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Abstract Objective Temporal heterogeneity in lung cancer presents as fluctuations in the biological characteristics, genomic
mutations, proliferation rates, and chemotherapeutic responses of tumor cells over time, posing a significant barrier to effective
treatment. The complexity of this temporal variance, coupled with the spatial diversity of lung cancer, presents formidable challenges
for research. This article will pave the way for new avenues in lung cancer research, aiding in a deeper understanding of the temporal
heterogeneity of lung cancer, thereby enhancing the cure rate for lung cancer. Methods Raman spectroscopy emerges as a powerful
tool for real-time surveillance of biomolecular composition changes in lung cancer at the cellular scale, thus shedding light on the
disease’s temporal heterogeneity. In our investigation, we harnessed Raman spectroscopic microscopy alongside multivariate
statistical analysis to scrutinize the biomolecular alterations in human lung epithelial cells across various timeframes after benzo(a)
pyrene exposure. Results Our findings indicated a temporal reduction in nucleic acids, lipids, proteins, and carotenoids, coinciding
with a rise in glucose concentration. These patterns suggest that benzo(a)pyrene induces structural damage to the genetic material,
accelerates lipid peroxidation, disrupts protein metabolism, curtails carotenoid production, and alters glucose metabolic pathways.
Employing Raman spectroscopy enabled us to monitor the biomolecular dynamics within lung cancer cells in a real-time, non-
invasive, and non-destructive manner, facilitating the elucidation of pivotal molecular features. Conclusion This research enhances
the comprehension of lung cancer progression and supports the development of personalized therapeutic approaches, which may

improve the clinical outcomes for patients.
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Cancer, with lung cancer as the deadliest form,

significantly impacts global health, reflected in a
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Recognized as a group 1 carcinogen by the
International Agency for Research on Cancer, B(a)P’s
prolonged exposure is notorious for DNA damage and
mutagenesis, initiating tumorigenesis'.

Late-stage diagnoses are common in lung cancer,
leading to missed early therapeutic intervention
windows and resulting in dismal prognoses and
treatment  outcomes'®®.  Such  challenges are
compounded by lung cancer’s temporal heterogeneity
—a variance in biological and genomic traits over
time, complicating effective treatment strategies. This
heterogeneity, particularly at the cellular level, often
evades clinical detection, necessitating a technique for
the collection of temporal molecular information.

Biopsy-based assessments of  temporal
heterogeneity in lung carcinogenesis are limited by
the invasive nature of tissue sampling and potential
misrepresentations of tumor biochemistry®'%. Non-
recurring biopsies fail to capture the evolving
mutational landscape, which is essential for
understanding carcinogenesis and developing tailored
therapies. Raman spectroscopy, leveraging the
principle of light scattering, facilitates the sensitive
detection of biochemical shifts at a single-cell level
without the need for labels!!"'?!. Tt offers a direct, non-
destructive assessment of cellular macromolecules,
such as nucleic acids, proteins, and lipids, which are
crucial for studying molecular alterations during

(13151 Hence, Raman spectroscopy is

carcinogenesis
emerging as an indispensable tool for investigating the
temporal heterogeneity in lung cancer.

To address gaps in current research, namely the
lack of prolonged and dynamic
monitoring, our study harnesses Raman spectroscopy
for in-depth analysis of B(a)P-induced changes in
human lung epithelial cells. Through multivariate

we aim to decode

biochemical

analysis, the cellular and
biochemical narratives of lung cancer progression,
thereby offering fresh perspectives on
heterogeneity, the underpinnings of carcinogenesis,

and paving the way for precise cancer diagnostics and

cancer

therapeutics.
1 Materials and methods

1.1 Human lung epithelial cells

A human lung epithelial cell line, BEAS-2B, was
purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. (Shanghai, China). The cells

were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, CA, USA), supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin.
The cell cultures were maintained in an incubator at
37°C, in 5% CO,, and with 95% relative humidity.
Cells were cultured in 25 cm® flasks and passaged
every 3 d, with an inoculum of approximately 5x10°
cells.

1.2 Chemical carcinogen

B(a)P (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China), as a yellow-green powder,
was dissolved in dimethyl sulfoxide at a stock
solution concentration of 2.5 g/L. Next, 10 pul of the
stock solution was added to 5 ml of DMEM to yield a
concentration of 5 mg/L.

1.3 Study groups

Experiment groups were defined as 70% of the
area of cells growing against the wall of the culture
flask. To these, we added B(a)P stock solution to yield
the staining concentration of 5 mg/L. The mixture was
homogenized and then added to the incubator; the
cells were passaged and cultured after 24 h. When the
area of cell growth against the wall again reached
70%, the same dose of B(a)P master mix was added to
maintain the staining concentration of 5 mg/L, and the
cells continued to pass through the culture after 24 h.
After 5 cycles of B(a)P staining, we named the cells
passages in rising order from “BBP1” to “BBP35”.
Solvent control groups, in which the same volume of
dimethyl sulfoxide as the B(a)P master mix was added
to the medium to achieve a staining concentration of
2%, were stained in the same way as the B(a)P
experimental groups, and the first passaged cells were
recorded as BDP1. Untreated BEAS-2B cells were
included as a blank control group.

1.4 Cell counting kit-8 (CCK-8)

We collected BEAS-2B, BBPS5, BBP15, BBP25,
BBP35, BDP5, BDP15, BDP25, and BDP35 cells at
the logarithmic growth stage. All cells were seeded in
96-well plates at a density of 2 000 cells per 100 pl in
each well. After 24 h and 72 h of cell adhesion, 10 pl
of CCK-8 reagent (Dojindo, Kyushu Island, Japan)
was added to each well, and the absorbance (A4) values
of the cells were obtained after 4h. Using
Equation (1) to calculate the mean 24 h and 72 h
viability, the ratio of 72 h to 24 h viability was taken
to represent the multiplicative index of 72 h relative to
24 h to assess the growth speed. The test was repeated
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M . 1 te = treated groups blank groups 1
ean survival rate = - ) (1)

control groups blank groups

Ajrented groups: absorbance value of cells in wells

with CCK-8 solution.

Acontrol groups:
medium only in the wells.

absorbance values of cells and

Apjank groups: absorbance values of only the medium
in the wells.
1.5 Cell cloning experiments

We collected BEAS-2B, BBP5, BBP15, BBP2S,
BBP35, BDP5, BDP15, BDP25, and BDP35 cells at
stage. All

inoculated in 6-well plates with 200 cells/2 ml per

the logarithmic growth cells were
well and incubated for 2 weeks at 37°C in a cell
incubator. Subsequently, the cells were treated with
4% paraformaldehyde and crystalline violet staining
solution to count the number of cell clones. The
ability of the cells to become tumor-forming in vitro
was indicated by the clonogenic rate. The test was
repeated three times.

Cell clone formation rate
_ Number of cell clones formed

)

Number of cells inoculated
1.6 Cell scratching experiments
We collected BEAS-2B, BBP5, BBP15, BBP25,
BBP35, BDP5, BDP15, BDP25, and BDP35 cells at
the logarithmic growth stage. All cells were seeded in
6-well plates at a density of 4x10° cells/2 ml in each
well. Once the cells reached 90%—-100% confluency,
the cell monolayer was scratched using a 1 ml pipette
tip. This was performed at 0, 12, 24, 36, and 48 h, and
the migration capacity was expressed in terms of cell
migration rate. The test was repeated three times.

Cell migration index
_ Initial scratch area — Corresponding time point area

Initial scratch area

3)

1.7 Cell smears
We collected cell suspensions of BEAS-2B,
BBP5, BBP15, BBP25, and BBP35 cells at the
logarithmic growth stage, which were centrifuged at
300g for 5 min to remove the supernatant. The cell
pellet was resuspended in 3 ml of PBS, and the
mixture was centrifuged at 300g for 5 min to remove
the supernatant. This was repeated twice. Finally, we

resuspended the cells with 1ml of PBS and

centrifuged the mixture at 600g for 10 min to remove
the supernatant. A 10 ul cell suspension was obtained
and dropped onto a slide. We placed the slide with the
cell suspension flat on the table and used coverslip
tilted at 45° to slowly and evenly push the cell
suspension away to form a cell smear.

1.8 Spectral data acquisition

Raman data on cell smears were measured using
the MStarter 100 Microspectral Scanning Test System
(Metatest Corporation, Nanjing, China). The device
was equipped with a 532 nm laser (1 mW) that allows
spectral ~ scanning  through a  high-precision
piezoelectric translation stage. Data on the cells in the
smear were collected after calibration with a Raman
peak of 520 cm™ in silico before measurement. A
microscope (Metatest Corporation, Nanjing, China)
was set to 50x magnification with the laser focused on
the surface of the cells; it was used for an acquisition
time of 10 s. The spectral range was within 500-
3500 cm™; data from 100 cells at three locations per
cell were collected from different generations. The
data were averaged to represent the spectral data for
that generation of cells.

1.9 Statistical analysis

In our study, the data were analyzed using
GraphPad Prism 9 (GraphPad Software, CA, USA).
This software is specifically designed for scientific
research and offers a wide range of analytical tools.
The differences between groups were analyzed using
the Student’s #-test and one-way analysis of variance
(ANOVA). This
whether

approach helps in determining

there are any statistically significant
differences between the means of these groups. In our
analysis, we considered a P value (probability value)
of less than 0.05 as the threshold for statistical
significance. This means that if the P value calculated
from the one-way ANOVA is below 0.05, we interpret
it as a significant difference in the data among the
groups we compared, thus providing credibility to our
findings. The
triplicate, and the data were presented as mean+
standard deviation (SD).

1.10 Raman data pre—processing

experiments were performed in

Spectra are easily influenced by fluorescence

background, laser power fluctuations, sample

variation, and other factors, making it necessary to
eliminate interference for subsequent multivariate
analysis. Particularly

in biological samples, the
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signals of natural biofluorescence clusters interfere
with the Raman signal. Therefore, in this study, all
raw Raman data were pre-processed by performing
Savitzky-Golay filter smoothing, vector
normalization, and Dbaseline calibration using
OriginPro 2021 (OriginLab, MA, USA). A Raman
spectral range of 600—1 800 cm™' was selected as it is
where the biochemical information was most notably
altered!'®!,

1.11 Multivariate statistical analysis
In this study, principal component analysis
(PCA) and linear discriminant analysis (LDA), two
typical multivariate  statistical methods, were
employed (see MATLAB code IRootLab for
processing details)!'""*). PCA determined the principal
components (PCs) and extracted key features to
facilitate  data
eigenvectors of the data covariance matrix, and PC1
was generated based on the maximum variance of the
data. The percentage of the variance of each PC
explained the variance of data. The mathematical
representation of PCA involves several linear algebra
concepts, but at its core, the process can be
represented by the equation:
PC,. =X

new standarized

visualization. PCs were the

XV 4)
PC is the matrix of the transformed data

new

(principal components), X is the standardized

standarized
version of the original data, V is the matrix containing
the eigenvectors (principal component directions).
However, PCA was an unsupervised method of data
dimensionality reduction that treated the entire dataset
as a category and could only identify the overall
variance of the dataset. PCA had a low ability to
identify the dataset and made it difficult to analyze the
differences in biological information among groups.
PCA, the

dimensionality reduction method, LDA, was used.

Therefore,  following supervised
LDA enabled variance to be maximized for variables
in different categories and minimized in the same
type, forming tighter small clusters, and building

better classification models.
2 Results and discussion

2.1 Cell characterization

We observed the cellular malignancy phenotype
(Figure 1). As the number of cell generations
increased, the morphology of the cells in the
experimental groups treated with B(a)P gradually

changed, exhibiting blurred edges, poorly defined
contours, observable small triangular shapes, and
increased nucleoplasmic ratios, in contrast to the cells
in the blank control and solvent control groups. The
proliferation index of the cells in the experimental
group gradually increased over 72 h; the clonogenic
rate of the cells increased over two weeks; the
migration index and the slope of the linear fit of the
cells increased over 48 h. These characteristics were
consistent with those of cancer cells, demonstrating
the increasing degree of malignant carcinogenesis of
the cells.
2.2 Raman spectra

After treatment, smear samples of the BEAS-2B
cells and 5th, 15th, 25th, and 35th generation cells
were prepared for Raman spectroscopy observations.
The MStarter
System (Figure 2a) was used as follows: a 532 nm
laser interacted with the samples through a confocal

100 Microspectral Scanning Test

scanning microscope to produce Raman scattered
light. This was filtered using a Notch Filter to remove
stray light and produce the Raman spectrum. Different
cell sites vary owing to slight differences in biological
structure resulting in slightly different Raman spectra.
Therefore, we analyzed 3 selected locations on a
single cell and collected data from 100 cells, allowing
us to obtain an average Raman spectrum for each
generation. Considering the average size of BEAS-2B
cells ranges from 20 pm to 30 um, we acknowledge
that obtaining Raman spectra from only three
locations within a cell might not comprehensively
represent the entire cell. However, these locations
were strategically chosen to include key -cellular
components, such as the nucleus and cytoplasm, to
ensure that the spectra captured critical aspects of
cellular biochemistry. The Raman spectra of the cells
were obtained after data pre-processing (Figure 2b).
The Raman spectra of the BEAS-2B cells and those of
different generations after staining showed similar
trends and peak spectral shapes. It was difficult to
visually distinguish the differences between the
different Raman spectra.
2.3 Multivariate statistical analysis

The combined PCA and LDA method offered
marked advantages in dealing with multiple variables
by enabling the maximum quantification of spectral
differences among different categories and effectively
information on  the

extracting  biomolecular

carcinogenic process of B(a)P. We first imported the
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Fig. 1 Characterization of cell malignancy

(a) Cell shape; (b) cell proliferation index; (c) cell clonogenic rate; (d) cell migration index; (e) slope of the linear fit of cell scratch change.

Experimental data are expressed as mean+SD, ns indicates no significance, **P<0.01, ****P< 0.000 1.

pre-processed Raman spectral data into the MATLAB
code IRootLab package and plotted the covariance
matrix of BEAS-2B and BBP35 (Figure 3a). The red
spots in Figure 3a indicate the main differential
spectral regions for cells of different generations,
including 1332cm™, 1417cm™, 1443 cm™, and
1 608 cm™', suggesting that the age of lung cancer
cells was related to structural alterations in nucleic
acids, lipids, and proteins. Second, we used PCA on
the Raman spectra and selected the 10 PCs with the
highest LDA percentage (Figure 3b). The top 10 PCs
contained more than 92% of the information of the

original variables and could replace the original
spectral data. We used small icons of different shapes
and colors to indicate the different categories to which
they belonged, plotted the 2D scores for the first two
PCs, and drew 95% confidence ellipses, which
showed that the 2D score plot clustered as the number
of cell generations increased after staining (Figure
3c). As the number of cell passages increased, the
95% confidence ellipse gradually decreased, and
clustering became apparent. This is because normal
cells, under the influence of B(a)P, gradually undergo
DNA damage and genetic mutations, leading to the



2024; 51 (6) B, %: FHEFSNMAMBETIRFHERRIEGRBHRIEIH 1403

(a) *Laser 63
{(( ;
<)

me | wem Interference filter I

. Slit
Attenuator Polarizer

. Notch filter
Polarizer

»N, Dichroscope
CCD

Objective

——
n
>

Cell Cell smears

(b)

' BEAS-2B

- BBPS

A

Intensity

\A% \WW BBP15

\A/ W BBP35

600

1 1 1 1 1 J
800 1000 1200 1 400 1 600 1 800

Raman shift/cm™

Fig. 2 Raman optical path diagram and spectrogram

(a) Raman optical path of the measured cell samples. (b) The average and standard deviation of Raman spectra of cells from BEAS-2B and after
staining for the 5th (BBP5), 15th (BBP15), 25th (BBP25), and 35th (BBP35) generations.
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Fig.3 The related maps of principal component analysis (PCA)

(a) Map of covariance matrices for BEAS-2B and post-staining 35 generations (BBP35). (b) Column plot of the percentage of the top ten principal
components (PCs). (c) 2D PCA score plots for BEAS-2B and the 5th (BBPS), 15th (BBP15), 25th (BBP25), and 35th (BBP35) generations post-

staining. PC1 vs. PC2 as axes, with 95% confidence ellipses outlined for each generation of cells.
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selection of certain cells adapted to specific survival
conditions, forming clusters where these cells may
exhibit characteristics better suited for the tumor
microenvironment.

We extracted the top 10 PCs for LDA. Linear
discriminants (LDs) were new variables generated by
LDA after the dimensionality reduction of the data,
with LD1 making the largest contribution. We
compared 1D score plots of LD1 for cells from
different periods, and the plots show clustering similar
to that in PCA (Figure 4a). The loadings in LD
indicated the degree of inter-group variability, with
larger absolute values indicating greater inter-group
variability in the corresponding Raman spectra. We
screened the top 25 waves with the highest load
values in LDl (Figure 4b) (Table 1 contains the

(a) 1D Scatterplot
‘BEAS-2B
__/\/\ ‘BBP5
A :BBPI5

¢ :BBP25
V :BBP35

detailed wave numbers), and attributed them primarily
to nuclear acids and lipids, and secondarily to
proteins, carotenoids, and glucose. These 5 substances
were also major cellular components. We selected the
Raman peaks with the highest load values for these
five substances. The loading values of
1332cm™ and 1301 cm™ represented nucleic acids
and lipids, the smaller loading values of 1 005 cm™
and 1514 cm™ represented proteins and carotenoids,
respectively. The Raman peak at 913 cm™' represents
the C—C stretching and C—OH bending modes in
glucose, while the peak at 1125 cm™ signifies the
C—O stretching mode of glucose. Thus, B(a)P had a
greater effect on the structure of BEAS-2B nucleic
acids and lipids, and a lesser effect on the structure of
proteins, carotenoids, and glucose.

larger

(®)

Coefficient

X
1332
1

Protein

Il Il Il Il
1000 1200 1600 1800

Raman shift/cm™

3
600 800 1 400

1

‘BEAS-2B
9 :BBPI5
9 :BBP35

Fig. 4 Related linear discriminant analysis (LDA) maps

(a) 1D score plots of LD1 after LDA. (b) Loading plots corresponding to the score plots (X indicates the number of 25 characteristic Raman waves
selected). (c) 3D scatter plots of BEAS-2B, and the 15th (BBP15) and 35th (BBP35) generations post-staining.
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Table 1 Raman peak positions and mode description

Peak position/cm™

Mode description

669

719

791

831

874

913

973
1005
1080
1125
1199
1228
1275
1301
1332
1362
1385
1417
1514
1538
1573
1605
1620
1657
1700
1736

T, G, DNA/RNA
S(CCN), lipids (choline)
p(NH,"), lysine
O—P—O stretching, DNA
Ring breathing, proteins (tyrosine, proline), glycogen
C—C stretching, C—OH bending, glucose
p(CH,), 5(CCH) olefinic, proteins

Symmetric stretching (ring breathing) mode, phenylalanine

C—N stretching, chain C—C stretching, C—O stretching, proteins, lipids, carbohydrates

C—O stretching, glucose
Tryptophan, phenylalanine
Asymmetric phosphate stretching
8(==CH), amide I1I
CH, twisting, lipids
Nucleic acids
CH, and CH, symmetric deformation, proteins
CH, and CH, symmetric deformation, proteins
Nucleic acids
C==C stretching, carotenoid
C==C stretching, carotenoid
Phenylalanine, tyrosine
Tyrosine
NH, bending, urea, tryptophan, phenylalanine, heme
Amide I, lipids (unsaturated fatty acid)
C=—0 stretching, amino acids aspartic, glutamic acid

C==0 ester, lipids

PCA-LDA allows the of three
distinctly different biomolecules; nucleic acids, lipids,
and proteins, and the 3D scatter plots of BEAS-2B,
BBP15, and BBP35 are plotted with the
corresponding Raman intensities of the biomolecules,
with 95% confidence ellipses outlined for each
category, in Figure 4c. In the 3D scatterplot, the
confidence ellipses for BEAS-2B, BBP15, and BBP35
had overlapping sections, with approximately 90% of
BBP15 and 60% of BBP35 located in the confidence
ellipse for BEAS-2B and approximately 40% of
BBP35 located in the confidence ellipse of BBP15.
BBP15 and BBP35 both originated from cells after B
(a)P treatment of BEAS-2B, but their confidence
did not
temporal heterogeneity across cell generations after

screening

ellipses completely overlap, reflecting

treatment.
2.4 Quantitative biomolecular analysis

Based on the Raman intensities corresponding to

the 5 wave numbers selected, we plotted the changes
in the content of biomacromolecules with increasing
cell generations (Figure 5). The nucleic acid and
protein content did not change between the 5th and
15th generations after treatment and decreased in the
25th and 35th generations, with an overall decreasing
trend. The content of lipids did not vary by the 5th
generation but increased in the 15th generation and
25th and 35th generations.
Collectively, the trend was to increase and then
decrease. The carotenoid content did not change in the
Sth generation, decreased in the 15th generation, did
not change in the 25th generation, and continued to

decreased in the

decrease in the 35th generation, with an overall
decreasing trend. The glucose content remained
unchanged in the 5th, 15th, and 25th generations after
toxicity, and increased in the 35th generation, with an
upward trend. The ratios of protein to nucleic acid and
protein to lipid did not change in the 5th and 15th
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generations after the treatment, but increased in the upward trend. As the number of cell passages

25th and 35th generations, showing an overall upward increases, the content of various biomolecules varies
trend. The ratio of nucleic acid to lipid did not change over time, producing considerable variability and
between the 5th, 15th, and 25th generations but reflecting temporal heterogeneity in the lung cell
increased in the 35th generation, showing an overall carcinogenesis process.
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Fig. 5 Column chart for quantitative analysis of biological macromolecules
(a) Nucleic acid; (b) lipid; (c) protein; (d) carotenoid; (e) glucose; (f) protein to nucleic acid ratio; (g) protein to lipid ratio; (h) nucleic acid to lipid

ratio. All data are expressed as mean+SD, ns indicates no significance, **P<0.01, ***P<0.001, ****P< 0.000 1.
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Human lung epithelial BEAS-2B cells, as well as
cells from the 5th, 15th, 25th, and 35th generations
post-B(a)P treatment, were used to determine the
degree of cellular carcinogenesis by characterizing
morphology
proliferative, invasive, and tumorigenic capacities.

their  cell and measuring their
Raman spectroscopy data from BEAS-2B cells and
the 5th, 15th, 25th, and 35th generations after B(a)P-
induced carcinogenesis were obtained using the
MStarter 100 Microspectral Scanning Test System.
Data pre-processing and multivariate statistical
analyses enabled the exploration of biomolecular
changes arising from temporal heterogeneity during
single-cell lung carcinogenesis. LDs were the new
characteristic variables arising from PCA-LDA, with
LD1 contributing the most to the differences between
groups. LD1 presented distinct Raman wave numbers,
primarily attributed to nucleic acids and lipids and
secondarily to proteins, carotenoids, and glucose. The
3D scatter plot of nucleic acids, lipids, and proteins
showed temporal heterogeneity throughout the BEAS-
2B carcinogenesis process. Screening the content of
the 5 biomacromolecules in relation to the degree of
cell malignancy indicated that the content of these
biomacromolecules varied at different stages during
B(a)P-induced carcinogenesis. Moreover, metabolic
dysfunctions promoted the formation of tumor cells.
B(a)P, a highly lipophilic chemical carcinogen,
readily enters cells through the cell membrane and
binds to aryl hydrocarbon receptor (AHR), such as
cytochrome P450, thereby metabolically activating
and damaging DNA molecules’ structure, resulting in
the formation of DNA adducts!'”?”. Additionally,
B(a)P
dehydrogenases or reductases, resulting in redox
cycling and the formation of large amounts of reactive
oxygen species, leading to oxidative DNA damage
and elevated lipid peroxidation®. Using Raman
spectroscopy, we directly observed the structure of
nucleic acids and lipid molecules and assessed their
content over time. The content of nucleic acids and
lipids showed a clear downward trend after the 15th
generation. However, the lipid content increased at the
15th generation, probably related to the accelerated
input of human fatty acid transporter protein 1

can be metabolized to o-quinones by

mediated by AHR signaling®. Excess fatty acids can
synthesize other biologically active metabolites; thus,
the initial increase in lipid content is followed by a
downward trend”*%, After the 25th generation, there

was an upward trend in the nucleic acid to lipid ratio.
The findings revealed that, after the 15th generation,
the structures of nucleic acid and lipid molecules were
severely disrupted, disrupting nucleotide and lipid
After the
nucleoplasmic  ratio of the cells

metabolism. 25th  generation, the
increased
considerably, and the disturbance to lipid metabolism
intensified. The changes in nucleic acid and lipid
content were the most obvious, indicating that these
are the main biomolecules affected by B(a)P, which
constantly promotes the production of tumor cells.
B(a)P-induced carcinogenesis can change the
structure of essential and non-essential amino acids.
Phenylalanine, tryptophan, and lysine are essential
amino acids. Phenylalanine can be metabolized by its
hydroxylase into tyrosine, which is involved in
glucose and lipid metabolism and is also a precursor
for the (23],
metabolite of tryptophan, is an endogenous agonist of
AHR and by B(a)P.
Moreover, most tumor cells had high levels of

antioxidant melanin Kynurenine, a

influences carcinogenesis

tryptophanolytic enzymes, which are associated with
low survival rates in patients with lung cancer>**"),
Lysine acetylation is one of the most studied
modifications in tumor epigenetics, with lysine
acetyltransferases playing a dual role in cancer
development, acting as both oncogenic and pro-

28291~ Aspartic acid, glutamic acid, and

carcinogenic
proline are non-essential amino acids. Aspartic acid
can be produced by asparagine metabolism, and the
inhibition of asparagine synthesis reduces the survival
and proliferation of tumor cells”.
essential for tumor cell survival, and its amide,
glutamine, is a carbon and nitrogen source for
synthesizing lipids and nucleotides®"
intermediate in the urea cycle and tricarboxylic acid
cycle. It could serve as a source of energy for tumor
cells, and the overexpression of its metabolic enzyme
(proline  dehydrogenase) could promote
progression™”*¥. In the case of phenylalanine, our
Raman spectroscopy analysis observed a severe

Glutamate is

. Proline is an

cancer

disruption to the molecular structure and decrease in
content after the 15th generation; the protein to
nucleic acid and protein to lipid ratios increased after
the 15th generation, indicating a disturbance in
protein metabolism at this generation. The content of
protein molecules showed a decreasing trend, and
metabolic disorders gradually deepened cellular

malignancy.
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Raman spectroscopy detected structural changes
in carotenoids and glucose. Treatment of cells with
B(a)P caused structural changes in carotenoids,
Cc=C

Carotenoids include carotenes and lutein, which are

characterized by stretching  vibrations.
important sources of antioxidants and vitamin A,
which are related to immune regulation and gene
transcription®*. The content of carotenoids tended to
decrease after the 5th and 25th generations, and the
abnormal function of the carotenoids promoted

carcinogenesis.  Carotenoid content showed a
decreasing trend, with an associated weakening of its
antioxidant effect leading to a deepening of cellular
malignancy. The content of glucose, one of the main
sources of energy for the cells, tended to increase up
to the 25th generation, with an increase in the
metabolic capacity of the cells. It has been observed
that increased cellular malignancy may occur with the

reprogramming of glucose metabolism!**-¢],

3 Conclusion

We have B(a)P-induced
carcinogenesis in human lung epithelial cells is a
process
events and

demonstrated that

multi-stage, long-term, and complex

involving  multiple  biomolecular
generating temporal heterogeneity. By using Raman
spectroscopy combined with multivariate statistical
analysis, we observed differences in the content of
nucleic acids, lipids, proteins, carotenoids, and
glucose at various stages post-treatment with B(a)P,
which implied molecular changes related to the
mechanism of lung cell carcinogenesis. As the number
of cell following B(a)P

treatment, the structure of genetic material becomes

generations  increases
damaged, leading to nucleic acid instability, DNA
damage, and the formation of DNA adducts. Cell
metabolism was also altered, evidenced by lipid
peroxidation, disruption of amino acid metabolism,
inhibition of carotenoid secretion, and reprogramming
of glucose metabolism. The cells continuously adapt
to carcinogens, which
carcinogenic capacity, malignancy, and heterogeneity,
ultimately leading to low survival rates. This study
enabled the real-time,
destructive observation of biomolecular changes in
lung cell carcinogenesis via Raman spectroscopy and
analysis of the characteristics of key molecules. The

results in increased

non-invasive, and non-

innovation of this study lies in the successful

construction of a lung cell carcinogenesis model using
B(a)P, and the application of Raman spectroscopy
technology in conjunction with multivariate statistical
analysis to observe the temporal heterogeneity
changes in lung cells during carcinogenesis. This
approach provides a previously unexplored avenue for
lung cancer research, facilitating in-depth exploration
of temporal heterogeneity in lung cancer and offering
a new direction for a more profound understanding

and effective management of this complex disease.
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