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Graphene-Oxide-Loaded Superparamagnetic Iron Oxide Nanoparticles for
Ultrasensitive Electrocatalytic Detection of MicroRNA

Abstract

We report the electrocatalytic activity of a new class of superparamagnetic nanoparticles, graphene-
oxide-loaded iron oxide (GO/I0 hybrid material), towards the reduction of ruthenium hexaammine(ll)
chloride (Ru(NH3)6]3+, RuHex). Leveraging the electrocatalytic activity of the GO/IO hybrid material and
the signal enhancement capacity of [Ru(NH3)6]3+/[Fe(CN)6]3 in an electrocatalytic cycle, an
ultrasensitive and specific electrochemical sensor was developed for the detection of cancerrelated
microRNA (miRNA). Using the direct affinity interaction between RNA and graphene oxide, magnetically
isolated and purified target miRNA were directly adsorbed onto a screenprinted electrode modified with
the GO/10 hybrid material. The detection was enabled by chronocoulometric (CC) readout of charge-
compensating [Ru(NH3)6]3+ followed by an enhancement in CC charge display through the Ru(NH3)6]3+
/[Fe(CN)6]3 system. We demonstrate an excellent limit of detection of 1.0 fM by accurately detecting
miR-21 in synthetic samples and showcase its clinical utility in ovarian cancer cell lines with high
sensitivity (ten cells) and good reproducibility (%RSD= <5%, for n=3).
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Graphene-Oxide-Loaded Superparamagnetic Iron Oxide
Nanoparticles for Ultrasensitive Electrocatalytic Detection

of MicroRNA

Md. Nazmul Islam,** Lena Gorgannezhad,™® Mostafa Kamal Masud,®
Shunsuke Tanaka,® Md. Shahriar A. Hossain,*'® Yusuke Yamauchi,” ¥ Nam-
Trung Nguyen,™ and Muhammad J. A. Shiddiky*™ "

We report the electrocatalytic activity of a new class of
superparamagnetic nanoparticles, graphene-oxide-loaded iron
oxide (GO/IO hybrid material), towards the reduction of
ruthenium hexaammine(lll) chloride (Ru(NH,)s>*, RuHex). Lever-
aging the electrocatalytic activity of the GO/IO hybrid material
and the signal enhancement capacity of [Ru(NH;)¢>"/[Fe(CN)*~
in an electrocatalytic cycle, an ultrasensitive and specific electro-
chemical sensor was developed for the detection of cancer-
related microRNA (miRNA). Using the direct affinity interaction
between RNA and graphene oxide, magnetically isolated and

1. Introduction

MicroRNAs (miRNAs) represent a family of short (18-25 nucleo-
tides) and endogenous non-coding RNA species that actively
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purified target miRNA were directly adsorbed onto a screen-
printed electrode modified with the GO/IO hybrid material. The
detection was enabled by chronocoulometric (CC) readout of
charge-compensating [Ru(NH3),’*" followed by an
enhancement in CC charge display through the Ru(NH,),**
/[Fe(CN)¢*~ system. We demonstrate an excellent limit of
detection of 1.0 fM by accurately detecting miR-21 in synthetic
samples and showcase its clinical utility in ovarian cancer cell
lines with high sensitivity (ten cells) and good reproducibility
(% RSD = < 5%, for n=3).

regulate a range of cellular processes.™ Dysregulated miRNA
expression is directly associated with the pathogenesis of
various diseases including cancer and thereby emerged as
prominent diagnostic and prognostic biomarkers for these
pathological conditions.? Despite their huge potential in
diagnostics and precision medicine, biosensing of miRNAs has
proven to be a considerable challenge because of their tiny
size, cross interference from non-specific molecules (i.e., lack of
specificity against a background of overwhelmingly abundant
irrelevant molecules and non- target RNAs with sequence and
size similarity), extremely low abundance (0.01% of the bulk
RNA pool, or few of molecules per cell).” At present, miRNA
detection techniques mostly rely on conventional nucleic acid
detection assays such as quantitative reverse transcription PCR
(RT-gPCR), microarrays, Northern blot and RNA-sequencing.”!
Despite being reliable in laboratory settings, these conventional
techniques are expensive and not suitable for the resource-
poor and decentralized settings.”” Few of the common pitfalls
include the need for specially designed primers (e.g., hairpin or
oligo-dT in gPCR), high sample volume requirements, platform-
dependent variation in the analysis, assay complexity and long
analysis time that may range from hours (e.g., PCR) to days
(e.g., microarray).>”

Biosensors-based approaches, such as electrochemical
assays, on the contrary, have shown more potential for clinical
application due to their inherent advantages of being inex-
pensive, simple, rapid, and miniaturized.” Most of the electro-
chemical sensors for miRNA however still rely on multiple
sensor fabrication steps, some sorts of enzymatic amplification
and target RNA modification (e.g., polyadenylation, labelling)
which could destabilize RNA and complicate the assay proto-
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col?” In addition, even with rigorous target selectivity and
faster analysis time, many of these sensors lack additional signal
enhancement steps, thereby failing to achieve the sensitivity
levels required for the analysis of miRNA in clinical samples.

To enhance the sensitivity of the assays, various signal
amplification strategies such as rolling circle amplification,
hybridization chain reaction amplification and catalyzed hairpin
assembly amplification have been incorporated in electro-
chemical miRNA analysis workflows. Amplification bias and
longer analysis time are among the most prominent short-
comings of these signal amplification methods.”

An increasing number of reports, however, has indicated
that the use of functional nanomaterials in electrochemical
assays can prove to be an effective alternative strategy for
enhancement of assay sensitivity and specificity.®? Among
nanomaterials, there has been a growing interest in the
synthesis of magnetic transition metal oxide-based nanopar-
ticles (NPs) due to their unique physicochemical properties
such as biofavorable network structures as well as intrinsic
enzyme mimetic and electrocatalytic activities."*'® Such metal
oxides have been combined with a second nanomaterial to
fabricate hybrid nanocomposites with superior functionalities
resulting from the synergetic advantages of both the nano-
particles in the composites." In addition to that, to meet the
specific requirements of the biosensors hybrid nanomaterials
have also been engineered with a variety of novel design
framework, fabrication and synthesis approaches."” One of
such effective approaches is the fabrication of porous structures
in the nanocomposite which significantly enhances the func-
tional surface area." Compared to monometallic and non-
porous counterparts of similar mass, these hybrid porous
materials exhibit significantly improved surface functionalities
(e.g., increased interaction with target analyte) and higher
catalytic activities by maximizing the surface dependent mass
transport."® Moreover, magnetic properties of these materials
allow an intimate magnetic mixing and purification of target
analyte which enhances the speed and specificity of the
bioassays.”” In particular, metallic iron oxide-based hybrid
nanocomposites have found a wide range of potential
applications owing to their unique optical, electronic, magnetic,
catalytic, and sensing properties."®?" For example, iron oxide
nanocomposite loaded with gold nanoparticles have recently
been used to develop electrochemical sensors for autoantibody
and microRNA.2?22 Qver the past several years, captivating
the presence of different functional reactive moieties and
exceptional physical properties at biological interfaces, gra-
phene and graphene oxide have also been combined with iron
oxide-based hybrid nanomaterials to develop electrochemical
bioassays for detecting various analytes that includes NADH,
H,O,, nitrite, uric acid, ascorbic acid, dopamine, protein and
nucleic acids.”>*

In this paper, we show the electrocatalytic properties of a
novel graphene oxide-loaded iron oxide (GO/IO hybrid) nano-
particle towards the reduction of ruthenium hexaammine(lll)
chloride (Ru(NH;)¢Cl;; RuHex) using typical Michaelis-Menten
equation for enzyme catalysis. The morphology of GO/IO hybrid
materials was engineered in such way that it obtained a highly

ChemElectroChem 2018, 5, 2488-2495 www.chemelectrochem.org
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porous structure with an improved functional surface area,
which facilitated the adsorption of a significantly higher
amount magnetically purified target miRNA on the GO/IO
hybrid- modified sensor via RNA-graphene affinity interaction.
The level of miRNAs was quantified by chronocoulometric (CC)
charge interrogation in the presence of surface-bound cationic
ruthenium hexaammine(lll) chloride ([Ru(NH);*") that was
electrostatically attached with the anionic phosphate backbone
of the adsorbed target miRNA. The signal was further enhanced
with the coupling of higher amount of the ferri/ferrocyanide
([Fe(CN)I**) system (i.e., [Ru(NH3)s]>*/[Fe(CN),]*~ electrocata-
lytic cycle). The electrocatalytic reaction of [Ru(NHs)s** or
methylene blue with [Fe(CN)]>~ system were previously
described.”” We considered miR-21 as a model target to test
the applicability of our assay both in synthetic and biological
samples, which was reported to have a strong correlation with
the progression of ovarian cancer.” Our assay enables a highly
sensitive detection limit of 1.0fM and 10 cells in the synthetic
and ovarian cancer cell line population, respectively.

2. Results and Discussion

The surface morphology of the samples before and after the
calcination was observed by SEM (Figure 1A). The detailed
synthetic procedures are described in the Supporting Informa-
tion. The original 2D morphology of the GO sheets is well-
preserved even after calcination. In the case of the GO/IO
hybrid samples, the surface of GO is homogeneously covered
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Figure 1. A) SEM images of samples prepared with GO/PB=25:75 i) before
and ii) after calcination. B) Wide-angle XRD patterns of samples prepared
with GO/PB=25:75 i) before and ii) after calcination. C) N,
adsorption—desorption isotherm and pore-size distribution of GO/IO sample
prepared with GO/PB=25:75.
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with fine IO nanoparticles. To carefully investigate the crystal
structure and the phase purity of the samples before and after
calcination, wide-angle XRD measurement was carried out
(Figure 1B). In general, GO sheets themselves display a strong
peak at around 10° and 26° which can be assigned to the
interlayer spacing between the GO sheets. After hybridization
with the Prussian blue (PB) nanoparticles, however, the
diffraction peak derived from the GO sheets disappeared, while
several new intense reflections corresponding to PB could be
observed (JCPDF no. 01-070-0557). This indicates that the PB
nanoparticles are located within the stacked GO sheets
interlayer spacing which becomes disordered. The optimal
calcination resulted in the formation of an impurity-free y-Fe,O,
phase in the resulting hybrid materials, as identified from the
XRD peaks at around 35° and 63°. To evaluate the surface area
and porosity of the GO/IO hybrids, N, adsorption-desorption
isotherms were carried out (Figure 1C). The surface areas and
the pore volumes were calculated to be 120.5m?g™' and
0.384 cm®*g ™" by the Brunauer-Emmett-Teller (BET) method and
Barrett-Joyner-Halenda (BJH) method, respectively. The main
pore size was estimated to be around 10 nm. This formation is
attributed to the GO/IO interlayer space and/or the 10
interparticle space.

To demonstrate the electrocatalytic activity of GO/IO
hybrids, the cyclic voltammetric (CV) measurements of GO/IO
hybrid-modified glassy carbon electrode (GCE) were carried out
in the presence [Ru(NH,)>*"*". As shown in Figure 2A, well-
defined cathodic and anodic peaks for the [Ru(NH,)* ™"
system were attained at —250 mV and —180 mV (vs. Ag/AgCl)
respectively at the unmodified GCE (GCE/bare). This demon-
strates the occurrence of single electron reversible process
(AE=70 mV). However, GO/IO hybrid material-modified GCE
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Figure 2. A) Comparison of the CVs obtained at an unmodified GCE and GO/
10-modified GCE in 50 mM RuHex (scan rate, 50 mVs™'); B) amperometric
responses of GCE/GO-I0 material with the successive addition of RuHex
solution (10 to 1100 puM) into 0.01 M PBS (pH-7); C) the corresponding
calibration plot (red) that follows typical Michaelis-Menten equation for

enzyme catalysis; and D) the electrochemical version of Lineweaver-Burk
Model.
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shows an enhanced cathodic and anodic peak current with
higher peak separation compared to those of bare (Figure 2A).
It can be seen that GCE/GO-IO hybrid material i,  (cathodic
current) increased approximately 3.5-times (109 vs.
36.62 pAcm?) with £, (cathodic potential) shifted by —77 mV,
whereas i, (anodic current) increased approximately two-times
(6.08 vs. 13.93 pAcm?) with an E,, (anodic potential) shift of ~
—24 mV. These data indicate that GO/IO hybrid samples
catalyzed both the oxidation and reduction of RuHex where the
catalytic reduction was relatively faster. It is believed that the
enhanced peak separation at GCE/GO-IO hybrid material is
attributed to an enhanced electrocatalytic activity resulting
from the intrinsic functionalities of Fe;0,.*"

To understand the charge transport mechanism, we
recorded CVs of both GCE/bare and GCE/GO-IO hybrid as a
function of scan rates (10-1500 mVs™"). As shown in Figure S1A
(Supporting Information), both the i,. and i,, increase with an
increasing scan rate spanning from 10 to 1500 mVs™', indicat-
ing the stable electrocatalytic activity of GO/IO hybrid materials
within the applied range of scan rates. This is one of the
characteristic features of a reversible redox reaction. Figure S1B
shows a linear relationship between i,. and i, with the square
root of the scan rate for both the unmodified and modified
GCE. This observation suggests that the electrocatalytic redox
reactions of RuHex at the GCE/GO-IO hybrid electrode occurred
mainly through the diffusion-limited process. Figure S1B also
shows that the curve of i, and i,, versus square root of the
scan rate for the GCE/GO/IO hybrid electrode resulted in a
steeper slope than that of the unmodified GCE. This further
confirms the relatively high catalytic activity of GO/IO hybrid
materials towards the redox reaction of RuHex.

To further examine the electrocatalytic activity of GO/IO
hybrid materials, chronoamperometric (CA) readout was ob-
tained at the GCE/GO-IO hybrid electrode with the successive
addition of RuHex. As can be seen in Figure 2B and C, with the
increase of RuHex concentration, after an initial increase in the
CA current response, the current reached a plateau suggesting
the saturation of RuHex. The second order exponential
calibration curve (red) shown here clearly follows typical
Michaelis—Menten equation for enzyme catalysis.®” The appa-
rent Michaelis—Menten constant (K,**") obtained from the
electrochemical version of Lineweaver—Burk®™ model (Fig-
ure 2D) was estimated to be 0.64 mM. It is important to
mention that Km®® herein denotes the concentration of RuHex
that is required to reach the half of maximum current response
(I,a) value, thus Km®® can be considered as an indicator of the
GO/IO hybrid nanomaterials’ affinity towards RuHex. This
significantly low value of Km®" value suggests an increased
affinity of GO/IO to RuHex, which also verifies the high
electrocatalytic activity of GO/IO hybrid material towards the
reduction of RuHex.

Figure 3 represents the outline of miRNA detection assay. In
the assay, magnetically captured and purified target miR-21 was
directly adsorbed on the GO/IO hybrids- modified screen-
printed carbon electrode (SPCE) surface followed by a CC
readout using [Ru(NH,)>*/[Fe(CN),]*~ electrocatalytic cycle.
Briefly, total RNA was extracted and purified from cell lines. RNA

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Schematic of the quantification of miRNA assay. Magnetically purified and separated miRNA from the extracted RNA sample pool were adsorbed
directly on the magnetically bound GO/IO- modified SPCE. A significant electrocatalytic signal amplification was achieved through the chronocoulometric (CC)

charge interrogation of target miRNA-bound [Ru(NH;)s]>* —[Fe(CN)¢]*~

sample was then incubated with miR-21 specific biotinylated
capture probe for hybridization. Following target hybridization,
streptavidin-labelled dynabeads were dispersed into the sample
containing hybridized targets to purify and capture the target
analyte via dynabead-based standard separation protocol. The
heat-released target miRNA was isolated by another magnetic
separation step (See experimental for details) and directly
adsorbed onto the GO/IO- modified SPCE using RNA- graphene
oxide (GO) affinity interaction. We and others previously
demonstrated a number of bioassays which rely on nucleic
acid-gold affinity interaction.”®3® Similar to the nucleic acid-
gold affinity interaction, direct physisorption of nucleotides
(DNA/RNA) on graphene surface has been reported to be
influenced by the polarizabilities of the individual nucleobases,
where van der Wall (vdW) is considered to be the driving force
for the adsorption process.”**® A number of studies also
showed that the adsorption of nucleic acids on GO surface is
influenced by m-m stacking, hydrophobic interaction and
hydrogen bonding, and proposed Langmuir—Hinshelwood and
Eley—Rideal mechanism could be responsible for this interac-
tion.”” The target miR-21 was then quantified by CC charge
interrogation via measuring the saturated amount of charge-
compensating [Ru(NH;)¢]** molecules, where positively charged
[Ru(NH,)¢]****  stoichiometrically binds to the negatively
charged phosphate backbone of miRNA adsorbed on the SPCE/
GO-I0 surface. To generate a high electrocatalytic signal
amplification, [Ru(NH;)¢]** system was coupled to [Fe(CN)s*~
system. [Fe(CN)¢*~ in the solution-phase further triggers the
electrocatalytic reduction of [Ru(NH;)¢>*. Since the [Fe(CN)s*~

ChemElectroChem 2018, 5, 2488-2495 www.chemelectrochem.org

electrocatalytic assay system.

is a relatively stronger oxidant, it oxidized [Ru(NH,),]*" for the
regeneration of [Ru(NH,),*" allowing multiple turnovers of
[Ru(NH,)s** resulting in a drastic increase in the signal. Thus,
the amount of CC charge generated by [Ru(NH;)*" and
[Fe(CN)s*~ system should have a clear correlation with the
concentration of miRNA.

To assess the analytical functionality and specificity of our
assay, we investigated a number of control experiments with
100 pM of starting synthetic RNA using i) sensor modified with
GO/IO hybrid materials and 10 (i.e. nanoporous iron oxide
without GO); ii) with ([Ru(NH,)**/[Fe(CN);]>~ system) and
without electrocatalytic cycle (only [Ru(NH,)s** system); and iii)
closely-related non-targets (wrong targets) and no-template
(NoT) controls. As shown in Figure 4A (left bar), the total charge
density (both the Faradaic and non-Faradaic charges) obtained
with Fe,O; modified (i.e. SPCE/IO) sensor gives a little response
in CC data (4.5 pCcm™). It was expected that in the absence of
GO that acted as a platform carrier for RNA molecules in our
assay, target miRNA would not be adsorbed on the SPCE/IO
surface. As the CC response depends on the amount of target
miRNA bound with [Ru(NH,)** molecules, SPCE/IO gives an
expected negligible response. However, this response is slightly
higher than that found with bare SPCE (Figure S2, left bar, 4.5
versus 1.7 pCcm™2) and may be comprised of both the Faradaic
and non-Faradaic component of the charges, where Faradaic
response could be related to the possibility of non-specific
adsorption of a very tiny amount of redox active [Ru(NH;)¢**
on the 10.

2491 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the assay. Corresponding charge density data of electrocatalytic cycle for the SPCE/Bare, control, non-complementary miR-107 and miR-338-3p, target miR-21;
inset, corresponding CC curves (Q vs. t”2). Each data point represents the average of three independent trials, and error bars represent the standard deviation

of measurements (% RSD = < 5%, for n=3).

When we performed the assay with GO/IO- modified SPCE in
[Ru(NH,)s** system (Figure 4A, middle bar), a large increase in the
total charge density was observed. This response was ~9 and
~3.6-folds higher, respectively, than those obtained with bare and
IO- modified sensors (16.3 vs. 1.8 and 4.5 uCcm ). One of the
reasons for this increased response is the large functional surface
area of nanoporous GO/IO hybrid materials which can facilitate
increased loading of target miRNA molecules. As demonstrated
earlier, the intrinsic electrocatalytic activity of GO/IO hybrids
towards the reduction of [Ru(NH,)** is also a strong contributor
to this higher CC charge response. To further enhance the catalytic
signal, we coupled [Fe(CN)g>* system with the [Ru(NH,)>™7,
which initiated the electrocatalytic cycle. As can be seen in the
Figure 4A (right bar), the coupled system provides a significant
enhancement in the charge response. This response is ~4.6-times
higher than the response obtained with [Ru(NH3)J>™** system
alone (Figure 4A, 75 vs. 163 uCcm™), which demonstrates the
superior signal enhancement capacity of the electrocatalytic cycle
(i.e, [Ru(NH,)s**/[Fe(CN),]>~ system) in our assay. This can be
explained by the fact that the relatively stronger oxidant
[Fe(CN)]~ electrocatalytically reduce the surface confined
[Ru(NH,);** in the solution phase, and initiates a cycle of redox
reaction between [Ru(NH,)** and [Fe(CN),]*", thereby increasing
the rate of electron transfer.

To check the assay specificity, we performed our assay using
control (SPCE/NP/NoT, no-template control) and non-comple-
mentary wrong sequences (synthetic miR-107 and miR-338-3p)
with [Ru(NH;)s**/[Fe(CN)¢*~ system. Figure 4B (two bars from
left) shows that compared to the bare electrode, control gave
an enlarged CC response. We predicted that due to the non-
specific adsorption of a small number of [Ru(NH,)s** molecules
on the enormous functional area of GO/IO hybrid materials, this
charge response (19.5 uCcm™2) was observed. However, this
has not clearly affected the assay because almost an identical
level of CC charge was counted for the two other unrelated
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miRNAs such as miR-107 (193 uCcm™) and miR-338-3p
(21.4 uCcm™) (Figure 4B). While comparing the charge density
responses obtained with control and non-targets with that
resulting from target miR-21 (Figure 4B, right bar), a significant
increase in the total charge density was observed (19.5/19.3/
21.4 vs. 75 pCcm ). This demonstrates that our assay has high
specificity and can detect the target RNA sequences in the
background of closely related non-complementary non-target
RNAs. It is worth noting that, expectedly a higher level of signal
enhancement was observed with the electrocatalytic system
(NoT vs target, 19.5 vs 75 pCcm 2, Figure 4B) compared to that
of the assay without electrocatalytic cycle (i.e., only [Ru(NH;)¢**
was present) (control vs target, 6.9 vs 16.3 uCcm™2 Figure S2
and S3).

The sensitivity of the assay was evaluated by detecting a
designated concentration of synthetic miR-21 spanning from
1.0fM to 1.0 nM. As presented in Figure 5A and B, the total
redox CC charge was increased with an increased concentration
of target miR-21 using [Ru(NH,)>"-[Fe(CN)s*~ electrocatalytic
cycle. Because with an increasing concentration of miRNA on
the surface of GO/IO hybrid, an increasing number of cationic
[Ru(NH;)J** will bind with the anionic backbone of the miRNAs.
This results in an enhanced charge response in the [Ru(NH;)]**
-[Fe(CN)]*~ electrocatalytic cycle. When we plot the concen-
tration of RNA with the charge of RuHex (Qgyp) electrostatically
bound with target RNA (Figure 5B), the linear regression
equation of the assay was estimated to be y (charge density,
uCcm™2)=8.7246 (amount of miR-21)+2.3519, with a correla-
tion coefficient (R?) of 0.9633. This clearly shows the wide
dynamic range of our assay, and the limit of detection (LOD)
was estimated to be 1.0fM. This LOD, which is clearly
distinguishable from that of control and bare electrodes with a
high signal to noise ratio (i.e., 5:1), is comparable or better
than most of the existing electrochemical miRNA biosensors.
We believe that the enormous functional area, and enhanced
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Figure 5. A) Typical CC curves (Q vs. t'"?) for the SPCE/control and a designated concentration of synthetic miR21 (1.0 fM-1.0 nM). B) Corresponding calibration
plot of Qaua-concentration profile across the range of 1.0 fM to 1.0 nM miR-21. C) Typical CC curves (Q vs. t""?) for the control and total RNA extracted from a
known number of ovarian cancer SKOV3 (10, 100, 1000, 10000 cells) and non-malignant MeT-5A (1000 cells) cell lines. D) Corresponding bar diagram of Qg
Qgna (corresponding charge of target miRNA bound to surface bound RuHex) =total charge - capacitive charge. Each data point represents the average of
three independent trials, and error bars represent the standard deviation of measurements (% RSD = < 5%, for n=3).

electrocatalytic activity of GO/IO hybrid materials, followed by
the coupling of [Fe(CN),]*~ (i.e., electrocatalytic cycle) system
that facilitates an increased rate of electron transfer in the
system, have attributed to this low LOD. Our observation was
further confirmed when we compared the data with those
obtained with the assay performed with [Ru(NH,)** system
alone (without the catalytic cycle step), where a thousand-fold
less LOD was observed (1.0 fM versus 1.0 pM) (Figure 5A, B vs
S3). It is noteworthy that despite attaining such high sensitivity
and selectivity, we designed an inexpensive and straightforward
assay compared to several reported electrochemical methods.
Most of these methods rely on some forms of enzymatic
amplification processes which complicate the assay. For exam-
ple, Fang et al. reported an electrochemical assay with a similar
detection limit of 2.0 fM. However, this method relies on the
use of zinc finger protein and alkaline phosphatase-based
enzymatic amplification.*” Another electrochemical miR-21
sensor reported to have a detection limit of 5.36 fM, also relies
on a complex arched probe mediated isothermal exponential
amplification reaction.””’ Our method has achieved several
hundred folds better sensitivity compared to a recent CC assay
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reported by Yao et al.*® which also depends on enzyme-based
rolling-circle amplification process. Compared to another recent
voltammetric approach, we achieved 10-folds better sensitiv-
ity.*® This approach also relies on enzymatic polyadenylation of
the target miRNA. In comparison with aforementioned assays,
we have not only attained better sensitivity but also avoid the
possibility of miRNA degradation (due to target modification)
and amplification bias.

To check the applicability of our assay in real samples, we
performed our assay on total RNA isolated from designated
numbers of ovarian cancer (SKOV3) and normal non-cancerous
(MeT-5A) cell lines. Figure 5C and D show that SKOV3 cells (0,
10, 100, 1000, and 10 000 cells) lead to a gradually elevated
charge density profile across the range of 0-10 000 cells. From
the electrochemical response, it is evident that our assay can
detect miR-21 from only a few numbers of cells (0-10 cells). As
expected when we analyzed our assay in the non-cancerous
MeT-5A (1000 cells), we found that the charge density profile is
decreased which is close to that obtained with 10 SKOV3 cells
(20.3 vs 16.1 uCcm™?) (Figure 5D). Whereas, RNA derived from a
similar number of SKOV3 cells (i.e, 1000 cells) gave a ~2.5
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times  higher  chronocoulometric  response (203  vs

48.1 uCcm™). This indicates that miR-21 is overexpressed in the
tested SKOV3 cell lines compared to the non-cancerous cells.
This preliminary data on cell lines indicate that our method
retains its efficiency and sensitivity in analyzing miRNA from a
complex sample, and may become useful in clinical analysis.

The acceptable range of our assay reproducibility (% RSD =
<5%, for n=3) is also comparable or better than most of the
existing electrochemical miRNA sensors.® There are several
other distinct advantages of our assay. The major development
is the utilization of high porosity and catalytic activities of a
novel GO/IO hybrid nanomaterials that enables significantly
increased loading of RNA samples and subsequent signal
enhancement in the readout signal. This alternative signal
amplification approach allows us to avoid any form of
enzymatic amplification of the target. Another useful aspect of
our assay is that we isolate miRNA by magnetic mixing and
purification, which may lessen the matrix effects of the
biological samples and thus, the assay is less prone to non-
specific detection. Moreover, the nanoparticle modified electro-
des provide a three dimensional surface for a large amount of
target miRNA to diffuse with enhanced kinetics compared to
the conventional electrodes. Our assay also uses a single-use
(i.e., disposable) and relatively inexpensive SPCE which assists
us to avoid the use of conventional disk electrodes, thus the
assay is not affected with non-specific response resulting from
the multiple surface reactions and excessive capacitive charges
of disk electrodes. The elimination of tedious cleaning
procedures of disk electrodes also reduces the assay time.
Moreover, the direct adsorption of target miRNA on a GO/IO-
modified electrode rather than the conventional hybridization-
based approach of using recognition and transduction layers
allows us to avoid complex conjugation chemistries of sensor
fabrication. The overall features of this electrochemical sensor
indicate that the assay can complement with the miniaturized,
multiplexed and decentralized analysis of RNA biomarkers with
high translational potential.

3. Conclusions

We presented the electrocatalytic activity of a new class of GO/
IO hybrid nanomaterials for the development of a highly
sensitive (LOD=1.0fM) and specific detection platform of
miRNA. SPCEs modified with this novel material were used as a
platform to adsorb magnetically isolated and purified target
miRNA via graphene -RNA affinity interaction. The chronocoulo-
metric signal of surface confined RuHex attached with adsorbed
target miRNA was significantly enhanced when the system was
coupled with a solution-borne ferricyanide system. The assay
also showed excellent reproducibility (% RSD = < 5%, for n=3)
and specificity (highly selective against closely related non-
target) while detecting miR-21 from cancer cells. We envisage
that our assay would be potentially useful for ultrasensitive
analysis of miRNA in biomedical research, and clinical diagnosis
that further can potentially be extended to detect other
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clinically relevant nucleic acid biomarkers by simply choosing
the respective capture probe.

Experimental Section

Isolation of Target miRNA

Total RNA was extracted from SKOV3 ovarian cancer and MeT-5A
non-cancerous cell lines using RNeasy Mini Kit (Qiagen, Germany).
Target miRNAs were hybridized with a complementary capture
probe followed by magnetic bead based isolation and purifications.
Target miRNAs were then heat-released from magnetic bead bound
hybrid and resuspended in RNase-free water and stored at —20°C
for subsequent experiments (for details, see Supporting Informa-
tion).

Evaluation of Electrocatalytic Activity of GO/IO Hybrid
Materials

To evaluate the electrocatalytic activity of GO/IO hybrids, GO/IO
hybrids were drop-dried onto the surface of a glassy carbon
electrode (GCE). Cyclic voltammetry (CV) was carried out in the
presence of a redox marker, RuHex, over the scan rates of 10-
1500 mVs™'. The chronoamperometric (CA) responses were meas-
ured at the GCE/GO/IO hybrid electrode at —0.25V vs Ag/AgCl
with the successive addition of RuHex (ranging from 10-1100 pM).
The apparent Michaelis-Menten constant (K,,*?) of GCE/GO-IO
hybrids was determined using the Michaelis-Menten equation and
the electrochemical version of Lineweaver—Burk equation.?'*? (See
Supporting Information for electrode fabrication protocol and
kinetic parameters calculations)

Electrochemical Detection of Target miR-21

For the CC detection of target miRNA, GO/IO hybrid materials were
magnetically bound onto a SPCE using a permanent magnet.
Magnetically purified miR-21 was then directly put onto that GO/IO
hybrids followed by an incubation with RuHex so that positively
charged Ru** can bind with the negatively charged phosphate
backbone of electrode-bound miRNAs. The charge associated with
the electrode-bound miRNAs was measured by CC in 40 mM Tris
buffer (pH 7.4). The number of cationic redox molecules electro-
statically associated with the surface-attached miRNA was calcu-
lated using integrated Cottrell equation (See details in Supporting
Information).””
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