
Selective Naked-Eye Detection of Lung Squamous Cell Carcinoma
Mediated by lncRNA SOX2OT Targeted Nanoplasmonic Probe
Nastaran Roknabadi, Yasaman-Sadat Borghei,* Seyedeh Saina Seifezadeh, Bahram M. Soltani,
and Seyed Javad Mowla*

Cite This: ACS Omega 2024, 9, 37205−37212 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The application of nanobiotechnology in biomolecule
detection can provide fast and accurate tests for diagnosing molecular
changing-associated diseases. The use of AuNPs-thiolated probe conjugates
has long been considered as an alternative method for the detection of
specific DNA/RNA targets. Here, we present a colorimetric direct
detection method for the SOX2OT transcript, long noncoding RNAs
(lncRNAs), by using a poly guanine tail (G12) as a template for in situ
synthesis of gold nanoparticles (AuNPs) without any chemical
modification or DNA labeling. We have then developed this proposed
detection system based on two complementary sequences of long
noncoding RNA SOX2OT with an extra strand of poly G12. Using this
method, we were able to differentiate lung squamous cell carcinoma from
adenocarcinoma samples. Based on this disclosure, this invention provides
a simple visual method to detect specific lncRNA sequences without the need for amplifying the target lncRNA and discriminate
squamous cell carcinoma from adenocarcinoma samples. Our invention provides a diagnostic kit to detect RNA by means of direct
detection (PCR-free) of the lncRNA by in situ synthesis of AuNPs based on two probes with an extra strand of poly G12.

1. INTRODUCTION
Lung cancer is among the most frequently diagnosed cancers
and the leading cause of cancer-related mortality worldwide.1

Lung cancer is a very heterogeneous disease that, in terms of
histology, is classified into two main groups: nonsmall cell lung
cancer (NSCLC) and small cell lung cancer (SCLC).
Adenocarcinoma (ADC), squamous cell carcinoma (SCC),
and large-cell lung carcinoma (LCLC) are three types of
NSCLC.2

Optimal treatment for lung cancer patients depends on an
accurate diagnosis. At the moment, the most commonly used
lung cancer diagnostic tools include chest radiography,
computed tomography (CT), bronchoscopy, biopsy, and
sputum cytology.3 To differentiate SCC from ADC, biopsy
cytology and immunohistochemistry (IHC) staining are the
most widely utilized approaches.4 Using these methods, only
15% of lung cancers are detected in their early stages.5 Current
diagnostic tools for lung cancer have a number of shortcomings,
including poor accuracy, low sensitivity, high costs, and invasive
procedures.6 It is therefore urgent to identify sensitive and
specific tools for the early detection of lung cancer.7

The identification of lung cancer biomarkers has been made
possible by recent developments in molecular techniques and
analytical frameworks.8 As our understanding of the molecular
mechanisms and biological roles of lncRNAs in lung cancer has

increased, scientists have turned their attention to using these
molecules as biomarkers for lung cancer diagnosis and
prognosis.
SRY-box transcription factor 2 (SOX2) overlapping transcript

(SOX2OT) is a lncRNA located on the chromosome 3q26.3
locus.9 In recent years, SOX2OT has been extensively
investigated for its role in tumorigenesis. Studies have shown
that SOX2OT is a key regulator of cancer stem cells and plays an
important part in tumor progression, proliferation, invasion,
migration, and growth of cancer cells, as well as suppressing their
apoptosis.10

There are several current methods for evaluating nucleic acid
biomarkers, including next generation sequencing (NGS), real-
time PCR and microarray-based comparative genomic hybrid-
ization (array CGH); despite their remarkable benefits, these
methods are costly, time-consuming, complex, and occasionally
nonspecific.11,12 In this regard, the emergence of practical
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applications of cancer biomarkers is largely attributed to the
development of user-friendly methods for molecular analysis.
Recent advances in the field of nanotechnology have

contributed to the development of novel methods for the
detection of various biomarkers.13−16 Over the past few years,
colorimetric assays based on plasmonic nanoparticles have been
developed. Due to their localized surface plasmon resonance
(LSPR) properties, these NPs serve as an effective tool for
detecting a variety of compounds. For instance, researchers used
DNA-coated AuNPs to determine the presence of mRNA in live
Hydra vulgaris animals. Surprisingly, the AuNPs were not
poisonous to this animal and did not cause death.17

This study reports a visual method for differentiation between
SCC and ADC by using an extra strand of poly G with a “sticky
end” that is complementary to the lncRNA SOX2OT target
sequence. Here, the extra strand of poly G is being used as a
template for in situ formation of AuNPs without any chemical
functionalities. Therefore, in the presence of lncRNA, two
probes are designed in such a way that after hybridization they
are far from each other. We have a localized surface plasmon
resonance (LSPR) band at 530 nm. However, in the absence of
lncRNA, the two probes are dimerized, and a red shift in their
LSPR is observed. So, as shown in Scheme 1, this method
enables the differentiation of SCC patients with high expression
level of lncRNA SOX2OT from ADC patients with a naked-eye
(equipment-free), label-free (cost-effective) and PCR-free (to
speed up) method.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. Chloroauric acid (HAuCl4-

4H2O), NaH2PO4 and HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) were purchased from Sigma-Aldrich.
All chemicals were of analytical grade or of the highest purity
available. Deionized water with a resistivity of >18 MΩ cm was
acquired from a Millipore Milli-Q system. The following
oligonucleotides were synthesized by Pishgam Biotech (Tehran,
Iran): Oligonucleotide samples were purified by PAGE and
prepared with TE buffer (1 M Tris-HCl and 0.5 M EDTA).

• Probe 1 (P1): GGGGGGGGGGGGGTTGGATC-
TCAGAGTTGATTGTTTTC

• Probe 2 (P2): AGACGATAGAAGTCTTAGAAT-
GATGCGGGGGGGGGGGG

• Primer (F): CAGCTGATAACAAGCAAAAG
• Primer (R): CTGGCAAAGCATGAGGAACTATC
2.2. Cell Culture. Calu-6 (Human lung cancer cell line),

KYSE-30 (human esophageal cancer), and HEK293T were
obtained from The National Cell Bank of Iran. KYSE-30 and
HEK293T were cultured in DMEM (gibco, USA) supple-
mented with 10% fetal bovine serum (FBS) (gibco, USA) and
1% penicillin-streptomycin (gibco, USA). Calu-6 cells were
cultured in RPMI (gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (gibco, USA) and 1% penicillin-
streptomycin (gibco, USA). Cells were incubated in 37 °C in
a water-saturated atmosphere with 5% CO2.
2.3. Tissue Samples. Lung tissues were selected from the

Iran National Tumor Bank, founded by the Cancer Institute of
the Tehran University of Medical Sciences. The clinicopatho-
logical information on each patient was obtained as well.
Immediately after being collected from patients, the samples
were frozen in liquid nitrogen and then stored at −80 °C until
they were selected for RNA extraction. The biopsies were
obtained from patients before they consumed any special
medication or underwent chemotherapy. This study was
approved by the Ethics Committee of Tarbiat Modares
University (Number: IR.MODARES.REC.1400.082).
2.4. RNA Extraction and cDNA Synthesis. Total RNA

was extracted from homogenized tissues and cell lines using a
One Step-RNA reagent (BIO BASIC, Canada) according to the
manufacturer’s instructions. The quality and quantity of the
extracted RNA were assessed with the NanoDrop ND-1000
Spectrophotometer (ThermoFisher, USA) and the integrity and
quality of the RNA were also evaluated by gel electrophoresis. In
order to eliminate any possible DNA contamination, DNase
treatment was performed using a DNase I RNase-free kit
(ThermoFisher, USA). The reaction was conducted at 37 °C for
30 min. In order to inactivate the DNase enzyme, a 10 min
incubation with EDTA at 65 °C was performed. 1 μg of total

Scheme 1. View of the Proposed Method in the Detection of ADC and SCC Lung Tumor Samples
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RNA was used to synthesize the first strand of cDNA by the
RevertAid First Strand cDNA Synthesis Kit (ThermoFisher,
USA). The procedure was carried out according to the
instructions provided by the manufacturer.
2.5. Quantitative Real-Time Polymerase Chain Reac-

tion (qRT-PCR). qPCR was performed using a 5× HOT
FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia) in
an Applied Biosystems StepOnePlus Real-Time PCR instru-
ment (Applied Biosystems, USA). A PCR reaction mixture
containing 1.5 μL of cDNA, 2 μL of EvaGreen, 0.5 μL of each
primer (5 μM), and a sufficient amount of dH2O were prepared,
and the thermal cycling was performed under the following
conditions: initiation at 95 °C for 10 min, a total 45 cycles of
denaturation at 95 °C for 15 s, annealing at 57 °C for 20 s, and
extension at 72 °C for 20 s were followed by a melt curve stage.
All reactions were conducted in duplicates. In order to confirm
the accuracy of the PCR amplification, melt curve analysis was
performed, and PCR products were run on a 2% agarose gel and
sequenced as well. The relative expression of SOX2OT was
measured using the 2−ΔΔCT method, and GAPDH mRNA was
used as the reference internal control of this experiment.
2.6. Agarose Gel Electrophoresis Analysis. Agarose gel

(2% v/v) was prepared with 1× TBE buffer. 5 μL of samples
were prepared with loading dye and loaded into a gel. The
electrophoresis was run at 50 mV and for 20 min and visualized
by a UV transilluminator (312 nm).
2.7. PolyG-Mediated Synthesis of DNA−AuNPs. DNA-

AuNPs probes were prepared by mixing 5 μL of oligonucleotide
(100 μM) with 50 μL of HEPES (5 mM) and adding 1 μL of
HAuCl4 (50 mM) to this mixture.

18 The mixture was vortexed
briefly, and the solution changed after a few seconds from gray to
red. The mixtures were incubated at room temperature for 30

min to complete the synthesis process. This procedure was
performed separately for each probe (P1 and P2).
2.8. DNA Hybridization. After the finalization of the

synthesis of Au-NPs on oligonucleotide probes, 25 μL of probe 1
was mixed with 25 μL of probe 2. The mixture was vortexed, and
25 μL of it was added to the reaction solution containing 2000
ng of total RNA. After a 5min incubation at room temperature, 2
μL of NaCl solution (2 mM) was added to them. This mixture
was then denatured at 90 °C for 5 min. Then, during the
annealing process, the temperature is slowly decreased to room
temperature to form DNA hybridizations.
2.9. Bioinformatics Analysis and Plotting ROC Curve.

The in-silico analysis of SOX2OT expression in lung tumors was
performed using the online tool FireBrowse (http://firebrowse.
org/). This web site provides a differential gene expression
analysis on TCGA data. The statistical analysis was conducted
using GraphPad Prism 8.4.0 software. Unpaired t test was used
in order to determine the significance of the differences between
two groups. One-way ANOVA was chosen as the statistical test
to compare more than two groups. Statistical significance was
defined as a P-value of <0.05. In order to assess the sensitivity
and specificity of SOX2OT for discriminating between SCC and
ADC samples, a receiver operating characteristic (ROC) curve
analysis was performed.

3. RESULTS AND DISCUSSION
3.1. Probe Design and Characterization of Synthe-

sized DNA-AuNPs. The main challenge in this method is
designing two DNA probes with a high specificity for the
SOX2OT lncRNA sequence. To this aim, SOX2OT RNA
sequence was obtained from NCBI, and the junction site was
chosen to avoid possible hybridization with nonspecific DNA
targets. As shown in Figure 1A, the forward probe was designed

Figure 1. (A) Schematic presentation of the SOX2OT gene and its transcripts. The designed probes (P1, P2) and lncRNA target sites are indicated by
arrows. (B) Schematics of AuNP formation using an extra strand of poly G12 of two probes. (C) Their absorption spectra and their photos under
visible light. TEM images of the synthesized AuNPs using P1 (D), P2 (E), and without any oligonucletide (H). (F) Agarose gel electerophoresis image
of (lane 1) the DNA probe alone as a control and (lane 2) DNA probe@AuNPs. The first line from left to right is DNA (probe)@AuNPs and the
second line is the DNA (probe) alone sample. (G) DLS analysis on the basis of the number distribution of synthesized DNA(probe)-AuNPs.
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in the junction region of exons 9 and 10, and the reverse probe
was designed on exon 10. In order to synthesize AuNPs on two
designed probes, a ploy G12 sequence was added to the 5′ end of
each probe as a DNA capping. In this process, two probes (P1
and P2) were mixed in HAuCl4 and HEPES at three different
reactions (one in the absence of any sequence, as a control;
Figure 1B). After a few seconds, the color of the samples
changed from colorless to red (except the control sample), and
they were imaged under visible light as shown in Figure 1C
(inset). In addition, their LSPR band was characterized by UV−
vis spectroscopy (400 nm-700 nm). The absorption spectra of
two DNA probes, P1 and P2, were recorded at around 530 nm,
which are characteristics of the formed AuNPs (Figure 1C). As
shown in the TEM analysis (Figure 1D, E), spherical and
anisotropic AuNPs structures synthesized by P1 and P2 can be
easily seen. It appears that poly G sequences at the 5′ end of each
probe act as a scaffold for the synthesis of AuNPs. In addition, as
shown in Figure 1G, DLS results give the size distribution of
synthesized gold nanoparticles on the DNA scaffold.
As shown in Figure 1F, the agarose gel can be used to confirm

the attachment of the aptamer to the AuNPs. For this purpose, in
one lane, the aptamer was loaded after the synthesis of AuNPs,
and in the other lane, the aptamer was loaded at the same
concentration before the synthesis of AuNPs (aptamer alone).
As you can see in the figure, the ruby color of AuNP can be seen
with the naked eye and under visible light, but under UV light,
two lanes can be compared both in terms of brightness and
retardation. The brightness difference between the two lines
indicates the concentration of aptamer involved in the AuNPs
formation, so the brightness has decreased after synthesis. On
the other hand, since the aptamer@AuNP complex is bigger
than a naked aptamer, so the bands move at a different speed in
the gel.

3.2. Differential Expression Levels of lncRNA SOX2OT
in AC and SCC Samples. To investigate SOX2OT as a
potential biomarker to classify AC from SCC, first, the quality of
RNA total extracting was checked. The total RNA was run on a
gel, and two intensive bands (28S and 18S rRNA bands) were
observed against a light smear. As you see in Figure 2A, when the
brightness of 28S band is twice that of 18S rRNA, it means that
the extraction has been done completely and correctly. After
that, a qRT-PCR method was used to study the expression
profiles of the lncRNAs SOX2OT in ADC and SCC lung tumor
samples and different cell lines (Calu-6, KYSE-30, and
HEK293T). For this purpose, designed primers were employed
to amplify fragments with a 217 bp length. The PCR products
for ADC and SCC samples were run on agarose gel
electrophoresis and as shown in Figure 2B, the line for the
ADC sample has a very low expression of RNA, and the SCC
sample, has higher levels of the target lncRNA SOX2OT with
the sharp band. In addition, the results revealed that there is a
significant difference (P = 0.0006) between ADC and SCC
tumor samples and between KYSE-30 and HEK293T (P =
0.0085) in the SOX2OT expression level, and its expression
level was significantly higher in the SCC samples than in the
adenoma samples (Figure 2C) and also in KYSE cell lines than
in the HEK293T (Figure 2D).
In order to verify the specificity of this method, we used the

SOX2OT PCR product of SCC and ADC samples, and their
SOX2OT expression levels were verified using both gel
electrophoresis (Figure 2B) and qPCR (Figure 2E). For this
purpose, after addition of P1 and P2 @AuNPs to each of the
SCC and ADC PCR product solutions, the sample containing
SOX2OT fragments (SCC) turned red, while the ADC sample
turned purple (Figure 2F,G). These results indicated that
proposed method works specifically.

Figure 2. (A) Intact total RNA run on a gel will have sharp 28S and 18S rRNA bands. (B) PCR products for ADC and SCC samples run on agarose gel
electrophoresis. (C) qRT-PCR analysis the expression levels of SOX2OT in four different SCC, non-SCC, ADC and Non-ADC samples and (D) in
three cell lines. (E) Quantitative analysis of SOX2OT in two SCC and ADC samples. (F) UV−vis spectra of PCR product of both SCC and ADC
samples. (G) The inset photograph displays them under visible light.
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3.3. Analytical Performance. In this work, we investigated
the possibility of lncRNA detection using unmodified AuNPs as
a colorimetric reporter. Assuming that after hybridizing the
probes (P1 and P2) with lncRNAs, two probes remain stable at a

distance that is larger than the radius of the nanoparticle (d > r),

while in the absence of a target and also due to being polyvalent,

they tend to hybridize with each other more. The characteristic

Figure 3. (A) UV−vis spectra of cell lines (KYSE-30, Calu-6, and HEK293). (B) The inset photograph displays them under visible light. TEM images
of the reaction mixture with RNA extraction from (C) KYSE-30 and (D) Calu-6 cells. (E) UV−vis spectra of ADC and SCC samples. (F) The inset
photograph displays them under visible light. TEM images of the reaction mixture with RNA extraction from (G) SCC and (H) ADC samples.

Figure 4. (A) UV−vis spectra of 5 AC and 5 SCC samples. (B) The inset photograph displays them under visible light. (C) Absorbance of the reaction
mixture for 10 lung tumor tissue samples (5 AC and 5 SCC samples) at 660 nm. The patient samples were initially tested using a gold standard qRT-
PCR kit, and the results were plotted against our proposed signals. The horizontal threshold line indicates the minimum absorbance at 660 nm to
indicate that the samples are ADC by the proposed method. The vertical threshold line indicates that the maximum Ct number is about 44 to indicate
that the sample is an SCC. (D) The ROC curve analysis for SOX2OT expression levels discriminating between SCC and AC patients determined a
good degree of specificity and sensitivity.
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LSPR peak of AuNPs at 530 nm shifts to a longer wavelength in
the absence of lncRNAs, with a color change from red to purple.
This hypothesis was tested with cell lines and two types of

human lung cancer samples: the adenoma sample, which
according to previous reports19−21 and our qRT-PCR results has
a very low expression of RNA, and the SCC sample, which has
higher levels of the target lncRNA SOX2OT. By adding two
specific DNA probes (P1@AuNPs and P2@AuNPs) and
forming a heteroduplex with the lncRNA SOX2OT in the
SCC and KYSE samples, the LSPR bands were recorded at 530
nm (Figure 3). In samples containing lower levels of lncRNA
(ADC and HEK293T), the absorption peak shifts to longer
wavelengths, and the color changes to purple.
In addition, the aggregation of AuNPs was determined

through TEM images, which show that two DNA probes are at
longer distances in the presence of samples with a high level of
lncRNA SOX2OT, while in the presence of samples containing
small amounts of target are strongly aggregated.
Moreover, the performance of this method was evaluated

directly on extracted RNA from ADC and SCC lung cancer
samples. As shown in Figure 4A, the difference in LSPR peak was
recorded in the presence of SCC with a high level of the target
lncRNA SOX2OT (Ct no. < 44) and ADC with a very low
expression of RNA (Ct no. > 44) samples. The characteristic
LSPR peak of AuNPs at 530 nm shifts to longer wavelength at
>550 nm in the presence of ADC samples, with a color change
from red to purple.
As shown in Figure 4C, the samples were initially tested using

qRT-PCR for lncRNA SOX2OT, and the results were plotted
against our LSPR signals at 660 nm. The color difference
between the ADC and SCC samples is clearly seen (Figure 4B).
These results show that a DNA probe with high specificity and
selectivity has been able to hybridize to target, lncRNA
SOX2OT, in such a complex solution.
In Table 1, we compared the performance of this colorimetric

method with the previously reported methods for detection of
long noncoding RNAs.22−30,30

3.4. The Specificity and Sensitivity of the Expression
Levels of lncRNA SOX2OT in Discriminating AC and SCC
LungTumor Samples.The qPCRROC curve analysis (Figure
4D) was employed to investigate the potential suitability of the
expression levels of the lncRNA SOX2OT spliced transcript to
discriminate between ADC and SCC lung cancer samples. Our
ROC curve data with an area under the curve (AUC) of 0.836
demonstrated that lncRNA SOX2OT can be a suitable biomarker
to classify two lung tumor types with high sensitivity and
specificity.

4. CONCLUSION
The present study is based on a user-friendly method to detect
and distinguish SCC from ADC samples. The biggest challenge
with this method is the design of specific probes. After that, two
selected probes were designed with an additional G12 tail to act
as a scaffold for the in situ synthesis of AuNPs. After the
formation of P1@AuNPs and P2@AuNPs, they were used for
visible colorimetric sensing of long noncoding RNA SOX2OT
due to the different LSPR bands without the requirement of any
amplification (RT-PCR) process. The applicability of this
approach can be generalized to other lncRNAs only by
redesigning two specific probes to selectively target various
diseases.
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