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Abstract

Background Most cancers acquire numerous genetic changes in proto-oncogenes as well as tumor-suppressor
genes. Cancer’s early diagnosis remains a challenge. Recently, nonlinear polarization has revealed the potential
as a promising tool for early cancer diagnosis. Laser-induced nonlinear polarization can offer a novel fingerprint
signature.

Methods In this study, nonlinear polarization was adopted for the characterization of both DNA and RNA samples
from healthy volunteers. Total DNA and RNA were illuminated with a 656-nm LED source, and the resonance frequen-
cies (scattered and re-emitted signals) were captured and recorded using a hyperspectral camera.

Results Changes in signal frequency as well as phase shift offered a potent means to differentiate DNA (control)
from RNA (control). DNA (control) demonstrated characteristic resonance frequencies that differ from total RNA
(control) at the 2nd, 3rd, 4th, and 5th harmonics. While DNA demonstrated a phase shift dominating at 0.88 GHz, RNA
dominates at 0.106 GHz. The resonance spectral signature of RNA samples from people with hepatocellular carcinoma
(HCC) was compared to that of RNA (control). RNA (HCC) demonstrated distinctive frequency signals at 0.014, 0.021,
0.032, and 0.072 GHz. These characteristics feature could facilitate early HCC diagnosis. While RNA (control) dominates
at 0.014 and 0.072 MHz, RNA (HCC) dominates at 0.021 and 0.032.

Conclusion As far as we are aware, this is the initial investigation into the use of simple nonlinear polarization to gen-
erate spectral fingerprinting signatures of total DNA and RNA. Furthermore, RNA mutations due to HCC were identi-
fied via characteristic nonlinear spectral signature.
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Introduction
Cancer is driven by genetic mutations which affect cell
proliferation and survival [1]. Genes that play a signifi-
cant part in the development of cancer, fall into two basic
categories: tumor-suppressor genes and proto-oncogenes
[2]. Both classes encode several proteins which control
cell growth, proliferation, DNA repair, invasion, motil-
ity, angiogenesis, apoptosis, and several other cellular
processes; mutations of which can contribute to can-
cer development. These mutations work collectively for
cancer progress [3]. Additionally, somatic variations in
cancer genomes cause RNA alterations, including over-
expression, splicing mutations, or gene fusions [4]. The
significance genetic alterations on the growth of malig-
nancies have become the subject of several studies. Hepa-
tocellular carcinoma (HCC) is one of the most common,
deadly, and rapidly spreading malignancies [5, 6]. HCC
early diagnosis is significant to improve the prognosis
and patient survival. HCC diagnosis depends mainly on
imaging techniques including ultrasonography, magnetic
resonance imaging, and computed tomography. How-
ever, early HCC diagnosis remains a challenge [7].
Nonlinear polarization is a benign, noncontact, and
nonionizing modality [8, 9]. This modality has found
wide applications particularly in disease diagnosis and
image-guided surgeries [8], as different materials can
expose different responses (reflection, absorption, and
scattering) to stimulating light [10]. Nonlinear polariza-
tion can secure diagnostic characteristic signatures to
differentiate between normal and tumor tissues [11]. The
incident electric field |E| can induce distinctive zones of
positive and negative charges [8—10]. The intensity of the
applied electric field |E| determines how much charge
polarization could be developed in any particular mate-
rial [11, 12]. The generated dipole moment can switch
its energy and release an electric field at the exact same
frequency (Rayleigh scattering) [13—16]. Strong stimulat-
ing light and macromolecule could interact more effec-
tively in nonlinear polarization, with the evolution of
characteristic signatures [17]. Numerous molecules can
be stimulated by strong irradiation; the excited state can
then serve as the low energy state for an extra stimulation
[18]. The intense light interaction can result in the gen-
eration of new resonance frequencies related to all energy
differences. Nonlinear polarization includes strong stim-
ulating electric field, with the evolution of new electric
waves. The candidate materials for second-order non-
linear polarization are molecules with significant charge
transfer and electronic transitions [19]. On the other
hand, hyperspectral imaging (HSI) is a powerful noninva-
sive optical technique for numerous biomedical applica-
tions [20-23]. HSI can be employed for tumor diagnosis
and detection during surgical operations [24—26]. HSI is
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candidate for morphological and biochemical informa-
tion of biological tissues; it can enable a coincident col-
lective measurement of both spatial and spectral data [20,
21]. HSI can offer precise measurement of characteristic
RNA optical signatures. Moreover, mutations in RNA
structure due to HCC could be precisely monitored via
nonlinear polarization signatures. The change of incident
electric field amplitude causes the induced dipoles to
oscillate [24—26]. Intense electric field can secure nonlin-
ear polarization with the generation of new frequencies
[19]. RNA mutations due to HCC could alter the nonlin-
ear polarization response. Such response could provide
virtual fingerprint information for normal and cancer-
ous macromolecules [17]. In this study, optical approach
based on nonlinear polarization is described as a promi-
nent platform for the spectroscopic and spatial charac-
terization of DNA and RNA in HCC patients.

Subjects and methods

Subjects

This study included five male patients with primary HCC,
whose diagnosis was established in accordance with the
EASL's recommendations and on the basis of histological
sample. Five healthy male volunteers of similar ages were
also recruited in the research as healthy controls. Every
individual gave his informed agreement, and the study
was authorized by the Ain-Shams University Hospitals’
ethical committee for research. Furthermore, the study
was conducted in accordance with the guidelines and
suggestions of the Declaration of Helsinki.

Laboratory examines

Two blood samples were taken from each participant to
prepare whole blood in vacutainer tubes with sodium
salt of ethylene-diamine-tetra-acetic acid (Na,-EDTA,
final concentration of 1.5 mg/mL), an agent that prevents
blood clots by binding to calcium in the blood. Total
RNA was purified from whole blood and the entire blood
count was measured.

Complete blood count (CBC) investigation

The Z2TM Coulter Counter®, Analyzer, Coulter Elec-
tronics, USA, was used to measure total leukocyte count
(TLC), hemoglobin (Hgb), red blood cell (RBC) count,
and platelet count (PLT).

Genomic DNA extraction and total RNA purification

Following the manufacturer’s instructions, genomic DNA
was isolated using the QIAamp DNA Mini-Kit technique
(Qiagen, Hilden, Germany). DNA samples were quanti-
fied and their purity was evaluated using the NanoDrop®
(ND)-1000 spectrophotometer (Nano-Drop Technolo-
gies, Inc., Wilmington, DE, USA). Using a QlAamp RNA
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blood mini-kit (Qiagen, Hilden, Germany), total RNA
was extracted and purified in accordance with the manu-
facturer’s instructions.

Nonlinear polarization measurements

Biomedical applications for nonlinear polarization are
appealing. This method can provide extensive knowledge
on the chemical and physical characteristics of whole
DNA and RNA. A tiny lens was utilized to concentrate
a laser source (10 mw at 656 nm) in order to excite the
evaluated total DNA and RNA samples. A hyperspec-
tral camera was used to gather the resonance frequency
(scattered and re-emitted). Hyperspectral camera, with
3.16 nm resolution, was employed to acquire resonance
frequencies over the range 395: 1100 nm (Fig. 1).

The collected signals were analyzed via custom-
ized digital signal processing technique for frequency
domain evaluation. This algorithm was employed to
evaluate the phase difference between total DNA, RNA
(control). Mutation in RNA macromolecule structure
due to gene disorder could result in change in optical
properties with change nonlinear polarization signa-
ture and phase shift. Signature change of RNA due to
HCC mutation was captured and processed. The phase
and frequency responses were calculated in an attempt
to determine both DNA and RNA spectral signature.
This characteristic may serve as a baseline to track any
genetic modifications to total RNA structure due to
HCC tumors.
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Statistical analysis

The SPSS statistics program version-23 software package
(SPSS Inc., Chicago, IL, USA) was used for all statisti-
cal analyses. The data are shown as mean SD. Using the
(HCC) group as the comparison group, statistical sig-
nificance between all groups was examined (*p 0.001, **p
0.01, #p 0.05). The Pad-Prism software programmer, ver-
sion 8 (Graph-Pad Software, La Jolla, CA), was used to
create statistical analysis graphics.

Results and discussion

Participants’ clinical and demographic features

The field of care testing toward the analysis of blood lack
nowadays raped and simple test techniques for biomark-
ers. In this study, we have developed a novel DNA/RNA
genetic signature via nonlinear polarization with hyper-
spectral imaging for helping hepatocellular carcinoma
early diagnosis.

Table 1 Clinical and demographic data characteristics

Features Control group HCC group
Age (years) 519+23 523+19
Hemoglobin (g %) 143+19 13.1+£1.8
RBCs (x 10° cells/uL) 43+07 41409
TLC (x 10% cells/pL) 60422 6.8+2.1
Platelet count (x 10° cells/pL) 225+26.2 305+40.1

Data are presented as mean + SD for five samples, P value < 0.05

Hyperspectral
Camera

Scattering with zero-phase shift

T T T
W wLoverphotin Zioverplotion )
00 «

i Scattering with phase shift

Fig. 1 Schematic illustration of nonlinear polarization measurements for total DNA and RNA
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Table 1 presents the participant’s clinical and demo-
graphic details. According to a prior study, the higher
baseline platelet level and lower baseline hemoglobin
may be associated to possible prognostic factors for
cancer.

Characterizing the nonpolarized signature of DNA/RNA
control

The most prevalent malignant primary liver tumor is
hepatocellular carcinoma (HCC) that usually develops
from the progression of cirrhosis. In terms of the path-
ological observation, many pathological stain-based
diagnosis studies are performed on tissue specimens
and cells. Staining is time-consuming. With the help of
hyperspectral imaging by light polarization signature of
DNA/RNA in specimen, it is possible to observe speci-
mens without staining or fixation.

A study by Hashimoto et al. [27] conducted a com-
puter-aided diagnosis on liver pathological samples
which were hematoxylin and eosin (H & E) stained.
Applying hyperspectral imaging (HSI) to the same sam-
ples, the accuracy improvement has reached to 24% for
fibers and 5% for cytoplasm. So, DNA/RNA genetic sig-
nature via nonlinear polarization with hyperspectral
imaging is possible help to hepatocellular carcinoma
early diagnosis.
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Total DNA and RNA under polarized light can pro-
vide information regarding chemical structure links and
dielectric characteristics. Light emission and absorp-
tion can be used to assess the dielectric characteristics
of macromolecules. Due to mutations in macromolecule
(DNA and RNA) chemical structure, the harmonic oscil-
lation signature could offer a distinctive signature [28].
The scattered and re-emitted fingerprint for total DNA
and RNA (control) is demonstrated in Fig. 2 (mean of 5
samples).

In an attempt to conclude spectral oscillation signature,
normalized (scattered and re-emitted) signatures were
calculated to investigate polarized light intensity (Fig. 3).

Light polarization signature of DNA/RNA (control)
Nonpolarized signature of total DNA and RNA could be
employed to offer platform for determining the spectral
fingerprint signature of both total DNA and RNA. Char-
acteristic resonance frequency for each sample is repre-
sented in Table 2.

Total DNA demonstrated characteristic resonance fre-
quencies that differ from total RNA at 2nd, 3rd, 4th, 5th
harmonic. Variable polarization states can be noticed
by varying the total DNA and RNA structural arrange-
ment with variable light absorption (attenuation). Signal

4000 +
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' I I |
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RNA
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Fig. 2 Resonance harmonic oscillations of whole DNA and RNA (control) samples irradiated by a laser source at 656 nm (scattered and returned

energy)
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Fig. 3 Normalized harmonic oscillations (scattered and re-emitted radiation) of total DNA and RNA (control) after being irradiated with laser source

at 656 nm

Table 2 Charactersitic light polarization signature of total DNA/
RNA (control)

Sample Rayleigh Re-emittedRe-emitted Re-emitted Re-emitted

scattering radiation radiation radiation radiation
(nm) (2nd (3rd (4th (5th
harmonic) harmonic) harmonic) harmonic)
(nm) (nm) (nm) (nm)
DNA 656.0 681.8 7329 788.0 840.2
RNA 656.0 686.9 738.0 773.8 835.1

Table 3 Attenuation of transmitted light polarization of total
DNA and RNA samples

Sample Rayleigh Re-emitted Re-emitted Re-emittedRe-emitted

scattering radiation radiation radiation radiation
(intensity (2nd (3rd (4th (5th
a.u.) harmonic) harmonic) harmonic) harmonic)
(intensity) (intensity) (intensity) (intensity)
DNA 3653 1738 545 503 201
RNA 2794 1163 545 301 76

intensity of total DNA and RNA signature is demon-
strated in Table 3. Nonpolarized signature attenuation
offered another path to differentiate between total DNA
and RNA spectral signatures.

Frequency changes and phase differences of DNA/RNA
(control)

In an effort to distinguish between the spectral finger-
print characteristics of total DNA and RNA control
samples via change in frequency response, harmonic
oscillations (scattered and re-emitted) radiations were
processed using rapid Fourier transform (Fig. 4).

Briefly, for the first time, blood analysis by nonlinear
polarization with hyperspectral imaging has demon-
strated the potential use of DNA/RNA genetic signature
in blood spectral biomarkers as a novel alternative for
hepatocellular carcinoma diagnosis, which could be used
for screening purposes.

Total DNA demonstrated characteristic frequency
response that could be discriminated from total RNA.
DNA demonstrated spectrum band starting from 0.0044
to 0.0118 GHz compared with RNA spectrum lines. In
an attempt to explicitly discriminate between total DNA
and RNA, phase change was investigated. Change in fre-
quency signal phase can be considered as a potent tool
to discriminate the spectral signatures of both total DNA
and RNA (Fig. 5). DNA can be efficiently distinguished
from RNA via phase shift. While DNA demonstrated
phase shift dominates at 0.088 GHz, RNA dominates at
0.106 GHz (Fig. 5). These stage shifts could be attributed
to DNA’s distinct chemical composition and dielectric
features from RNA.
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Impact of HCC tumor on RNA nonlinear polarization
signature

The optoelectronic and dielectric characteristics of RNA
may change along with HCC-related changes. Re-emitted
light radiation at resonance frequencies could provide a
fingerprint sign for chemical composition and physical
characteristics. The nonlinear response of RNA (control)
was investigated to RNA (HCC) for early HCC diagnosis
(Fig. 6).

To counteract the impact of the intensity of polarized
light, normalized signatures (scattered and re-emitted
radiations) were determined (Fig. 7).

The re-emitted signature could be distinguished due
to changes in molecular-electronic configuration and
absorber size in the order of (nm). The resonance fre-
quency for RNA (control) to RNA (HCC) is shown in
Table 4.

Various polarization states produced by various struc-
tural configurations can exhibit variable light attenu-
ation. Table 5 lists the attenuation of the investigated
samples.

(2024) 25:70
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Impact of HCC tumor on RNA frequency changes

and phase differences

To distinguish between RNA (control) and RNA (HCC),
nonlinear signature was processed using a quick Fou-
rier transform. RNA (HCC) demonstrated characteristic
frequency signals at 0.006, 0,014, and 0,022 MHz. These
signals could offer good discrimination between RNA
(HCC) and RNA (control) (Fig. 8).

Phase difference between RNA (control) and RNA
(HCC) was investigated. Whereas RNA (control) domi-
nates at 0.014 and 0.072 MHz, RNA (HCC) dominates
at 0.021 and 0.032 MHz (Fig. 9). Phase shift could offer
good discrimination between RNA (control) and RNA
(HCC). Nonlinear polarization could secure facile HCC
diagnosis.

Ten signal measurements of the DNA (control), RNA
(control), and RNA (HCC) responses were calculated
into a histogram for the frequency distribution. The DNA
(control), RNA (control), and RNA (HCC) all had stand-
ard deviations of 0.164, 0.155, and 0.146, respectively.
The RNA (HCC), DNA (control), and RNA mean values

4000 +
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3000 +

2000 +

1000 -

-1000 -

'
600

1
400 500

—— RNA (Control)
RNA (HCC)
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' ' ' '
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Fig. 6 Scattered and re-emitted radiation light of RNA (control) and RNA (HCC) after being irradiated with laser source at 656 nm
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Fig. 7 Normalized scattered and re-emitted radiation light of RNA (control) and RNA (HCC) after being irradiated with laser source at 656 nm

Table 4 Characteristic light polarization signature of RNA (control) and RNA (HCC)

Sample Rayleigh Re-emitted radiation Re-emitted radiation Re-emitted radiation Re-emitted radiation
scattering (hm)  (2nd harmonic) (nm) (3rd harmonic) (nm) (4th harmonic) (hnm) (5th harmonic) (nm)

RNA (control) 656.0 692.1 738.0 7789 840.2

RNA (HCC) 656.0 686.9 - 784.0 835.1

Table 5 Attenuation of transmitted light polarization (scattered and re-emitted) of RNA (Control) and RNA (HCC)

Sample Rayleigh Re-emitted radiation Re-emitted radiation Re-emitted radiation Re-emitted radiation
Scattering (2nd harmonic) (3rd harmonic) (4th harmonic) (5th harmonic)
(Intensity a.u.) (Intensity) (Intensity) (Intensity) (intensity)

RNA (control) 34727 12084 4179 841.0 850

RNA (HCQ) 3807.2% 1150.1% 527.5% 252.1% 445.6*

are 0.091, 0.08, and 0.123, respectively. We notice that the
mean values shift to right when the patient suffering from
HCC cancer (Fig. 10).

Conclusion and future perspective

Nonlinear polarization secured characteristic signature
of total DNA (control) and RNA (control). Total DNA
demonstrated characteristic resonance frequency that
differs from total RNA at 2nd, 3rd, 4th, 5th harmonic
with different light attenuation. DNA demonstrated

characteristic spectrum frequency response lines start-
ing from 0.0044 to 0.0118 GHz compared with RNA
spectrum lines. While DNA demonstrated a phase shift
dominates at 0.88 GHz, RNA leads at 0.106 GHz. These
characteristic signatures could be employed to moni-
tor any genetic changes related to HCC tumors. RNA
(HCC) demonstrated phase shift at 0.014, 0.021, 0.032,
and 0.072 MHz from RNA (control). This novel modal-
ity could pave the way for facile diagnosis of different
tumors.
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Fig. 10 The calculated histogram for RNA, DNA, and RNA (HCC)
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