
Nanoscale

PAPER

Cite this: DOI: 10.1039/c7nr03006a

Received 27th April 2017,
Accepted 7th June 2017

DOI: 10.1039/c7nr03006a

rsc.li/nanoscale

Gold-loaded nanoporous iron oxide nanocubes:
a novel dispersible capture agent for
tumor-associated autoantibody analysis in serum†

Sharda Yadav,a,b Mostafa Kamal Masud, b,c Md. Nazmul Islam, a,b

Vinod Gopalan, d Alfred King-yin Lam, d Shunsuke Tanaka,e

Nam-Trung Nguyen, b Md. Shahriar Al Hossain,c,e Cuiling Li,e

Md. Yusuke Yamauchi*c,e and Muhammad J. A. Shiddiky *a,b

Autoantibodies are produced against tumor associated antigens (TAAs) long before the appearance of any

symptoms and thus can serve as promising, non-invasive biomarkers for early diagnosis of cancer.

Current conventional methods for autoantibody detection are highly invasive and mostly provide

diagnosis in the later stages of cancer. Herein we report a new electrochemical method for early

detection of p53 autoantibodies against colon cancer using a strategy that combines the strength of

gold-loaded nanoporous iron oxide nanocube (Au@NPFe2O3NC)-based capture and purification while

incorporating the inherent simplicity, inexpensive, and portable nature of the electrochemical and naked-

eye colorimetric readouts. After the functionalisation of Au@NPFe2O3NC with p53 antigens, our method

utilises a two-step strategy that involves (i) magnetic capture and isolation of autoantibodies using

p53/Au@NPFe2O3NC as ‘dispersible nanocapture agents’ in serum samples and (ii) subsequent detection

of autoantibodies through a peroxidase-catalyzed reaction on a commercially available disposable

screen-printed electrode or naked-eye detection in an Eppendorf tube. This method has demonstrated a

good sensitivity (LOD = 0.02 U mL−1) and reproducibility (relative standard deviation, %RSD = <5%, for n = 3)

for detecting p53 autoantibodies in serum and has also been successfully applied to analyse a small cohort

of clinical samples obtained from colorectal cancer. We believe that the highly inexpensive, rapid, sensitive,

and specific nature of our assay could potentially aid in the development of an early diagnostic tool for

cancer and related diseases.

1. Introduction

Early diagnosis of cancer is crucial for reducing cancer associ-
ated morbidity and mortality along with the growing cancer
burden.1 The majority of cancers can be treated successfully if
they are detected at their earliest stages or at their premalignant

state whereas the late detection is more likely to cause high
morbidity and even death.2 Currently, tissue biopsy is con-
sidered as the gold standard technique for the accurate diagno-
sis of cancer, however it is highly invasive and mostly diagnose
cancer in the late stages.3,4 Due to this reason, the current
medical focus has been centred on non-invasive biomarkers for
early cancer diagnosis that enable curative treatment to be
administered before the cancer spreads away from the organ of
origin.5 To develop a highly effective method for early detection
of cancer, the method must be (i) sensitive to specifically
distinguish healthy individuals from cancer cases, (ii) able
to detect cancer before it progresses to advanced stages, and (iii)
inexpensive and non-invasive for easy implementation.1,5–7

Diagnosis of cancer based on minimal or non-invasive bio-
markers (i.e., present in accessible body fluids such as serum,
urine, saliva etc.) often complements with these benefits, and
has proven to be one of the attractive pathways for early detec-
tion of cancer.8,9 A number of recent reports have revealed
the role of autoantibodies (formed against cancer specific
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proteins, known as tumor associated antigens (TAAs)) as one
of the promising and non-invasive biomarkers for cancer.8,10

Generally, various mispresentation or misfolding of proteins
such as point mutations, degradation and overexpression,
which may be recognised by the immune system, lead to the
production of autoantibodies.9,10 Additionally, genetic alter-
ation during the post-translation modifications (e.g., aberrant
glycosylation) can trigger the immune system to produce anti-
bodies against the TAAs from premalignant or malignant
lesions via humoral immune response.10,11 Several studies
have confirmed that this humoral immune response can even
be observed long before (several months or years) the clinical
symptoms of cancer, thereby making autoantibodies a promis-
ing source for early cancer detection.10–12 Additionally, the
relative amount of autoantibodies at the early stages of the
cancer is much higher than that of the TAAs. This is because
the low number of TAAs present at the early stage produce a
large amount of autoantibodies due to the amplification by
the immune system.13 Furthermore, the autoantibodies are
extremely stable in serum compared to their respective
TAAs.10,11 Therefore, the development of serological tests to
determine the presence of autoantibodies is of particular inter-
est for early diagnosis of cancer.

Over the past several decades, a number of methods have
been used to detect autoantibodies against TAAs in serum.
These include conventional immunoassays (i.e., western blot,
ELISA),12,14 serological analysis of tumor antigens by recombi-
nant cDNA expression cloning (SEREX),15 phage display,16

serological proteome analysis (SERPA),17 multiple affinity
protein profiling (MAPPing)18 and protein microarrays or the
Luminex19 method. Most of these methods are relatively
robust but at the cost of being laboratory-based methods.
For example, Luminex has the ability to analyse multiple
immune targets but is costly and not ideally suitable in
resource-poor settings, where sophisticated diagnostics facili-
ties are unavailable. In recent years, much attention has there-
fore been focused on developing a simple and inexpensive
method to accurately detect autoantibodies suitable for a
point-of-care (POC) set-up.20 Among many other readout
methods, electrochemical and colorimetric readouts have the
potential to suit with the POC detection of a wide range of
target analytes. Electrochemical detection has its inherent
advantages of high sensitivity, specificity, speed and compat-
ibility with miniaturization.21 On the other hand, colorimetric
readouts are ideal in resource-limited settings, and offer
several benefits such as low cost, short assay time, visual
readout and quantitative detection via absorbance measure-
ments.22 Until now, the most advanced electrochemical
method reported for autoantibody detection is that developed
by Asensio et al.,20 where cancer related p53 autoantibodies
were selectively captured and quantified using the magnetic
bead-functionalized HaloTag fusion p53 antigen. This method
used a hydroquinone/H2O2 system to obtain catalytic signals
from the magnetically captured MB–autoantibody complex
onto a screen-printed carbon working electrode. In the current
work, we have used a new class of nanomaterials, gold-loaded

nanoporous iron oxide nanocubes (Au@NPFe2O3NC) to
develop a proof-of-concept method for the electrochemical
and colorimetric detection of autoantibodies in patient
serum.

Magnetic nanoparticle (i.e., iron oxide)-based strategies
have the potential to be used in biosensing of non-invasive or
minimally invasive biomarkers in complex biological fluids
because, apart from being compatible with miniaturisation
and cost-effective, they form an intimate mixture with the
sample, thus reduce the response time.23–25 Furthermore,
different novel transduction schemes can exploit the electro-
chemical properties of nanoparticles.26 Although recent
advancements in nanoparticle-based diagnostic methods have
made an enormous impact on biological and medical sciences,
much less effort has been invested in applying non-siliceous
mesoporous materials with different framework compositions
to analyse biological targets in body fluids. Among these
materials, mesoporous magnetic materials (Fe-, Ni-, and
Co-based metal oxides) have attracted a great deal of attention
due to their unique physicochemical properties.27–30 This is
because, abundant pores of these materials can capture size-
controlled AuNPs (e.g., Au@NPFe2O3NC). Additionally, these
nanoparticles (exposed on the particle surface) can be used
to capture biorecognition species for a given analyte.
Furthermore, such magnetic particles can be easily collected
by an external magnet due to their relatively high magnetiza-
tion properties.31,32

In this study, superparamagnetic Au@NPFe2O3 nanocubes
were modified with the p53 protein and dispersed into the
serum sample where they bound to p53-specific autoanti-
bodies. The p53-specific autoantibody33,34 has been selected
as the target due to its critical role as an early detection
marker in 10–40% of all cancer patients.35–37 First, the auto-
antibody-attached magnetic nanocubes were magnetically iso-
lated and purified in an Eppendorf tube for the naked-eye/
colorimetric display of the target present in the sample. The
horseradish peroxidase (HRP)-modified secondary antibody
was used to catalyse the enzymatic oxidation of the 3,3′,5,5′-
tetramethylbenzidine (TMB)/H2O2 system and generate a
coloured complex to signal the presence of the autoantibody.
As TMB is electrochemically active, the amperometric
current generated by the TMB at a commercially available
screen-printed gold electrode (SPGE) also quantifies the level
of the target autoantibody. This method was first tested on the
commercial p53 autoantibody ELISA kit and finally demon-
strated on serum samples collected from colon cancer patients.
This method is relatively rapid, sensitive (0.02 U mL−1)
and specific for the analysis of p53-specific autoantibodies
in colon cancer samples. As the functionality and simplicity
of our method rely on the use of very inexpensive magnetic
materials and readout systems, we believe that it has the
translational potential for POC diagnostics. Moreover, the
disposable SPGE used in our approach successfully eliminates
the need of a time-consuming electrode cleaning process typi-
cally used in conventional disk electrodes. Additionally, the
method is not limited to only p53-specific autoantibodies, rather
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it can be used to detect other protein based targets by changing
the recognition and transduction elements in the assay protocol
which could find wide applications in human diagnostics.

2. Experimental
2.1 Reagents and materials

Unless otherwise stated, the reagents used for the experiments
were of analytical grade and purchased from Sigma Aldrich
(Australia). Recombinant human p53 protein was purchased
from Abcam (Australia) and the HRP-conjugated human IgG
antibody was from Thermo Fisher Scientific (Australia). Bovine
serum albumin (BSA) from Life Technologies (Australia) was
used as a blocking agent. DNase/RNase-free distilled water
(Invitrogen, Australia) was used for preparing all aqueous solu-
tions. The p53 autoantibody ELISA kit was purchased from
Dianova GmbH, Hamburg, Germany.

2.2 Apparatus and electrodes

All electrochemical measurements were performed on a
CH1040C potentiostat (CH Instruments, Bee Cave, TX, USA) with
the three-electrode system printed on a ceramic substrate (length
33, width 10, height 0.5 mm). In the three-electrode system, the
working (diameter = 4 mm), counter and reference electrodes
were gold, gold and silver-modified electrodes, respectively. A
DynaMag 2 magnetic separation rack from Thermo Fisher
Scientific (Australia) and a microtube mixer from Eppendorf
(Germany) were employed for washing and incubation of the
solutions. Scanning electron microscopy (SEM) images were
taken with a Hitachi S-4800 scanning microscope with an acceler-
ating voltage of 10 kV. Wide-angle powder X-ray diffraction (XRD)
patterns were obtained with a Rigaku RINT 2500X diffractometer
using monochromated Cu Kα radiation (40 kV, 40 mA) at a scan-
ning rate of 0.5° min−1. High-resolution transmission electron
microscopy (HR-TEM, JEOL JEM-2100F) operated at 200 kV was
used to investigate the interior structure of the nanocube.

2.3 Synthesis of gold-loaded iron oxide nanocubes

According to our previous report,38 porous iron oxide nano-
particles were prepared by calcination of Prussian blue (PB)
nanocubes. For the preparation of the PB nanocubes, PVP
(polyvinylpyrrolidone) (K30) (6.0 g) and K3[Fe(CN)6]·3H2O
(264 mg) were dissolved in a 0.01 M HCl aqueous solution
(80.0 mL) under magnetic stirring. After 30 min of stirring, a
clear yellow solution was obtained. The vial was then placed
into an electric oven and heated at 80 °C for 30 h. After aging,
the precipitates were collected by centrifugation and washed
several times in distilled water and ethanol. Subsequent drying
at room temperature for 24 h, PB nanocubes of approximately
80 nm in particle size were obtained. For the preparation of
nanoporous iron oxide, the obtained PB powder (50.0 mg)
was placed into a melting pot which was then heated inside
an electronic furnace at a heating rate of 1 °C min−1 from room
temperature to a designated temperature and kept for 1 h to
achieve complete thermal decomposition. After that, the powder

was left to cool inside the furnace. Finally, the obtained powder
was collected separately for characterization. For loading of Au
nanoparticles, iron oxide nanocubes (250 mg) were dispersed in
water containing sodium citrate under stirring, followed by
adding 3 mL of 10 mM HAuCl4 aqueous solution. Then, the
mixed solution was incubated under ice-water bath till its temp-
erature was stable. Then, sodium borohydride solution as a
reducing agent was quickly added into the above solution under
vigorous stirring. After reacting for 10 min, the product was
washed and collected by successive centrifugation.

2.4 Amperometric and colorimetric detection of p53
autoantibodies

The p53 antigens (5 μL, 100 ng mL−1) were directly adsorbed
on the exposed gold surfaces of the Au@NPFe2O3NC (5 μL,
10 mg mL−1) for 15 min at room temperature via continuous
agitation at 350 RPM, followed by the incubation with 1%
BSA solution for 15 min. The p53 protein-functionalized
Au@NPFe2O3NC were then added to test serum samples (5 μL)
and incubated for 1 h with continuous agitation to capture
the p53-specific autoantibodies present in the sample. After
washing away the unbound serum proteins, the HRP-IgG anti-
bodies (5 μL, 100 ng mL−1) were added and incubated for 30 min.
To remove all unbound HRP-IgG, the conjugates were magnetically
isolated and washed several times with phosphate buffered saline
(PBS, pH 7.4; concentration 100 mM). Finally, 50 μL of TMB sub-
strate solution was added and incubated for 20 min in the dark.
The color change was visually observed. For quantitative measure-
ments of the color change, 10 μL of stop solution (2 M HCl) was
added and absorbance readings were recorded at 450 nm with a
spectrophotometer (SpectraMax). For electrochemical detection,
20 μL of the mixture solution (conjugates + TMB substrate + HCl)
was pipetted onto the SPGE electrode, and amperometric response
was measured at 150 mV over 150 s. The resulting steady-state
current is directly proportional to the amount of p53-specific auto-
antibodies present in the serum samples. At least three replicates
were measured for each standard/sample. All measurements were
performed at room temperature.

2.5 Clinical sample

Serum samples from nine patients diagnosed with colorectal
carcinomas were obtained from the Gold Coast University
Hospital following an ethics approved by the Human Ethics
committee of the Griffith University (GU Ref. No: MSC/17/10/
HREC). All colon cancer patients selected in this study were
between the clinical stages I to IV. The age group of the
patients ranges from 60 to 85 years (average age 72 years).
Samples were collected using a standardized sample protocol
and stored at −80 °C until used. Histopathological data from
all the patients are included in Table 1.

3. Results and discussion

The surface morphology of the prepared Prussian blue (PB)
nanocubes before and after calcination was examined using a
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scanning electron microscope (SEM), as shown in Fig. S1A
and B (in the ESI†). The average size of the PB nanocubes is
around 80 nm. The morphology of the obtained PB-derived
iron oxide after calcination remained nanocubes, but their
sizes were slightly reduced and their surface roughness
increased (Fig. S1B in the ESI†). The reduction of the particle
size was mainly caused by the removal of the cyano-groups
and the interstitial water molecules during calcination. The
as-prepared PB particles show the same face-centered cubic
diffraction patterns as the bulk PB crystals (JCPDS card 73-

0687), as shown in Fig. S1C in the ESI.† No peaks derived from
impurities were detected, which indicates the high purity of
the PB particles. In the original PB crystals, iron atoms are sep-
arated by cyano-bridges, which provide good conditions for
Fe2O3 particles during the oxidation process. The surface area
of the obtained porous iron oxides shows a relatively high
surface area.38 After deposition of Au nanoparticles, uniformly
sized Au nanoparticles (around 3–6 nm in diameter) are dis-
tributed on the surface of nanocubes (Fig. 1A–C). Elemental
mapping data further prove the formation of Au nanoparticles
(Fig. 1A). The XRD pattern shows the diffraction peaks derived
from Au, α-Fe2O3, and γ-Fe2O3 (Fig. S1D in the ESI†). The
HR-TEM image shows that the Au nanoparticles are stably
attached on the surface of crystallized α-Fe2O3 and γ-Fe2O3

frameworks (Fig. S2 in the ESI†). The loading amount of Au
nanoparticles is around 2 wt% in the product (Au-loaded iron
oxide nanocubes) (Fig. 1C). This sample is found to be super-
paramagnetic from the complete reversibility of the M–H curve
recorded at temperatures from 100 K to 400 K. The S-shaped
hysteresis loops shown in Fig. 1D with a negligible coercive
field (Hc) are a typical characteristic of superparamagnetic
nanoparticles. The decrease in the density of magnetization
due to the decrease in the average diameter of the nanocrystal-
lites can be attributed to surface effects, morphologies and the
structure of the nanoparticles.39 Such a small density of mag-

Table 1 Clinical information on colon cancer patients

Patient number Agea Genderb Sizec Staged

P1 65 M 33 III
P2 69 F 25 II
P3 74 F 15 II
P4 85 F 20 II
P5 71 M 24 III
P6 69 F 15 III
P7 77 F 60 IV
P8 78 M 55 IV
P9 60 M 32 I

a In years. bM, male; F, female. c Tumor size (in mm) after histological
analysis. d Stage of the cancer (stage I, stage II, stage III, stage IV).

Fig. 1 (A) Elemental mapping images (O, Fe, and Au), (B) SEM image, (C) EDS spectrum, and (D) magnetization curves measured at various tempera-
tures for Au-loaded nanoporous iron oxide nanocubes.
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netization of an individual small nanoparticle is enough to be
misaligned by thermal fluctuation (so-called superparamagnet-
ism).40,41 The density of magnetization of nanoparticles is
aligned by the application of a magnetic field and the magneti-
zation of the nanoparticles is fully saturated at low fields. The
saturation magnetization (Ms) reported in this study is 20 emu
g−1 at 100 K, 18 emu g−1 at 200 K, 16 emu g−1 at 300 K, and 15
emu g−1 at 400 K for Au@NPFe2O3NC, respectively. In contrast,
the Ms value of iron oxide nanocubes without Au nanoparticles
is around 20 emu g−1 at 300 K. After the Au loading, the Ms

value is decreased because of the non-magnetic properties of
Au. Due to these sufficient Ms values, the samples can be
easily collected by a neodymium magnet. The macroscopic
magnetic response is directly correlated with several factors
such as the nanoparticle crystallinity, size, defect
and magnetic anisotropy. Also the magnetic response of
such a magnetic–nonmagnetic composite nanoparticle cannot
be simply correlated to these factors but can be correctly
explained by the internal structure and magnetization
of the nanoparticle synthesized and characterized for this
experiment.42

The assay protocol for the isolation and detection of p53-
specific autoantibodies from serum is schematically presented
in Fig. 2. In this study, the p53 antigen was chosen to selec-
tively recognise p53-specific autoantibodies present in serum.
Briefly, magnetic Au@NPFe2O3NC were first conjugated with
the p53 protein. The tumor suppressor p53 protein is a phos-

phoprotein that plays a crucial role in the regulation of the cell
cycle, DNA repair and apoptosis. p53 mutation is one of the
most common mutations in human cancers.43–45 Among
various mutations, point missense mutations within the
coding sequences of the gene are frequent which lead to the
accumulation of the p53 protein acting as the antigen for sub-
sequent production of antibodies against it. As we and others
have successfully demonstrated that proteins have their affinity
towards gold surfaces,46–48 we directly adsorbed the p53
protein onto the exposed gold surface of the Au@NPFe2O3

nanocubes followed by blocking the unreacted gold surfaces
with BSA. The conjugates were then added to the serum
samples to selectively bind to the p53 autoantibodies present
in the sample (i.e., Au@NPFe2O3NC/p53 work as dispersible
nanocapture agents). Multiple magnetic washing and isolation
steps were performed prior to their incubation with the
HRP-IgG antibody solution. After removing unwanted HRP-IgG
via an additional magnetic purification step, the conjugates
were treated with TMB substrate solution to react in the pres-
ence of captured HRP-IgG. HRP/H2O2 catalysed the oxidation
of TMB that produced a blue-colored complex product, which
turned yellow after the addition of an acid to the reaction
media. This yellow product has been identified as a two-
electron oxidation product which is stable in acid solution.
The intensity of the colored product is likely to be proportional
to the amount of captured HRP-IgG, which is in turn pro-
portional to the amount of p53 autoantibodies present in the

Fig. 2 Schematic representation of the assay for the detection of p53 autoantibodies. p53-Functionalized Au@NPFe2O3NC were used as ‘dispersible
nanocapture agents’ for capturing the target autoantibodies in serum. After magnetic purification and separation, these bionanoconjugates were
treated with HRP-IgG antibodies and TMB-substrate solution. The level of autoantibody concentration against the p53 antigen was detected by the
naked eye, UV-vis and electrochemical detection techniques.
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sample. As TMB (red) is electroactive, the amount of the
enzymatically generated product (diimine) was also measured
by chronoamperometric measurement by applying a potential
of +150 mV at SPGE.

To check the assay functionality and specificity, the levels
of the p53-specific autoantibodies present in the p53 positive
and negative samples were studied by comparing the ampero-
metric and colorimetric detection performance. The commer-
cial ELISA kit derived controls were used as p53 positive and
negative samples. The positive control samples contain diluted
human serum with the defined p53 autoantibody con-
centration of 14 U mL−1 (1 unit is defined as the p53 binding
activity which corresponds to the binding activity of a 100 μL
undiluted calibrator), where the negative control contains
diluted serum containing no p53 autoantibodies. As can be
seen in Fig. 3A, the amperometric signal for the positive
control sample is over 10-times higher than that of the nega-
tive control sample (2.1 versus 0.2 µA). Control experiments
without the use of the HRP-IgG step in the assay protocol for
analysing diluted human serum with the 14 U mL−1 p53 auto-
antibody (see (−) Sec Abs, in Fig. 3A) resulted in a significantly
low level of the amperometric signal (0.1 µA). This is probably
due to the absence of HRP on the electrode surface. In the
second control experiment, we replaced the target p53
autoantibody positive serum solution with PBS (see (−) Target,
in Fig. 3A). This experiment resulted in a slightly higher
current than that of the first control experiment (0.3 versus
0.1 µA). This could be explained by the fact that HRP-IgG
could be nonspecifically attached on the autoantibody-
attached Au@NPFe2O3NC. However, it is important to note
that the level of the amperometric signal generated in the

second control experiment is significantly lower than that
of the positive control experiments. The higher response
obtained for the p53 autoantibody (positive) serum samples
could be explained by considering the fact that (i) highly
exposed gold surfaces of the Au@NPFe2O3NC enhance the
capture of the target p53 autoantibody via loading enormous
amounts of p53 phosphoprotein onto the electrode surface via
gold–protein affinity interactions and (ii) magnetic nano-
particle-based intimate mixing, separation and purification
steps further enhance the sensitivity by increasing capture
efficiency and separating the target p53 autoantibody from the
other biological species present in the serum sample. Notably,
all of the above control experiments clearly support that the
level of background responses (due to the unwanted biological
species present in the serum) is significantly lower, and our
biosensor assembly is highly specific to recognise the target
p53 autoantibodies in serum sample. As mentioned above,
magnetic nanoparticle based purification and separation of
the target autoantibodies from the other biological noises
present in the serum sample could be one of the key factors to
achieve such low background responses. Additionally, direct
adsorption of the p53 protein onto the Au@NPFe2O3NC sur-
faces was followed by the blocking with 1% BSA. This step
could also contribute to reduce the nonspecific adsorption of
biological molecules onto the Au@NPFe2O3NC surfaces as the
BSA blocking is a well-established method for reducing non-
specific adsorption of biological species.

In resource-poor settings, where sophisticated scientific
equipment is unavailable, it is an urgent demand to develop
biosensing methods that rely on minimal equipment facilities
and deliver sensitive and specific results in a rapid and

Fig. 3 Mean responses of the (A) steady-state current difference and (B) absorbance (UV-vis detection) obtained for the positive control (presence
of p53 autoantibodies in serum) with three different negative controls (no HRP conjugated secondary antibody, no target i.e. serum replaced by PBS,
negative control i.e. the absence of p53 autoantibodies in serum). Inset, (A) representative i–t curves and (B) pictures for the naked-eye detection.
Each data point represents the average of three separate trials (n = 3) and error bar represents the standard deviation of the measurements
(% RSD = <5%).
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inexpensive manner. The colorimetric (naked eye) detection
method addresses some of these criteria, and is highly suitable
for developing low-cost and rapid biosensing platforms for
detecting disease-specific biomolecules. As a proof-of-concept
method, we have tested the use of colorimetric (naked-eye)
detection for the analysis of p53-specific autoantibodies. All
experiments shown in Fig. 3A were replicated using color-
imetric detection, and data have been shown in Fig. 3B. In
these assays, when the HRP-IgG interacts with TMB substrate
solution, it generates a colored complex to signal the presence
of p53 autoantibodies. As shown in the picture (Fig. 3B), the
positive control gave a strong blue-colored complex compared
to the negative control experiment. The first control experi-
ment (i.e. with no HRP-IgG antibody) did not change the color
of the complex and remained light pink. The second control
experiments (i.e. when the target p53 autoantibody sample was
replaced by PBS; see (−) Target, in Fig. 3A) resulted in a light
blue-colored complex which was negligible compared to the
positive control. The subtle color changes of these assays were
further quantified by UV measurements taken at an absor-
bance of 450 nm after stopping the enzymatic oxidation reac-
tion with an acid. As can be seen in Fig. 3B (main panel), the
positive control (Abs@450 nm = 2.0) consistently produced an
absorbance at least 9-times higher than those of all the three
control experiments (Abs@450 nm = about 0.2, 0.3 and 0.2
respectively, relative standard deviation (%RSD) = <5%, n = 3).
These data clearly show that the assay is also specific for
colorimetric detection. The total time required for the color-
imetric assay is 140 min.

To determine the detection limit (LOD) and sensitivity of
the proposed assay, concentration-dependent data were
obtained. A serial dilution of p53 positive serum samples [1 : 1
(14 U mL−1) to 1 : 640 (0.02 U mL−1)] was tested (Fig. 4A). We
found a logarithmic increment of relative current changes with
the increase of p53 autoantibody concentrations under the
optimized conditions in the dynamic range of 14 U mL−1 to
0.02 U mL−1 with a correlation coefficient (r2) of 0.99 (y =
0.2897 ln(x) + 1.5878). These data indicate that our assay could
potentially be applicable for the detection and analysis of p53
autoantibodies in serum samples where the autoantibody level
varies between the stages of cancer progression. The detection
limit was found to be 0.02 U mL−1 with a corresponding
signal-to-noise ratio of 2.5 compared to the negative control
(Fig. 4A) provided by the ELISA kit. A %RSD value of 2.2% was
estimated from three different measurements using three
different sensors. In the case of the colorimetric assay, the
color intensity increased with the increasing concentration of
target autoantibodies. In visual (naked eye) detection, the
assay LOD was found to be 0.7 U mL−1, when a blue-colored
complex was still visibly different compared to that of the
blank solution (figure not shown). However, quantitative
measurement of absorbance resulted in the LOD of 0.04 U mL−1

with a correlation coefficient (r2) of 0.94 (y = 0.2716 ln(x) +
1.1162) (Fig. 4B). These studies showed a good interassay
reproducibility for the colorimetric assay, as evidenced by the
%RSD of <3.8% (for n = 3). These concentration-dependent
studies clearly demonstrate that the autoantibodies against
p53 could distinctively be detected by both sensing methods.

Fig. 4 Concentration dependent curve for the p53 autoantibody standard provided in the p53 autoantibody ELISA kit. Mean responses of the
(A) steady-state current difference and (B) absorbance (UV-vis detection) corresponding to the increasing concentration of p53 autoantibodies. The
inset shows the (A) concentration–current and (B) concentration–absorbance curves. Each data point represents the average of three separate trials
(n = 3) and error bar represents the standard deviation of the measurements (%RSD = <5%).
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However, the amperometric method showed better sensitivity
compared to the colorimetric method (LOD = 0.02 versus 0.04
U mL−1). These LODs obtained for amperometry and colori-
metry are 17- (0.34 versus 0.02 U mL−1) and 9-times (0.34 versus
0.04 U mL−1) higher than that of a recent method for the
detection of the humoral immune response in cancer patients
using the HaloTag fusion protein-modified electrochemical
platform.20 In addition to the better sensitivity, our assay relies
on the use of the laboratory synthesised capture agent
Au@NPFe2O3NC (which can be synthesized on a large scale at
relatively low-cost) and direct adsorption of p53 antigens onto
the surface of Au@NPFe2O3NC for only 30 min. These features
are more attractive than those used in the electrochemical plat-
form reported by Asensio et al.20 where expensive magnetic
microcarriers were used for immobilizing the HaloTag fusion
protein for 5 h. Our LOD is also comparable to that obtained
in the immunoassay using the commercial ELISA kit.49 For
example, the immunoassay using the Dianova kit offered the
LOD of 0.07 U mL−1.49 Notably, the LOD of 0.7 and 0.02
U mL−1 obtained in our naked-eye amperometry readouts may
potentially be adequate for p53 autoantibody screening in
clinical settings. Therefore, the level of LOD values obtained
for both of our electrochemical and colorimetric methods is
sensitive enough to discriminate between p53 reactive and
nonreactive serum samples.

We further challenged our assay with nine serum samples
to demonstrate the efficiency of our assay for detecting p53
autoantibodies in colon cancer patients of different cancer
stages. These samples were analysed using both electro-
chemical and colorimetric methods. Histopathological ana-
lysis revealed that one sample was of stage I, three stage II,
three stage III and two stage IV patients with colorectal carci-
nomas (Table 1). The samples were diluted in PBS (1 : 100)
before performing the assay. As expected, the amperometric
signal was much higher in stage IV cancer samples indicating

that p53 was highly mutated in these samples, followed by
stage III, II and I respectively. The incidence of autoantibodies
increased with the advancing tumor stage and grade (Fig. 5A).
For example, the current observed in the stage IV colon cancer
sample was slightly higher compared to that of the control (3.0
versus 0.2 µA). Similar phenomena regarding the cancer’s stage
dependency of autoantibodies were also observed in the stage
III (1.8 µA) or II (0.8 µA) cancer samples. It is also important to
remark that we could also easily discriminate current
responses between the negative controls and stage I cancer
samples. The clinical data showed good interassay reproduci-
bility as evidenced by the %RSD = 7%, (for n = 3). These data
clearly suggest that our assay is capable of quantifying differ-
ential expression patterns of p53 autoantibodies in different
stages of colon cancer, and the difference is statistically signifi-
cant. Statistical significance was determined by pairwise com-
parisons between two conditions (cancer stages) using
Student’s t-test (Table 2).

In the case of the colorimetric detection, the cancer
samples gave the strongest color intensity compared to the
negative control, however the color change between the stages
of cancer was not distinguishable by the naked eye. For quanti-
tative colorimetric detection, the relative absorbance measure-
ments for the stage IV cancer sample resulted in the highest
OD followed by III, II and I respectively (Fig. 5B). We could
also see the noticeable difference between the stage I and the
negative control suggesting that naked-eye observation can be
used to discriminate cancer and control samples. The interas-
say variation was relatively low as the %RSD was found to be
<10% (n = 3).

We believe that the high sensitivity and specificity of our
assay could find potential applications in detecting low
amounts of p53 autoantibodies present in clinical samples.
This method offers some distinct advantages- (i) the highly
porous framework of Au@NPFe2O3NC significantly enhances

Fig. 5 Clinical application of the assay. Mean values of the (A) steady-state current difference and (B) absorbance (UV-vis detection) corresponding
to the different levels of p53 autoantibodies present in colon cancer serum samples. Error bar represents the standard deviation of the experiments
(%RSD = <10%). Statistical significance was determined by pairwise comparisons between two conditions (cancer stages) using Student’s t-test.
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the capture efficiency via loading enormous amounts of bio-
recognition species on the surfaces (i.e., enormous active
sites), (ii) as these cubes are superparamagnetic, magnetic
nanoparticle-based intimate mixing, separation and purifi-
cation can further enhance the assay performance by reducing
the matrix effects of the biological samples, as non-target
species can be removed via a magnetic purification step, (iii)
direct adsorption of the p53 protein on the Au@NPFe2O3NC
surface via affinity interaction between p53 proteins and gold
within the Au@NPFe2O3NC frameworks which simplifies the
method by avoiding conventional covalent chemistries typi-
cally used in the magnetic bead functionalisation step, (iv) dis-
posable SPGE for portable detection of serum autoantibodies
at a relatively low cost (AUD$3 per electrode), and (v) naked-eye
(colorimetric) detection that can be used to discriminate the
presence/absence of autoantibodies by visual observation
which opens an avenue for low cost screening tool develop-
ment, and is thus highly potential to translate the method into
simple and inexpensive detection of autoantibodies in a large
number of samples. This naked-eye detection has additional
advantages as a first-pass screening test and can easily be inte-
grated onto a low cost POC device and primarily be applied to
screen a large population for potential cancer in developing
countries. Once positive results are obtained, further confir-
mation and quantification of the level of autoantibodies
present in the samples can easily be obtained using UV-vis or
SPGE based electrochemical readouts. The flexibility of the
reported assay to be either developed as a rapid screening test
or a quantitative test makes it much applicable in diagnostic
platform development.

4. Conclusions

In conclusion, we have developed a new class of gold-loaded
nanoporous iron oxide nanocubes with superparamagnetic
properties. The exposed gold surfaces of these nanocubes have
been used to capture target biomarkers via loading enormous
amounts of biorecognition species on the surfaces. These
nanocubes have been used as novel dispersible nanocapture
agents for developing a simple, relatively rapid, sensitive,
specific and inexpensive method to detect the immune
response produced by the body against cancer as autoanti-

bodies in serum. The detection was transduced by the ampero-
metric signal produced using screen printed gold electrodes.
We also showed that the assay could easily be adapted to the
colorimetric detection platform with similar performance.
However, the electrochemical detection technique seems to be
more sensitive compared to the UV-vis detection. The use of
naked-eye discrimination of the presence or absence of auto-
antibodies adds the advantage to develop simplistic screening
tools in clinical settings. Though the clinical utility of the
assay has successfully been shown for detection of p53 auto-
antibodies in a small number of colon cancer samples, we
believe that an optimised format of the current method could
also be used for detecting autoantibodies in a large cohort of
clinical samples. We envisage that the assay is not limited to
p53 autoantibodies and may have wide application potential
as sensing tool for other human cancers or chronic diseases.
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