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Gold-loaded nanoporous superparamagnetic
nanocubes for catalytic signal amplification in
detecting miRNA†
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This paper reports the development of a nonenzymatic, amplification-

free, and sensitive platform for the detection of microRNA based on a

new class of electrocatalytically active superparamagnetic gold-loaded

nanoporous iron oxide nanocubes (Au@NPFe2O3NC). The assay showed

an excellent detection sensitivity down to 100 fM and specificity towards

the analysis of miR-21 in cell lines and tissue samples derived from

patients with oesophageal squamous-cell carcinoma (ESCC).

Nanostructured magnetic nanoparticles (NPs) have attracted an
immense interest for a broad range of applications in the areas
of catalysis, nanotechnology and biotechnology.1 They have
unique magnetic characteristics (e.g., superparamagnetism,
high values of saturation magnetization, easy control by small
magnetic fields), biochemical characteristics (e.g., nontoxicity,
biodegradability, biocompatibility), intrinsic enzyme-mimicking
activity, low cost of synthesis, and ability to catalyse redox reaction
of various organic and inorganic compounds.2 Introducing pores
into the NPs offer a high surface area relative to volume that make
it highly capable for uptaking and releasing biological guest
molecules.3 This porous structure possesses enhanced catalytic
capacity as they maximise surface dependent mass transport as
compared to that of bulk materials of the same mass. In addition,
porous NPs offer several advantages in catalysis including stabili-
zation of particles from sintering, an expedition of cascade reaction
by placing catalytic functionality in sequential compartments, and
enhancement of the selectivity of catalysis by molecular sieving.

Composite nanomaterials also attract increasing attention because
of their combined physicochemical properties and potential for
catalysis and biosensing applications.4 They have more superior
characteristics than the monometallic frameworks counterparts.
For instance, iron oxides (Fe3O4 or g-Fe2O3) containing gold nano-
particle (AuNPs) exhibits combined advantages and serendipitous
properties of both Fe3O4 and AuNPs.5 The combination of high
surface area, conductivity, thermal/chemical stability and super-
paramagnetism of Fe2O3 with bio-favourable physicochemical
properties of AuNPs (i.e. affinity interaction of DNA/RNA with gold)
makes gold-loaded nanoporous Fe2O3 nanocubes (Au@NPFe2O3NC)
highly suitable for developing biosensors for a wide range of
molecular biomarkers including microRNA (miRNA).

miRNAs are small non-coding RNAs with 21–24 nucleotides
which can regulate gene expressions by modulating its downstream
proteins. Recent studies have also confirmed the use of miRNAs as
biomarkers for diagnosis and prognosis of many diseases including
cancer.6 Over the past decades, many conventional approaches such
as northern blotting, microarrays, in situ hybridization and quanti-
tative real-time PCR (qRT-PCR) have been used for the analysis of
miRNA. Each of these methods have their own advantages and
disadvantages. For examples, qRT-PCR can give a quantification of
miRNA but has a very low throughput. Additionally, most of these
methods use PCR amplification, which are still affected by amplifi-
cation bias, fluorescent labelling and rely on complicated and
expensive protocols.7 As an alternative to these methods, a large
number of biosensors have been developed based on hybridization,
oligonucleotides labelled with enzymes and redox indicator.8

Despite the superior analytical performance, these sensors often
involve complex and tedious amplification processes, expensive
biomaterials, time-consuming and laborious procedures.9 Therefore,
development of a simple, inexpensive and rapid miRNA biosensor
would be highly beneficial for miRNA-based molecular diagnostics
of patients with chronic diseases. In this study, we synthesized and
characterized a new class of Au@NPFe2O3NC. The electrocatalytic
activity of this nanocube was used to develop a miRNA biosensor.
The sensor was tested in cell lines and tissue samples obtained from
patients with oesophageal squamous cell carcinoma (ESSC).
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Au@NPFe2O3NC was synthesized by deposition of AuNPs on
the nanoporous iron oxide nanocubes (NPFe2O3NCs) derived
from Prussian blue (PB) nanocubes. Detailed synthetic procedures
and characterization are described in the ESI.† SEM images of the
original PB nanocubes and NPFe2O3NC, wide-angle XRD patterns
for original PB nanocubes and Au@NPFe2O3NC, and magnetiza-
tion curve for Au@NPFe2O3NC measured at 300 K are shown in
Fig. S1 and S2, ESI.† After deposition of AuNPs, uniformly sized
AuNPs (E3–6 nm) are distributed on the surface of NPFe2O3NC
(Fig. 1A). The loading amount of AuNPs is around 2 wt% in the
product (Fig. 1B). The XRD pattern shows the diffraction peaks
derived from Au, a-Fe2O3, and g-Fe2O3 (Fig. S1D, ESI†). The
nanocube is found to be superparamagnetic from the complete
reversibility of the M–H curve recorded at room temperature
(300 K). The S-shaped hysteresis loop is shown in Fig. S2, ESI†
with the negligible coercive field (Hc) are a typical characteristic of
superparamagnetic nanoparticles. The saturation magnetisation (Ms)
reported in this study is 16 emu g�1 at 300 K for Au@NPFe2O3NC.
Due to this sufficient Ms value, the samples can be easily
collected by a neodymium magnet. With the loading amount
of Au nanoparticles, the Ms value is decreased because of the
non-magnetic property of Au.

To assess the electrocatalytic activity of Au@NPFe2O3NC, the
Au@NPFe2O3NC-modified glassy carbon electrode (GCE) (see ESI†
for detailed fabrication steps) was used as working electrode. The
cyclic voltammetric (CV) measurements were carried out in the
presence of Ru(NH3)6Cl3 (RuHex), a redox label widely used in
electrochemical biosensing.10 Well-defined cathodic (Epc) and anodic
(Epa) peaks for the [Ru(NH3)6]3+/2+ system were obtained at �225 mV
and �165 mV (vs. Ag/AgCl) at the unmodified GCE (GCE/bare),
indicating one-electron reversible process (DE = 60 mV, Fig. 2A).
The Au@NPFe2O3NC-modified GCE (GCE/Au@NPFe2O3NC) offered
significantly enhanced cathodic (ipc), and anodic (ipa) peak currents
compared to that of the GCE/bare electrode (Fig. 2B). Notably, ipc

increased approximately four-times (4.6 vs. 20.1 mA cm�2) with Epc

shifted by B�55 mV, whereas ipa increased approximately two-times
(2.3 vs. 5.2 mA cm�2) with Epa shifted by B�30 mV. These data
indicate that Au@NPFe2O3NC catalysed both the oxidation and
reduction of RuHex, while the rate of the reduction of RuHex was
greater than that of the oxidation process. The effect of the pH and
temperature of the electrolyte for the electrocatalytic activity of
Au@NPFe2O3NC was also studied. An enhanced catalytic response

was found in acidic pH and at higher temperature (Fig. S3 and
S4 in ESI†). However, due to the physiological conditions, pH
7.0 and room temperature (B25 1C) were selected as optimal
conditions for all subsequent experiments. To examine the charge
transport mechanism, we recorded CVs of both GCE/bare and GCE/
Au@NPFe2O3NC as a function of scan rates (10–1500 mV s�1). As
shown in Fig. S5A (ESI†), the currents ipc and ipa increase with
increasing scan rate from 10 to 1500 mV s�1, indicating that the
Au@NPFe2O3NC retained its electrocatalytic activity within the stu-
died scan rates. Fig. S5B (ESI†) shows a linear relationship between ipc

and ipa with the square root of the scan rate (n1/2) for both the
unmodified and Au@NPFe2O3NC-modified GCE, suggesting the
electrocatalytic redox reactions of ReHex at the GCE/Au@NPFe2O3NC
electrode occurred mainly through the diffusion-controlled process.11

Notably, the curve of ipc and ipa versus v1/2 for the GCE/Au@NP-
Fe2O3NC electrode showed a steeper slope than that of the unmodi-
fied GCE, further verifying the catalytic activity of Au@NPFe2O3NC
towards the redox reaction of RuHex (Fig. S5B, ESI†). We also found
that the catalytic ipc of RuHex at the GCE/Au@NPFe2O3NC electrode
increases with increasing RuHex concentration (Fig. S6, ESI†). To
further understand the electrocatalytic activity, chronoamperometric
(CA) responses were recorded at the GCE/Au@NPFe2O3NC electrode
upon the successive addition of RuHex (Fig. S7, ESI†), where the CA
response first increased steeply and then moved along the saturation.
The calibration curve (Fig. S7B, ESI†) follows typical Michaelis–
Menten equation for enzyme catalysis (details in the ESI†).12 The
apparent Michaelis–Menten constant (Kapp

m ) can be obtained from the
electrochemical version of Lineweaver–Burk model (inset of Fig. S7B,
ESI†), and it was estimated to be 0.539 mM. This value is significantly
low, suggesting the higher affinity of Au@NPFe2O3NC to RuHex,
further verifying the electrocatalytic activity of Au@NPFe2O3NC
towards RuHex.13 The electrocatalytic activity of this materials could
be related to its smaller size, enhanced surface area, and superior
electron transfer ability of porous Fe2O3 metal centre.2,4

We subsequently studied the [Ru(NH3)6]3+/2+ system using
NPFe2O3NC before and after deposition of AuNPs into NPFe2O3NC.
We found that 2% AuNPs loaded Au@NPFe2O3NC generated
approximately 2-times lower ipc in comparison to that of NPFe2O3NC
(20.11 vs. 39.82 mA cm�2, Fig. S8, ESI†). This findings suggest that
deposition of AuNPs may reduce the surface dependent mass
transport as well as nanocube mediated electron transfer, and
hence reduces the resultant ipc.4,14 As our assay design requires

Fig. 1 (A) Elemental mapping images (O, Fe, and Au), and (B) EDX
spectrum of Au@NPFe2O3NC.

Fig. 2 (A) CVs obtained at an unmodified GCE (top) and Au@NPFe2O3NC-
modified GCE (bottom) in 50 mM RuHex (scan rate, 50 mV s�1). (B) Comparison
of these two CVs.
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the gold–RNA affinity interaction for adsorbing target miRNA, we
synthesized porous Fe2O3 which favors the loading of AuNPs to
achieve Au@NPFe2O3NC as a proof-of-concept particle framework.

The electrocatalytic activity of the Au@NPFe2O3NC can be
used as a signal amplifying label for the detection of miR-21, a
potential biomarker for detecting cancer in patients with
ESSC.15–17 miR-21 is usually upregulated in tissues, plasma or
serum samples from patients with ESCC and significantly linked
with poor OS (overall survival) in patients with ESCC.18 Fig. 3
represents the outline of our assay. We initially extracted the
total RNA from the tissue samples of ESCC using a commercial
extraction kit. To capture specific miR-21 RNA present in the
sample, we designed a biotinylated-capture probe and incubated
it with the extracted sample. The target miRNA was hybridized
with the biotinylated probe. The hybridized dsRNA was then
magnetically separated and purified by streptavidin-modified
dynabead based protocol. The captured miRNAs were heat
released, separated and purified by another magnetic separation
step (see ESI†). The isolated and purified miRNA were directly
adsorbed onto the Au@NPFe2O3NC-modified screen-printed
carbon electrode (SPCE/Au@NPFe2O3NC) via RNA–gold affinity
interaction, which follows conventional physisorption and
chemisorption mechanism. This involves the direct interaction
of nitrogen atoms of nucleobase ring’s with gold and partial
contribution from the exocyclic amino group and charge transfer
between the aromatic ring and gold surface.19 The adsorbed
miR-21 were then detected by the chronocoulometric (CC)
charge interrogation in the presence of [Ru(NH3)6]3+, which act
as a signalling molecule that stoichiometrically binds to the
anionic phosphate backbone of miRNA, and indicates the
amount of miRNA adsorbed on the electrode surface.10

To check the assay functionality and specificity, we performed our
assay with the same amount of starting synthetic miRNA (10 nM)
using Au@NPFe2O3NC-modified and unmodified-SPCE (Fig. 4A). As
expected, the charge density (4.5 mC cm�2) for the miR-21-attached
(without Au@NPFe2O3NC) SPCE (i.e., SPCE/miR-21) was very similar

to that of the bare (without Au@NPFe2O3NC and miR-21) SPCE (i.e.,
SPCE/bare). A slightly higher response (4.5 versus 8.5 mC cm�2) was
estimated for the Au@NPFe2O3NC-modified SPCE (i.e., SPCE/NC/
buffer, NOT), indicating a low level of adsorption of RuHex onto the
surface of the SPCE/NC electrode. To evaluate the specificity of the
capture probes for isolating miR-21 targets, we have also performed
our assay using a noncomplementary miR-107 (i.e., SPCE/NC/
miR-107) and compared the data against target miR-21 at the
same starting concentration. We found that charges from experi-
ments involving miR-107 were similar to the SPCE/NC electrode,
indicating that our assay is not affected by the isolation of
nonspecific RNAs present in the sample. Most importantly, the
CC signal from the detection of target miR-21 was about 4-fold
higher (8.79 vs. 29.51 mC cm�2) than that of the nonspecific miR-
107. These experiments demonstrated the good specificity of our
assay in isolating miR-21 RNA for miRNA–gold adsorption and
subsequent electrocatalytic detection.

To evaluate the assay sensitivity, We tested designated concen-
tration of synthetic target miR-21 ranging from 100 fM to 1.0 mM
(Fig. 4B and C). The increasing level of QRNA was noted with
increasing concentration of miRNA. This is attributed to the increased
amount of miR-21, which was isolated and thus adsorbed onto the
SPCE/Au@NPFe2O3NC surface (the surface density were estimated to
be 8.52 � 1013 and 1.60 � 1013 molecules cm�2 for 1.0 mM and
100 fM of miR-21 respectively (see ESI† for details)). An increased
amount of adsorbed miR-21 bind with increased amount of
[Ru(NH3)6]3+ and thereby generating a higher QRNA. The linear

Fig. 3 Assay principle. miRNA was extracted from target cell lines or tissue
samples. After magnetic isolation and purification, the target miR-21 was
adsorbed onto the Au@NPFe2O3NC attached SPCE. An enhanced electro-
chemical signal was generated by the CC interrogation of miRNA-bound
[Ru(NH3)6]3+/2+ complexes.

Fig. 4 (A) Charge density for the SPCE/Bare, SPCE/miR-21, SPCE/NC/
miR-21 (Qdl), SPCE/NC/buffer (NoT), SPCE/NC/miR-107 (wrong target)
and SPCE/NC/miR-21 (Q) electrodes. Concentration of miR-21 and miR-
107 were 10 nM. (B) Typical CC curves for the (c–j) 100 fM–1.0 mM of
synthetic miRNA. Curves a, and b are for the Qdl and NOT respectively.
(C) Charge density–concentration profiles. Inset, corresponding calibra-
tion plot. (D) Charge density obtained for eight tissue samples derived from
ESCC patients. The concentration of RuHex is 50 mM. Each data point
represents the average of three independent trails, and error bars repre-
sent the standard deviation of measurements (%RSD = o5%, for n = 3).
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regression equation was estimated to be y (charge density,
mC cm�2) = 3.375 (amount of miR-21) � 2.31, with a correlation
coefficient (R2) of 0.9961. The level of generated QRNA indicates
that the minimum detectable miR-21 concentration is 100 fM.
The high sensitivity of the assay can be related to; (i) the large
exposed surface area of AuNPs within the Au@NPFe2O3NC
which adsorbs more miRNA through the RNA–gold affinity
interaction, thus larger amount of [Ru(NH3)6]3+ ions bind on
the miRNA-confined surface and (ii) electrocatalytic signal
enhancement of [Ru(NH3)6]3+/2+ system by Au@NPFe2O3NC.

The sensitivity of our method is similar or slightly better than
those reported in previous methods20–25 (Table S1, ESI†). However, it
is important to note that our method simplifies the assay design by
avoiding the complex chemistries underlying each step of the sensor
fabrication (i.e., cleaning of the electrode surface, formation of self-
assembled monolayer, hybridization of the target with electrode-
attached probe). Our assay also offer other advantages, such as
(i) enhancement of the detection sensitivity through catalytic activity
of porous framework of Au@NPFe2O3NC (ii) provides a mean for
efficient removal of non-specific species and improves the isolation
purity and efficiency using repetitive magnetic bead-based isolation
and purification steps, (iii) disposable SPCE based electrochemical
detection offer the high translational potential of the assay at
relatively low cost (AUD$4 per electrode).

After establishing the sensitivity and specificity of the assay,
we have performed clinical validation of the assay by analysing
miR-21 levels in patient derived from human ESCC cell lines,
HKESC-1 and HKESC-4.26 As shown in Fig. S9 (ESI†), with starting
total RNA concentration of 10 ng mL�1, miR-21 levels were expressed
at varying levels in these two cell lines. The expression of miR-21 in
HKCSE-4 cells was found to be higher compared to HKCSE-1 cells
(RT-qPCR validation data supported this results, see Fig. S10A in
ESI†). We further challenged our assay in vivo by profiling the
miR-21 expression in cancer and matched non-cancer tissue
samples from patients diagnosed with ESSC. The ESSC patients
(n = 4) with primary tumours (denoted as T) and the adjacent non-
neoplastic mucosae (denoted as N) from the same patients
(matched) were used to detect miR-21 expression levels. Similar
to cell lines, all paired cancer and non-cancer tissue samples from
these patients showed varied levels of miR-21 expression. With the
same amount of total RNA, our assay successfully detected a high
expression of miR-21 in all four patients with ESCC (P1(T), P2(T),
P3(T) and P4(T)) compared to their non-neoplastic counterparts
(P1(N), P2(N), P3(N) and P4(N)). High expression of miR-21 reported
to have oncogenic effects in ESCC cells leading to increased cell
proliferation and growth properties. Importantly, the conventional
RT-qPCR study supported these data, and has noted approximately
3.0-, 1.5-, and 1.5-fold higher miR-21 expression in P1, P2 and P4
samples (Fig. S10B in ESI†). The overexpression of miR-21 noted in
this study are in agreement with previous findings on miR-21
expression.15,17 Moreover, %RSD for n = 3, in quantifying the level
of miR-21 in these clinical samples was found to be o5%. These
data clearly indicated that CC signals generated by our assay were
able to quantify the different degree of miR-21 level in ESCC tissue
samples. Thus the method has potential implications for tracking
the growth and progression of ESCC.

In conclusion, we have demonstrated the electrocatalytic
activity of Au@NPFe2O3NC to develop an entirely new and sensi-
tive electrochemical assay for non-enzymatic and amplification-
free detection of miRNA. The applicability of our assay has been
successfully tested and validated in cancer cell lines and a small
cohort of tissue samples of patients with ESCC. We envisage that
our method is not limited to miRNA detection, it could be further
applied to detect a wide variety of RNA based biomarkers for other
human cancers and chronic diseases.
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