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ABSTRACT: Circulating oncomiRs are highly stable diagnostic,
prognostic, and therapeutic tumor biomarkers, which can reflect the
status of the disease and response to cancer therapy. miR-141 is an
oncomiR, which is overexpressed in advanced prostate cancer patients,
whereas its expression is at the normal levels in the early stages of the
disease. On the other hand, miR-21 is significantly elevated in the early
stage, but not in the advanced prostate cancer. Here, we have
demonstrated simultaneous detection of exogenous miR-21 and miR-
141 from human body fluids including blood, urine and saliva using
nanographene oxide. Our system enables us to specifically and reliably
detect each oncomiR at different fluorescence emission channels from a
large population of RNAs extracted from body fluids. We were also able
to determine the content and the ratio of the miR-21 and miR-141 in 10
different miRNA cocktails composed of various, but unknown,
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concentrations of both oncomiRs. A strong agreement (around 90%) between the experimental results and the actual
miRNA compositions was observed. Moreover, we have demonstrated that overexpressed miR-21 or miR-141 increases the
fluorescence only at their signature wavelengths of 520 and 670 nm, respectively. The approach in this study combines two
emerging fields of nanographene in biomedicine and the role of circulating miRNAs in cancer. Our strategy has the potential to
address the current challenges in diagnosis, prognosis and staging of prostate cancer with a non- or minimally invasive approach.
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MicroRNAs (miRNAs) are small noncoding RNA
molecules that regulate gene expression at the post-
transcriptional level by repressing or degrading mRNAs. They
are involved in the regulation of many biological processes
including the cell cycle, differentiation, development and
metabolism.! However, the role of miRNAs in human diseases
such as diabetes, neurodegenerative disorders, and cancer also
has been clearly demonstrated.”® The expression of several
miRNAs is dysregulated in cancer by a variety of mechanisms.”
These miRNAs are referred to as oncomiRs. Studies have
shown that oncomiRs are involved in the initiation, progression
and metastasis of cancer, which makes them potential clinical
targets for the diagnosis, prognosis, and treatment of cancer.>®

OncomiRs have been isolated from tumor tissues and most
of the body fluids including blood, urine, saliva, tears, semen
and breast milk and are highly stable in the circulation
system.”® Many studies have demonstrated that circulating
miRNAs remain stable after being subjected to severe settings
that would normally degrade RNAs,*® such as boiling, low or
high pH levels, extended storage, and freeze—thaw cycles,
which makes circulating oncomiRs highly stable attractive
diagnostic tumor biomarkers. It has been shown that tumor
cells release miRNAs into circulation and the expression levels
of miRNAs in the body fluids of patients with cancer are altered
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significantly.® Moreover, circulating oncomiRs have the
potential to reflect the status of the cancer.'® For instance,
the expression of a number of miRNAs in the serum of healthy
men and patients with prostate cancer differed remarkably.
miR-141 has been found highly elevated in the advanced
prostate cancer patients and correlated with the serum prostate-
specific antigen (PSA) level, while miR-21 was at normal
expression levels.*” On the other hand, miR-21 was significantly
elevated in the early stage prostate cancer; however, the
expression of miR-141 was at normal levels.*”'"'* The level of
miR-141 was found to be ~46-fold overexpressed in the serum
of prostate cancer patients when compared to healthy
individuals. The amount of miR-141 was determined as ~550
copies per microliter of serum of healthy individuals; however,
this number was found to be ~15650 in the serum of prostate
cancer patients.” These results indicate that miR-21 and miR-
141 are not only diagnostic tumor biomarkers but also
signatures for identifying the disease stages of prostate cancer.”

Prostate cancer is the most common male cancer observed in
the Western Hemisphere and early diagnosis of prostate cancer
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Figure 1. Engineering an assembly of nanographene and antisense probe strands for the detection of a single oncomiR. (a) Schematic representation
of the nGO/FAM-anti-miR-21 assembly. The surface adsorbed probe strands hybridize to the complementary target oncomiR resulting in recovery
of the fluorescence, whereas the nontarget oncomiR does not change the fluorescence because of an absence of hybridization. Fluorescence
recoveries with miR-21 and miR-141 at (b) 520 nm using nGO/FAM-anti-miR-21 and (c) 670 nm using nGO/CyS-anti-miR-141. Experiments were

performed in triplicate.

is important for the survival of the patient. The current golden
standard diagnosis method for prostate cancer is the detection
of PSA in serum. However, the PSA testing suffers from low
specificity and sensitivity. There is very high false-positive and
false-negative rate associated with PSA testing."> These pitfalls
of PSA testing raised a need for an investigation into alternative
tumor biomarkers and detection approaches. Therefore,
simultaneous detection of multiple oncomiRs from body fluids
can enable us to identify prostate cancer and its disease stage
with a non- or minimally invasive way. Here, we are
demonstrating the detection of exogenous miR-21 and miR-
141 individually and simultaneously from various human
biological fluids using a nanotechnology platform.
Nanotechnology has influenced our life remarkably in the last
two decades."*”'” Recently, 2D nanosheets have gained
significant attention due to their exciting physical properties
at the two-dimensional surfaces.'® For instance, nanographene
oxide (nGO), which is a one-atom-thick, highly dispersed and
stable carbon material in aqueous media, has been used for
numerous advanced applications due to its extraordinary
electronic, mechanical and thermal properties.lg’zo It has been
used in biomedicine for the detection of disease biomarkers,

delivery of genes and drugs, photothermal therapy and
construction of multimodal imaging agents.m_23 nGO has an
extraordinary adsorption capacity for single stranded (ss)DNA
and a fast and ultraefficient fluorescence quenching capa-
bility.***> Moreover, in the presence of complementary
oligonucleotides, surface-adsorbed fluorophore-labeled nucleic
acids can be desorbed from the nGO surface because of
hybridization, which results in the recovery of the fluorescence.
Such a behavior has fascinating implications for the detection of
nucleic acid binding molecules and has been utilized for
proteins, nucleic acids, metal ions or small metabolites.?>%67%°
Here, we have used nanographene oxide for the simultaneous
detection of circulating oncomiRs from body fluids, which are
involved in the early or advanced disease stages of prostate
cancer.

First, we investigated the single oncomiR detection by taking
advantage of the quenching and adsorbing capability of nGO
with the fluorescently labeled short oligonucleotides. Initially,
FAM-labeled anti-miR-21 was assembled on the two-dimen-
sional surface of nGO, which resulted in a fluorescently silent
nGO/antimiR-21 complex at 520 nm, (Figure la). Then
various concentrations of miR-21 (25 nM, 50 nM, 75 nM, 100
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Figure 2. Engineering an assembly of nanographene and antisense probe strands for detection of two oncomiRs. (a) Schematic representation of the
nGO/FAM-anti-miR-21/CyS-anti-miR-141 assembly. The surface adsorbed probe strands hybridize to the complementary target oncomiR resulting
in recovery of the fluorescence, whereas the nontarget oncomiR does not change the fluorescence due to an absence of hybridization. Fluorescence
emission spectra with increasing concentrations of (b) miR-21 and (c) miR-141. Fluorescence recoveries with miR-21 and miR-141 at (d) 520 nm

and (e) 670 nm. Experiments were performed in triplicate.

nM) were tested with the nGO/anti-miR-21 complex.
Fluorescence intensity was collected for 2 h to observe the
signal recovery due to recognition of miR-21 by the probe
strand on nGO surface. To demonstrate the specificity of the
nGO/anti-miR-21 toward the target sequence, miR-141 was
used as a control oncomiR. Results indicate that remarkably
enhanced recovery in the fluorescence signal was observed with
increasing concentrations of target oncomiR (Pigure 1b),
whereas significantly lesser off-target effect was observed due to
nonspecific replacement of the probes stands by 100 nM miR-
141 (Figure 1b). Afterward, we performed an analogous study
for detection of the miR-141 instead of miR-21. First, Cy5-
labeled anti-miR-141 was adsorbed on nGO, and a similarly
rapid quenching in fluorescence signal was observed at 670 nm.
The fluorescently silent nGO/anti-miR-141 complex was tested
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with 25 nM, 50 nM, 75 nM, 100 nM miR-141 to demonstrate
the specificity and sensitivity of the detection method. At the
end of the 2-h kinetic study, higher fluorescence recoveries
were observed with increasing target oncomiR (miR-141)
concentrations (Figure 1c). However, 100 nM of the control
strand (miR-21) resulted in almost no increase in fluorescence
intensity at 670 nm (Figure 1c). The results overall suggested
that each nGO/probe assembly is highly specific to the target
oncomiR.

Next, we investigated a more complicated system, which
enables us to detect two oncomiRs simultaneously with one
nGO assembly. In order to achieve this, both FAM-labeled anti-
miR-21 and CyS-labeled anti-miR-141 were adsorbed onto the
surface of same nGO template (Figure 2a). Such an assembly
resulted in a fluorescently silent nGO/anti-miR-21/anti-miR-

dx.doi.org/10.1021/am504190a | ACS Appl. Mater. Interfaces 2014, 6, 14772—14778



ACS Applied Materials & Interfaces

141 complex at 520 and 670 nm. To detect different amounts
of target oncomiRs selectively, we added 25, 50, 75 and 100 nM
of miR-21 or miR-141 to the nGO complex (Figure 2a). Results
showed that miR-21 resulted in an increase in the fluorescence
intensity at 520 nm, however it had no effect on the
fluorescence at 670 nm (Figure 2b). Whereas, miR-141 resulted
no significant effect on the emission at 520 nm but increased
the emission at 670 nm with increasing concentrations. As a
result, the 520 nm (FAM channel) and 670 nm (CyS channel)
emissions were assigned as signatures of miR-21 and miR-141,
respectively. Later, 2 h kinetic studies were performed to
demonstrate the fluorescence recovery over time with
increasing concentrations of target and nontarget oncomiRs.
As seen in Figure 2d, e, the nGO template is highly specific to
both oncomiRs at different emission channels. Interestingly,
this approach showed less signal-to-background ratio when
compared to the single oncomiR detection method. Such a
minimized off-target effect could enable us to detect the target
oncomiRs more specifically. The experiments were performed
for a broad range of miRNA concentrations to demonstrate the
specificity, sensitivity and detection window of our design,
Figure S1. The detection limit was determined as 2.0 and 1.2
nM for miR-21 and miR-141, respectively. As seen in Figure S1
in the Supporting Information, the fluorescence intensities
increase with increasing concentrations of target miRNAs, and
saturate around 150 nM of target miRNA because of the
desorption mechanism of probe strands from the nGO
surface.>

After validating that our second-generation template can be
used to detect both oncomiRs, we explored simultaneous
detection of miR-21 and miR-141. To demonstrate that, we
have prepared 10 different miRNA cocktails that were
composed of various, but unknown, concentrations of both
oncomiRs. First, emissions at 520 and 670 nm were collected
with various concentrations of miR-21 and miR-141, (Figure 3a,
b). Later, these emission values were used to compare the
results obtained with the unknown samples. Afterward, each
unknown oncomiR cocktail was added to a fluorescently silent
nGO/anti-miR-21/anti-miR-141 assembly, and the fluores-
cence intensities at FAM and CyS channels were measured at
the end of the 2 h incubation period. Then, the fluorescence
readings acquired with unknown samples were compared to the
readings (520 and 670 nm) in the calibration plots obtained by
standard miRNA solutions. We have observed a very strong
agreement (around 90%) with the experimental results and the
actual miRNA compositions, (Figure 3c). Both signals in FAM
and CyS channels provide significant information about the
content and the ratio of the oncomiRs in the cocktail. These
results indicate that our approach enables simultaneous
detection of both oncomiRs reliably with different expression
levels.

We further studied the detection of both miR-21 and miR-
141 from several human body fluids, since these two oncomiRs
have been identified as circulating tumor biomarkers for
prostate cancer diagnosis and disease staging. In order to
demonstrate the detection of oncomiRs from body fluids, the
total RNAs were extracted from human blood serum, saliva
(both pellet and supernatant), and urine pellet. Later,
separately, the RNA extraction was performed on each
biological fluid after being enriched with exogenous miR-21
or miR-141. Finally, as a third set of experiments, the exogenous
oncomiRs were added to the total RNAs extracted from body
fluids. The resulting total RNA pool was composed of both

3) 16000 1 miR-21 =520 nm
'p < 0.0001 '
’5 p < 0.0001
S 12000
§ p <0.0001
o 8000
O
3
5 4000 . miR-141 ‘
W p <0.0001

=0.0126

100 75 50 25 O 100 75 50 25 0
concentration (nM)

b) miR-141
16000 1 2 670 i 7007 .
. p < 0.0001
5 12000
s
[0)
g
£ 8000 -
[&]
2]
o
2 4000 1 miR-21
p< 0.090011;3 = %4=50 78 !
0 ImsmP =0 -

100 75 50 25 O 100 75 50 25 O
concentration (nM)

Cy5 channel (miR-141 sign.)
Composition  Exp. Result

C) FAM channel (miR-21 sign.)
Sample ID Composition  Exp. Result

1 [N S I -
2 [N . [

3 Il [ I
4+ [N IS -
s W | N
¢ [N [N N
7 [N DN I
s [ [ '
s [N s = [
10 [N [N N

Figure 3. Fluorescence intensities spectra after 2 h of incubation with
various concentrations of miR-21 and miR-141 at (a) 520 nm and (b)
670 nm. (c) Total fluorescence observed at 520 and 670 nm with 10
oncomiR cocktails with unknown concentrations and compositions.
The experimental results were compared to calculated fluorescence
recoveries based on the actual compositions. A very strong agreement
(around 90%) between the experimental results and the actual miRNA
compositions was observed. Experiments were performed in triplicate.
Data are presented as mean + s.d.

large and small RNAs, and exogenous oncomiRs. Eventually,
five different samples were prepared from each single body
fluid. For instance, [Serum RNA], [Serum RNA + miR-21]*
before extraction, [Serum RNA + miR-21]** after extraction,
[Serum RNA + miR-141]* before extraction, and [Serum RNA
+ miR-141]** after extraction were prepared from human
blood serum. For the other biological samples, total RNAs were
prepared with an analogous approach. Each sample was tested
with the fluorescently silent nGO/anti-miR-21/anti-miR-141
complex. The fluorescence recoveries were obtained at 520 and
670 nm after 2 h of incubation.

First, the tests were performed on RNAs isolated from
human serum. As seen in Figure 4a, serum RNA alone did not
affect the emission at either wavelength and was comparable to
the background signal (blank). On the other hand, [Serum
RNA + miR-21]** showed the highest fluorescence signal
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Figure 4. Fluorescence signals at FAM and Cy$S channels with human (a) serum, (b) urine, (c) saliva supernatant, and (d) saliva pellet provide
information about the overexpressed miR-21 and miR-141 content. Experiments were performed in triplicate. Data are presented as mean =+ s.d.

recovery at 520 nM. This was predicted since the total RNA
content in this sample was the combination of extracted Serum
RNA itself and exogenous miR-21. However, this sample had
almost no effect on the emission at 670 nm, which was assigned
as the signature of miR-141. Later, [Serum RNA + miR-21]*
was tested with the nGO assembly, which caused a lesser,
though significantly strong, signal at 520 nm. This was expected
because the exogenous miR-21 was added into the serum before
the RNA extraction was performed and a loss in the total RNA
content is generally observed during the extraction process.
Although a significantly strong signal at 520 nm was observed
with this sample, the emission at 670 nm was at background
values. Later, we tested to see whether miR-141 enriched
biological fluids would have a similar effect at 670 nm emission.
First [Serum RNA + miR-141]* and [Serum RNA + miR-
141]** were tested with the nGO assembly. As seen, a
remarkable recovery was observed with both samples at 670
nm; however, these two RNA pools had almost no effect on the
fluorescence signals at 520 nm, which was assigned as the miR-
21 signature. These results overall suggest that the total RNA
extracted from human serum can enable us to detect two
different circulating oncomiRs simultaneously, which could
have significant implications in both detection of prostate
cancer and identification of disease stages. Because the
circulating oncomiRs are isolated in most of the body fluids
we have performed analogous studies on saliva and urine
samples.

For the saliva samples, both the saliva supernatant (Figure
4c) and saliva pellet (Figure 4d) showed significantly strong
fluorescence signals with overexpressed target oncomiRs,
comparable to serum data. For the detection of the overex-
pressed miR-21, [Saliva S. RNA + miR-21]** and [Saliva P.
RNA + miR-21]** lead to a higher fluorescence recovery than
[Saliva S. RNA + miR-21]* and [Saliva P. RNA + miR-21]%,
respectively. However, these signals were significantly higher
than [Saliva S. RNA] and [Saliva P. RNA], which were close to
the background signal. As predicted, exogenous miR-141
enriched samples lead to an insignificant increase at 520 nm.
In the CyS channel, however, both saliva samples with
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overexpressed miR-141 increased the fluorescence at 670 nm
remarkably. On the other hand, samples with overexpressed
miR-21 had almost no effect on the fluorescence signal at this
wavelength, which was assigned as a signature of miR-141.

With the FAM parameters (Figure 4b), [Urine RNA + miR-
21]* has the highest signal intensity as a result of a high-yield
RNA extraction. [Urine RNA + miR-21]** caused slightly
lower, yet still very strong, fluorescence recovery. As expected,
samples with overexpressing miR-141 lead to an insignificant
increase at 520 nm. For CyS readings (Figure 4b), again, [Urine
RNA + miR-141]* and [Urine RNA + miR-141]** show a very
strong fluorescence at 670 nm, whereas [Urine RNA] and urine
samples with overexpressed miR-21 signals were almost
identical to the background.

Although exogenous miR-21 or miR-141 signals are slightly
lower or higher than each other in different samples, the critical
inference here is that the fluorescence signal coming from the
presence of overexpressed oncomiRs is significantly higher than
the normal amount in the body fluids. This fundamental finding
constitutes the essence of simultaneous detection of multiple
circulating oncomiRs in body fluids in the case of aberrant
expressions in specific cancer species. Detection of miRNAs is
performed with different methods including PCR, blotting and
microarray.”’ qRT-PCR enables the detection of multiple
miRNAs simultaneously with a lower detection limit; however,
it is a labor intensive and multistep process that requires
expensive chemicals and machinery. Moreover due to the small
size of miRNAs, the primers are short with low melting
temperatures which influence the efficiency of the PCR.*!
Along with the above, the data analysis and interpretation of the
results is complicated.>> On the other hand, our approach is
faster, easier and can be performed with a portable
spectrofluorometer;*® however, the sensitivity needs to be
improved for a clinical application. Furthermore, our approach
has the potential to be used as a cancer theranostic system for
future applications of graphene oxide, which could enable in
vivo oncomiR imaging and therapy.

In conclusion, miRNAs are very attractive diagnostic and
therapeutic targets for the identification of the disease
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stages—early, advanced, metastatic and nonmetastatic—of many
cancer types from a variety of body fluids. Referred to as
oncomiRs, they have been isolated from tumor tissues and
most of the body fluids and are highly stable in the circulation.
Here, we have designed a graphene oxide based nanoplatform,
which enables simultaneous detection of two different
circulating oncomiRs from human blood, saliva and urine.
Each oncomiR, miR-21 or miR-141, is aberrantly expressed in
the body fluids of prostate cancer patients and are the
signatures of the disease stages. Nanographene oxide in this
study serves as a highly stable and functional template in
physiological buffer for the quick detection of both oncomiRs
with different expressions. The extraordinary (ss)DNA
adsorption capacity, and fast and ultraefficient fluorescence
quenching capability of nGO lead us to engineer a fluorescently
silent nanoplatform. However, because of the formation of
DNA/miRNA hybrid structure in the presence of miR-21 or
miR-141, enhanced fluorescence signals were observed at 520
and 670 nm, respectively. Overexpressed miR-21 resulted in a
significant fluorescence increase only at 520 nm, whereas a
fluorescence increase at 670 nm was observed with overex-
pressed miR-141 only. We have observed minor fluorescence
increases with nontarget miRNAs because of replacement-
induced desorption of probes from nGO surface. Since the
copies of circulating miRNAs in patients’ specimens are lower
than the concentrations used in this study, and there are
number of different miRNAs present in the body fluids, the
detection limit and specificity has to be improved for a clinical
scenario. On the basis of the current applications of
nanographene in biomedicine and the role of circulating
oncomiRs in cancer, the described biosensing design in this
study has the potential to determine the early, advanced,
metastatic, or nonmetastatic stages of prostate cancer with a
non- or minimally invasive approach.
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