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ABSTRACT: Recent progress in the field of nanophotonics has opened up novel ..
avenues for developing nanomaterial-based biosensing systems, which can detect
various disease-specific biomarkers, including long noncoding RNAs (IncRNAs)
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known to circulate in biological fluids. Herein, we designed and developed a auantumdors Conjugate

nanophotonic approach for rapid and specific capture of IncRNAs using
oligonucleotide-conjugated graphene quantum-dot-nanoconjugates. The method
offers accurate identification of the target IncRNAs with high selectivity, despite
the presence of other molecules in the given sample. The observations also pointed
toward the high feasibility and simplicity of the method in the selective determination
of IncRNAs. Overall, the approach has the potential of assessing IncRNA expression

as a function of disease initiation and progression.

B INTRODUCTION

Nanophotonics permits the development of cutting-edge
nanotechnologies, which are precise, sensitive, and rapid in
disease diagnosis, prognosis, and therapeutic intervention. The
use of nanoparticles (NPs) with exceptional properties such as
stability, high quantum yield, and sensibility offers the
manipulation of light even outside the diffraction limit,
where photons can sturdily pair with either plasmons or
phonons." This has also opened up the possibilities to develop
novel nanoframework-based point-of-care assays that are
capable of performing multiplexing and identifying the
disease-specific biomarkers even at trace levels. In this regard,
the flexible surface characteristics and optical merits of carbon-
based quantum dots, particularly graphene quantum dots
(GQDs), have proved to be superior. The GQDs are zero-
dimensional in nature and comprise small sheets of graphene
with lateral sizes of less than 10 nm.”’ Thus, apart from the
properties of graphene, these NPs also exhibit amazing
physicochemical properties that include a quantum confine-
ment effect, edge effects, and a nonzero band gap.476 In
comparison to QDs and other metallic NPs, GQDs offer
steady fluorescence properties, improved biocompatibility, and
minimal toxicity and thus are considered superior for various
biological applications.”® The other remarkable optoelectric
features of GQDs, such as the excitation-dependent photo-
luminescence emission, transfer and redox of photo-induced
electrons, and size-tunable optical characteristics, further allow
flexibility in the selection of the desired wavelength with
minimal spectral overlapping. This has also widened the use of
these NPs for various multiplexed, highthroughput diagnostic
applications.” "'
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Moreover, recent advances in the field strongly indicate that
combining these fluorescence-based nanophotonic approaches
with transcriptomics may act as a breakthrough element in
point-of-care diagnostics. This combinatorial approach can
provide a detailed idea of the alterations in the ongoing
biological processes, a major cause of the development and
progression of various noncommunicable diseases. The
circulating transcriptome serves as an important source of
various circulating biomarkers, which precisely include differ-
ent classes of RNA (both noncoding and coding).'” Among
the myriad of circulating RNA molecules (ncRNAs) found in
biological fluids, long noncoding RNA molecules (IncRNAs)
has gathered significant attention as promising biomarkers.
Owing to their interaction with other nucleic acids, these
biomolecules serve as flexible molecular scaffolds for the
recruitment of vital transcription factors and act as the crucial
regulators of ongoing cellular processes. The disturbances in
the given set of the IncRNA profile can reflect the possibilities
of the onset of a disease.>'* Therefore, in the present work,
we designed and developed a simplified, pragmatic, and reliable
GQD-based nanophotonic approach for rapid and specific
characterization of circulating IncRNAs directly in intricate
biological samples.
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B MATERIALS AND METHODS

Isolation and Differential Expression Analysis of
IncRNAs. The isolation of circulating cell-free RNAs (ccf-
RNAs) was performed by using QIAamp circulating nucleic
acid isolation kit (Qiagen, Hilden, Germany) as per the
suggested manufacturer’s instructions. After quantification of
the eluted ccf-RNAs, cDNA was prepared by using the
PrimeScript 1st strand cDNA synthesis kit from Takara Bio
Inc. (Shiga, Japan). Thus, prepared cDNAs were ligated with
appropriate primers (a plex of 11 IncRNAs, as mentioned in
Table 1) procured from Integrated DNA Technologies,

Table 1. Primers and Uracil-Modified Oligonucleotide
Sequences Used for Profiling of IncRNAs
oligonucleotides
and primers used

in the present
work sequence (5'—3')

Primer Sequences

DLX6-AS1-F AGTTTCTCTCTAGATTGCCTT
DLX6-AS1-R ATTGACATGTTAGTGCCCTT
UCAI-F ACGCTAACTGGCACCTTGTT
UCAI-R TGGGGATTACTGGGGTAGGG
PVT1-F CCCATTACGATTTCATCTC
PVT1-R GTTCGTACTCATCTTATTCAA
HPRT1-F AGCCTAAGATGAGAGTTC
HPRT1-R CACAGAACTAGAACATTGATA
HOTAIR-F CAGTGGGGAACTCTGACTCG
HOTAIR-R GTGCCTGGTGCTCTCTTACC
SOX20T-F CCTCGTGGCTTAGGAGATTG
SOX20T-R CTGGCAAAGCATGAGGAACT
GAS-S-F TATGGTGCTGGGTGCGGAT
GAS-5-R CCAATGGCTTGAGTTAGGCTT
H-19-F ATCGGTGCCTCAGCGTTCGG
H-19-R CTGTCCTCGCCGTCACACCG
PICART1-F AGGCAGCTACTGTAATAAT
PICARTI1-R GTACCCTGGGCCTTTCTTAC
CHRE-F AGATTCACATGGTATCCTGAAC
CHRF-R TAGTCTGGCCACATTTTGTCTC
SNHGI-F AGGCTGAAGTTACAGGTC
SNHGI-R TTGGCTCCCAGTGTCTTA

Uracil-Modified Oligonucleotide Sequence
DLX6-AS1 AGUUUCUCUCUAGAUUGCCUUCUUCAUUUU
GAS-5 UAUGGUGCUGGGUGCGGAUGCAGUGUGGCU
HOTAIR GUGCCUGGUGCUCUCUUACCCUGUGUUUUC
SNHG-1 AGGCUGAAGUUACAGGUCUGAGCAAAUAAG

Coralville, Iowa, USA, for expression analysis. The assay was
performed by using the qPCR master mix (Luna universal
gqPCR master mix, New England Biolabs, Ipswich, Massachu-
setts, USA) and suitable thermal cycling conditions (30 °C for
10 min, 42 °C for 60 min, 70 °C for 15 min) in Insta Q96
Real-Time PCR (Himedia Laboratories, Mumbai, MH, India).
The obtained Ct values were analyzed to assess the expression
patterns.

Preparation and Evaluation of Biotinylated Oligonu-
cleotide Probes. The target IncRNA complementary uracil-
modified oligonucleotide probes (DLX6, HOT-AIR, GAS-S,
and SNHG1) were purchased from Integrated DNA
Technologies (Coralville, Iowa, USA). The probes were
attached with a biotin molecule at the 3’-position using the
Pierce 3'-end biotinylation kit purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Concisely, uracil-modified

oligonucleotides probes (50 pmol) were incubated for S min at
85 °C. After incubation, the probes were immediately cooled
and mixed with the recommended volumes of 10X RNA
ligation buffer, biotinylated cytidine (Bis) phosphate, RNase
inhibitor, T4 RNA Ligase enzyme, and 30% PEG. The mixture
was incubated overnight at 4 °C. Subsequently, to remove
RNA ligase, nuclease-free water (NFW) followed by the
chloroform/isoamyl alcohol (in 24:1 ratio) was added,
vortexed, and centrifuged at high-speed. The obtained aqueous
layer, ice-cold 100% ethanol, glycogen, and 5 M NaCl were
mixed and incubated at —20 °C (1 h) for precipitation. After
centrifugation, the pellet was carefully separated and washed
with 70% ethanol. The obtained pellet was allowed to air-dry,
resuspended in NFW (20 uL), and stored at —80 °C. The
biotin molecule attached at the 3’-end of the oligonucleotide
probe was confirmed by using a gel electrophoretic mobility
assay. Briefly, the nonbiotinylated RNA samples and
biotinylated oligonucleotide probes were mixed with 6X gel
loading dye (HiMedia Laboratories, Mumbai, MH, India), 2
uL of SYBR Safe (Thermo Fisher Scientific, Waltham, MA,
USA), and MOPS buffer, followed by loading in 1.2% agarose
gel. The gel was subjected to 70 V electrophoretic conditions
for 20 min in MOPS buffer, and the mobility was analyzed
using a Gel Doc XR+ molecular imager (Bio-Rad, Hercules,
California, USA).

Preparation of the Streptavidin-Tethered GQD-
Biotinylated Oligonucleotide Nanohybrid. The GQDs
were purchased from Merck KGaA, Darmstadt, Germany.
Prior to the nanohybrid preparation, GQDs were activated and
attached with streptavidin using carbodiimide chemistry. The
characterization of GQDs was performed by using Fourier
transform infrared spectroscopy (Bruker Tensor-27 FTIR,
Billerica, Massachusetts, US). For the activation, 50 uL of
GQDs (0.5 M solution) were mixed with 50 uL of EDC (1
mg/mL solution) and SO yL of NHS (1 mg/mL solution) in
250 pL 1x PBS. The mixture was incubated at room
temperature (RT) for 25 min. This was subsequently followed
by the addition of 0.1 ug of streptavidin and incubation for 15
min at RT. Following the incubation, a second aliquot of 50 uL
of EDC and 50 uL of NHS was added to the tube containing
the conjugate to increase the conjugation efficiency of the
amine-carboxyl coupling reaction for 15 min at RT with
stirring. The free GQDs were separated from streptavidin-
coated GQDs by centrifugation at 6000 rpm for 1S min. After
the supernatant removal, the pelleted streptavidin-coated GQD
conjugates were stored at 4 °C until further use.

Following the attachment of streptavidin to the surface of
GQDs, previously biotinylated oligonucleotides probes were
conjugated using streptavidin—biotin coupling chemistry for
the detection of target IncRNAs in each sample. For the
conjugation reaction, streptavidin-tethered GQDs were added
to 100 uL of 1X PBS (pH 7.4), vortexed, and mixed with the
biotinylated probes in a ratio of 3:1, 1:1, and 1:3. The reaction
mixture was then subjected to vortexing (1 h) at RT and
incubated overnight at 4 °C. The biotinylated probes attached
to the streptavidin moiety of GQDs would assist in the precise
recognition of target IncRNAs in given samples. An electro-
phoretic mobility shift assay using was performed to confirm
the conjugation between the oligonucleotide probes and
GQDs. Briefly, the unconjugated GQDs and prepared
nanohybrid (each 10 uL) were mixed with 1X TAE buffer
and 2 uL of 6X gel loading dye and loaded in separate lanes of
agarose gel (1%). The electrophoretic mobility was assessed at
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70 V for 20 min in 1X TAE buffer, and the differential
migration was analyzed by using Gel DocTM XR+ molecular
imager (Bio-Rad, Hercules, California, USA). For the analysis
of change in the fluorescence of GQD on attachment with
streptavidin, 10 uL of unconjugated GQD and GQD-probe
were analyzed by flow cytometry (Attune Nxt Flow Cytometer,
Thermo Fisher, Massachusetts, USA) and fluorometry (Spark
multimode microplate reader, TECAN, Seestrasse 103,
Minnedorf, Switzerland).

Targeted Detection of IncRNAs in Given Samples.
The targeted detection of the IncRNAs by the developed
nanohybrid structures was determined by flow cytometry
(Attune Nxt Flow Cytometer, Thermo Fisher, Massachusetts,
USA), followed by fluorometric confirmation using a Spark
multimode microplate reader (TECAN, Seestrasse 103,
Mannedorf, Switzerland). The flow cytometric examination
was performed for the assessment of the capability of detection
of IncRNAs of interest by the developed nanohybrid structures
in plasma samples. For the analysis, two sets of plasma samples
(250 L), one subjected to high-speed centrifugation (samples
S1 and S2) and one set of samples (S3 and S4) subjected to
filtration with 0.45yu filters, were added to 30 uL of GQD-
biotin probe nanohybrid solution and 20 pL of propidium
iodide (PI). The mixture was incubated for 3—5 min in ice-
cold conditions, and evaluation was done in the BL2-H
channel. Furthermore, we assessed the prepared nano-
conjugates for the accurate determination of target IncRNAs
(PICART, DLX6, SNHG, GasS, H19, and SOX20T) in isolated
samples using fluorometry. For the analysis, 10 uL of
nanoconjugates with PI was added to IncRNA samples, and
readings were recorded. All the measurements were recorded
at different concentrations (1X and 5X) in triplicate sets.

Specificity Assessment of the Nanoconjugates. The
prepared conjugates were tested for their specificity to
precisely identify the target IncRNA in a pool of mixed
IncRNA species amplicons. For the specificity investigation,
different IncRNA amplicons were pooled together. This pooled
sample (1 L) was mixed with 10 uL of nanoconjugates and
analyzed by flow cytometry.

Applicability of the Method Using Biological Sam-
ples. The developed assay system was further evaluated to
determine its applicability as a routine analytical procedure in
intricate biological samples such as native plasma. This is
essential to demonstrate the adaptability and practicality of the
assay system for real-time and rapid diagnostic applications.
The recognition of the IncRNAs in isolated plasma samples
was quantitatively confirmed using fluorometry. For the
investigation, 10 uL of GQD-probe with plasma samples and
a nucleobase intercalating dye PI (10 uL) that result in the
generation of a GQD-probe: ccf-RNAs: PI nanoarchitecture
was evaluated with respect to the GQD-probe in NFW for the
determination of fluorescence intensity measurements.

B RESULTS AND DISCUSSION

With the advent of the nanophotonic-based fluorescence
methodologies, combinatorial approaches that involve fluo-
rescently tagged oligonucleotide probes to target circulating
biomolecules have attracted great attention. > '® In the
present study, we designed a system to detect circulating
IncRNAs directly in the biological fluids using fluorescent
semiconducting NPs. The method is simple to use and omits
the requirement of additional sample processing and RNA
isolation procedures. It mainly involves the conjugation of

biotinylated probes with streptavidin-labeled GQDs that
exhibit specificity toward the target molecule of interest,
irrespective of the presence of other molecules. The
combination of the high selectivity of biotinylated oligonucleo-
tides probes with the optical attributes of the streptavidin-
conjugated GQDs offers a precise nanohybrid-based approach
for the detection of IncRNAs (Figure 1).

Figure 1. Diagrammatic representation of the developed GQD-based
assay for the selective detection of circulating IncRNAs in a given
sample.

The IncRNAs are important regulatory RNA transcripts,
known to circulate in different bodily fluids at differential levels
in diseased and normal conditions."”™*" As IncRNAs can
potentially serve as a diagnostic biomarker, rapid screening of
these circulating biomolecules has a remarkable clinical
importance. Owing to this, we developed a simplified
nanophotonic approach for the rapid, sensitive, and specific
detection of IncRNAs. Initially, we screened a panel of
IncRNAs that have a profound role in several developmental
and pathological processes (Figures 2, S1). The graph depicts
the differential expression of panel of 11 IncRNAs, among
which the highly expressive IncRNAs (such as HOTAIR and
SNHGI) and IncRNAs with low expression patterns (DLX6
and GAS-S) were selected for the study. Following the
selection of target molecules, a nanohybrid comprising
streptavidin-coated GQDs and biotinylated oligonucleotide
probes possessing sequence complementarity to the molecules
of interest was prepared. The GQDs were used as they exhibit
excellent optical properties, high quantum yield, and stability,
which make them ideal candidates for such applications.
Owing to the quantum confinement and edge effect among
GQDs, these NPs possess rapid electron transport, which
further boosts their use as a sensing material. In the present
study, the FTIR spectrum of GQDs revealed —OH stretching
vibrations at 3415 cm™!, C=C alkene stretching at 1591 cm™’,
CH, and CHj, bending at 1433 cm™', and C—O of carboxylic
group stretching at 1269 cm™' (Figure 3).

Furthermore, prior to the fabrication of the nanohybrid, the
uracil-modified oligonucleotide probes were attached with
biotin molecules at the 3’-end that provided a strong binding
affinity for the streptavidin molecule. The biotinylation was
confirmed by using the electrophoretic mobility shift assay,
which showed constrained mobility of the biotinylated probes
in comparison to the nonbiotinylated probes (Figure 4). This
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Figure 3. Figure showing GQD characterization performed through FTIR spectroscopy.

2000

restriction in mobility is due to an increase in the size and
protein content upon attachment of a biotin molecule at the
3’-end of the oligonucleotide probes. The biotinylated probes
were then attached to the streptavidin—conju§ated GQDs using
the streptavidin—biotin coupling chemistry.””** Upon evalua-
tion, we observed that the hybridization of the biotinylated
probes with the streptavidin-conjugated GQDs results in a
decrease in the fluorescence intensity of the GQDs (Figure

Sa,b). This decrease in the fluorescence intensity is due to the
phenomena of “blueshift” in the fluorescence of QDs. Since
GQDs exhibit a quantum confinement effect, the attachment

of streptavidin, a protein, has a potential influence on the size
or the inner effectual coupling length or the sp> domain size in
the carbon cores, leading to a dramatic alteration in the
confined wavelength and emission wavelength. Alteration in
the electronic quantum-confined effects caused due to
reduction of the effective GQD size upon conjugation with
streptavidin, owing to energy gap alteration in the s-electron
system of the carbon cores, might also result in the “blue” shift

of fluorescence. The conjugation of proteins to the external

GQD surface significantly changes the energy balance, which
results in the generation of van der Waals forces. The
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Figure 4. Gel electrophoretic mobility assay of the unconjugated
GQDs, GQDs conjugated with streptavidin (GQD-St), and GQD-
streptavidin-biotinylated probe nanohybrid (GQD-St.-Pr.), as ob-
served in the gel imager.

additional charge forms a blocking electric field, leading to
compression of the effective volume of QDs, which further
increases upon attachment of biotinylated probes, as a result of
which a variation in the emission light is observed.**™>°

The system was further subjected to the assessment of the
capability of selective detection of the molecules of interest in
intricate plasma samples using flow cytometry. For the analysis,
the nanohybrid solution comprising the GQD-biotinylated
probes nanohybrid was incubated with plasma samples. The
two sets of samples were prepared to obtain plasma devoid of
any large extracellular vesicles, such as microvesicles, apoptotic,
and necrotic bodies, that might influence the analysis
procedure. The oligonucleotide probes in the nanohybrid
framework possess sequence complementary to the target
IncRNA molecules, allowing selective and precise binding with
high specificity. In comparison to the unbound nanohybrids,
the precise hybridization of the target IncRNAs resulted in a
decrease in the fluorescence intensity of the IncRNA-bound
nanohybrids (Figure 6a). However, as depicted in Figures 6b
and 7, an increase in the fluorescence intensity of PI was
observed, which can be correlated with the expression patterns
or the circulating levels of IncRNAs. Moreover, an increase in
the circulating levels should result in the increased formation
of the nanohybrid:IncRNA complex and detection with the
nanohybrid system. To assess this, the prepared nano-
conjugates were added with two different concentrations of

the IncRNA sample from 1X to 5X. The attachment resulting
in the formation of the nanohybrid:IncRNA complex was
determined as a function of the increase in fluorescence at
higher concentrations using fluorometry. The green-red dual-
fluorescent characteristics owing to PI and the GQDs were
separately determined at two different wavelengths. An
increase in the fluorescence was observed at a S5X
concentration similar to that of PI, indicating the selectivity
and sensitivity of the approach (Figure 8). In the specificity
assay, upon addition of the mixed IncRNA amplicon pool
(lacking the target IncRNA amplicon), no signals were
observed. This absence of cross-reactivity among the probe
and other IncRNAs confirmed the specificity of the developed
nanohybrid toward its target IncRNA (Figure 9).

We further assessed the capability of the method to identify
the target IncRNAs in the given biological samples. As depicted
in Figure 10, a decrease in the fluorescence intensity of the
nanohybrid was observed upon hybridization of the IncRNAs
with the respective oligonucleotides in the nanohybrid
structure. While a significant increment in the fluorescence
intensity of PI was reflected upon attachment of the IncRNAs
with the nanohybrid, which allowed efficient intercalation of PI
in the double helical structure of the oligonucleotide probe:
IncRNA in the nanoframework. The fluorometric measure-
ments displayed a similar pattern of alteration in the RFU of
both the nanoconjugates and PI, as demonstrated in the
cytometric analysis, conferring the applicability of the approach
as a routine analytical method for the detection of the IncRNAs
in control and experimental settings.

B CONCLUSIONS

The present research utilizes the exceptional photonic
attributes of GQDs for the development of a simplified and
rapid fluorescence-based approach for the precise recognition
of circulating IncRNAs directly in a given clinical sample. The
method efficiently performs the detection of target IncRNAs by
sequence-specific biotinylated oligonucleotide probes conju-
gated to streptavidin-labeled GQDs. Overall, our results
demonstrated that the developed assay system offers a rapid
and feasible approach for the real-time analysis of IncRNAs in
biological samples.
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Figure S. Graphs illustrating the comparison of the fluorescent measurements of GQD and GQD-streptavidin by (a) flow cytometry and (b)

fluorometry. The values are shown as mean + SE.
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Figure 6. Graph showing the change in the fluorescence intensity of the GQD—probe nanohybrids upon the precise hybridization of the target
IncRNAs. (a) GQD fluorescence (b) PI The values are observed by flow cytometry and expressed in terms of mean + SE (n = 3) for GQD alone,
GQD-probe nanoconjugate, and GQD-probe nanoconjugate with different IncRNAs (GASS, DLX, HOTAIR, and SNHG).
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Figure 7. Representative image demonstrating the detection of IncRNAs using GQD—streptavidin-biotinylated probe nanohybrid and PI observed
through fluorescent microscopy (upper panel) and flow cytometry (lower panel). The GQD-C: GQD-probe nanoconjugate and GQD-C: GQD-
probe nanoconjugate with IncRNAs along with overlay images are shown.

B TRANSLATIONAL PERSPECTIVES

In the modern scientific era of innovations, medical science is
rapidly gravitating toward the nanoscale for making large-scale
breakthroughs in disease management. Continuous attempts in
this direction are being made to improve clinical precision,
which includes the development of novel point-of-care tests for
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well-timed medical decisions in various life-threatening
diseases. With exceptional features, the novel nanoframework
systems can allow fast, precise, responsive, consistent, and cost-
effective point-of-care detection of target bioanalytes, including
circulating IncRNAs. As these biomolecules can act as a
biomarker for various noncommunicable diseases, the develop-
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Figure 9. Representative image showing the detection of IncRNAs using GQD-streptavidin-biotinylated probe nanohybrid. Histogram analysis of
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SNHG) and (b) GQD: GQD-probe nanoconjugate and GQD: GQD-probe nanoconjugate (DLX) with mixed IncRNA amplicons (GASS,

HOTAIR, and SNHG) is shown.

ment of a rapid and sensitive POC approach can assist in early
disease diagnosis and therapeutic intervention. The GQDs,
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with their attributes superior to typical conventional
fluorophores, have emerged as new players in high-perform-
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Figure 10. Graphs demonstrating the comparison of the ability of the GQD-streptavidin-biotinylated probe nanohybrid in the detection of
IncRNAs of interest with respect to unconjugated GQDs and GQD-probe nanohybrids. The values are observed by fluorometry and expressed as

mean + SE (n = 3) for both GQD and PL

ance multiplexed diagnostic applications. The GQD-based
nanophotonic approach discussed herein is a feasible approach
for the real-time characterization of IncRNAs in clinical
settings and has a high translational value for the identification
of altered biological processes. It is capable of performing rapid
IncRNA detection that can help in taking timely decisions
related to therapeutic intervention and patient monitoring. The
approach has the potential to fulfill the features based on
affordability, usability, sensitivity and selectivity, fast reaction
time and robustness, and equipment-free and patient-specific
delivery (ASSURED) and may contribute to patient-centered
healthcare. Of course, after appropriate validation in the
clinical setting, such POCT-based strategies are likely to
expand significantly in the next decade.
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