Raman imaging of control and CD-200 cells. a), b), c) VCA components of the control cell, used for imaging; d), e), 
f ) corresponding images of the control cell. j), k), l) VCA components of the treated cell, used for imaging; g), h), i) corresponding 
images of the treated cell. Red is used for imaging based on nuclear acid component, green for lipid component, blue for RNA 
and orange for cytochrome c component.
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as in treated cell, presumably due to the fact that 
RNA content of control cell is represented by VC2. 
Also, since this analysis is performed on each cell 
separately, it should be more successful in distin-
guishing intracellular spectral differences. On the 
contrary, described PCA-Raman imaging (Figure 8) 
captured both intracellular and intercellular differ-
ences, but their intensity range is mutually depen-
dent: if the differences between cells are greater 
than the differences within cells, the image contrast 
of some cells may be insufficiently pronounced. 
Contrary to expected, in VC2 component, protein 
Raman markers were not distinctly distinguished. 
Instead of that, VC2 component of the control cell 
bears Raman markers which could be assigned to 
RNA. This component is slightly less intensively dis-
tributed in the nuclear than in cytoplasmic region. 
In the case of the treated cell, in VC2 component, 
peaks corresponding to resonance Raman markers 
of cytochrome c (marked with corresponding wav-
enumbers in Figure 9k) are distinguished. This com-
ponent is pronounced in the cytoplasm and very 
weakly in the nuclear region of treated cell. 
Cytochrome c is pro-apoptotic factor, released from 
mitochondria to the cytoplasm in the early stages 
of apoptosis, whereas nuclear accumulation of cyto-
chrome c starts later (Nur et  al. 2004). The images 
obtained by VC3 are characterized by lower contrast, 
hence the differences between different compart-
ments of the cells are hardly noticeable. In addition, 
the VC3 component differs between control and 
treated cells - it probably describes a presence of 
different set of lipids, combined with other classes 
of molecules. Similarly, in dominantly lipid VC com-
ponents obtained from the analysis of other four 
cells (Figure S7, Supplementary material), the influ-
ence of different cellular molecules is visible. 
Extensive imaging of a large number of control and 
treated cells would be required to clarify which 
types of molecules are involved and to what extent 
each component is useful in describing the 
NP-induced state of the cell. With the current instru-
mentation, there are severe limitations for imaging 
large number of cells.

To summarize, standard biological tests showed 
the cytotoxic effect of CD NPs on MRC-5 cells start-
ing from a dose of 200 µg/ml, which is accompanied 
by differences in Raman spectra, both between con-
trol and treated cells, and also between cells treated 
with different doses of NPs. The common general 
changes are an increase in the intensity of lipid 
modes and a decrease in the intensity of nucleic 
acid modes, detected by nnPCA. However, Raman 

modes that make the difference between the treated 
and the control cells are not the same for the two 
doses of NPs, indicating changes in different mem-
bers of the lipid or nucleic acids class. Cells treated 
with a lower dose of NPs (200 µg/ml) are character-
ized by a marked increase in unsaturated fatty acids 
and phospholipid markers, especially phosphati-
dylserine, a marker of early apoptosis. After treat-
ment with a high dose of NPs (400 µg/ml), cells with 
an increased intensity of lipid modes, but without 
phosphatidylserine markers can be clearly distin-
guished. At the same time, these cells are the ones 
in which there is no decrease in the content of 
nucleic acids in general, but only a decrease in the 
intensity of the RNA markers. The k-means clustering 
confirmed that these cells stand out as a distinct 
group, most likely as a group of autophagic cells 
characterized by a specific effect of CD NPs on 
them. It was proposed that most of the other 
CD-400 treated cells analyzed by Raman spectros-
copy have undergone late apoptosis or necrosis. 
Raman images created based on score values for 
PCA components illustrated higher lipid content and 
reduced nuclear acids’ area in CD-200 cells. 
Furthermore, Raman images based on VCA compo-
nents abundance indicated that the amount of 
nucleic acids in the cytoplasm rather than in the 
nucleus is what distinguishes treated from untreated 
cells. Additionally, with the Raman-VCA method, it 
was possible to obtain an image of the treated cell 
based on the intensity of the Raman modes of cyto-
chrome c, which indicated the presence of this 
apoptotic marker in the cytoplasm of the treated cell.

4.  Conclusion

This study, based on multivariate single-cell Raman 
spectroscopy complemented by standard cytotox-
icity assays and flow cytometry, unequivocally indi-
cates the toxic effect of CD NPs on MRC-5 lung 
fibroblasts in culture, starting from the concentra-
tion of 200 μg/ml NPs. An early indicator of CD NPs’ 
cytotoxicity is the deprivation of mitochondrial 
activity, which leads to cell death in a certain pro-
portion of MRC-5 cells. Depending on the NPs dose, 
early or late apoptosis/necrosis is registered and 
related changes in biochemical composition are 
described. The most pronounced are the quantita-
tive and qualitative changes in cellular lipid and 
nucleic acid content, which differentiate the 
NP-treated cells from the untreated ones, but also 
the cells treated with different doses of NPs from 
each other. Nevertheless, the other modality of cell 
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death, possibly autophagy, caused by interaction 
with NPs in dose higher than 200 μg/ml, is also indi-
cated. Considering the small dimensions of the NPs 
and the hydrodynamic stability provided by the 
dextran coating, cytotoxic effect of CD NPs could 
have been expected. The absence of formation of 
CeO2 NPs agglomerates, otherwise problematic in 
studies of their cytotoxicity, makes the results of 
this study particularly reliable.

The obtained results confirmed the usefulness of 
phospholipid-related Raman modes in assessing the 
effects of NPs and especially the importance of the 
Raman intensity ratio I1267/I1300 as a parameter for 
assessing the degree of cell damage or the phase 
of cell death. In addition, it was demonstrated that 
the intensities of nucleic acids Raman markers vary 
with the degree of cell damage and can be associ-
ated with changes in RNA composition, hence used 
also for evaluating the effects of NPs. In a cell, RNA 
is difficult to distinguish from DNA by Raman spec-
tra; therefore the insight provided by this study is 
significant. Moreover, integrating the PCA and VCA 
methods into Raman imaging, we were able to 
depict changes in the spatial distribution of RNA, 
but also the spatial arrangements of lipids, DNA 
and cytochrome c in treated cells through a single 
experiment. Finally, yet importantly, with the 
single-cell approach enabled by Raman spectros-
copy, we were able to separate cell populations 
with different types of NP-induced biochemical 
changes and subsequently cross-analyze them using 
several parameters and statistical methods. In this 
way, we detected individual cells that underwent a 
specific effect of CD NPs, not registered by applied 
standard biological methods. Combining different, 
both standard and unconventional methods for 
Raman spectra analysis reveals the wealth of infor-
mation about cell-NP interactions accessible by 
Raman spectroscopy.
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