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Abstract
A densely packed gold nanoparticle platform combined with a multiple-enzyme labeled detection
antibody-magnetic bead bioconjugate was used as the basis for an ultrasensitive electrochemical
immunosensor to detect cancer biomarkers in serum. Sensitivity was greatly amplified by
synthesizing magnetic bioconjugates particles containing 7500 horseradish peroxidase (HRP) labels
along with detection antibodies (Ab2) attached to activated carboxyl groups on 1 µm diameter
magnetic beads. These sensors had sensitivity of 31.5 µA mL ng−1 and detection limit (DL) of 0.5
pg mL−1 for prostate specific antigen (PSA) in 10 µL of undiluted serum. This represents an ultralow
mass DL of 5 fg PSA, eight fold better than a previously reported carbon nanotube (CNT) forest
immunosensor featuring multiple labels on carbon nanotubes, and near or below the normal serum
levels of most cancer biomarkers. Measurements of PSA in cell lysates and human serum of cancer
patients gave excellent correlations with standard ELISA assays. These easily fabricated AuNP
immunosensors show excellent promise for future fabrication of bioelectronic arrays.
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Gold nanoparticles (AuNPs) exhibit quantum size effects leading to unique optical, electronic,
and catalytic properties.1–7 They are fully compatible8,9 with biomolecules when decorated
with thin organic coatings. This has resulted in their use in sensors for DNA,10,11 proteins,
12 organic analytes and metal ions.13 Nanoscale structures of AuNPs on conductive surfaces
combined with high electrical conductivity can facilitate fast electron transfer to and from redox
enzymes, which has been demonstrated for cytochrome c,14 horseradish peroxidase,15
myoglobin16 and glucose oxidase,17 providing a sensitive platform for biosensors.

AuNPs have been employed as nanoelectrode18 relay units transporting electrons from a FAD
enzyme cofactor to a macroscopic electrode, efficiently activating enzyme bioelectrocatalysis.
Zayats et al.19 demonstrated electrical connection of pyrroloquinoline quinone (PQQ)-
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dependent enzymes by the reconstitution of apo-glucose dehydrogenase on PQQ
functionalized AuNPs assembled on a Au underlayer. In addition, biosensors utilizing
multilayer films produced layer-by-layer from polyions, gold nanoparticles, multi-wall carbon
nanotubes (MWCNT) and enzymes have been evaluated.2 Shipway et al.20 constructed gold
nanoparticle electrodes for the fabrication of devices such as sensors and photo- or bio-
electrochemical devices with high sensitivity, selectivity and functionality. Modified AuNP
electrodes have very large surface areas, are simple to fabricate and functionalize, retain
metallic conductivity, and lend themselves to facile biomolecule attachment.21,22 Recently
Singh et al.23 reported electrochemical immunosensors for detecting osteoproteogerin based
on a AuNP-conducting polymer electrode showed a linear range from 2.5 pg mL−1 to 25 pg
mL−1 with detection limit of 2 pg mL−1. In this paper, we report monolayer AuNP electrodes
as immunosensors that do not require conductive polymer and have significantly better
detection limits for proteins in serum.

Sensitive quantitative detection of protein biomarkers is critical to many areas of biomedical
research and diagnostics,24 systems biology25 and proteomics.26 Biomarker levels in serum,
for example, can detect and monitor diseases such as cancer.27 Conventional ways of
measuring proteins include enzyme-linked immunosorbent assays (ELISA),28
radioimmunoassay (RIA),29 electrophoretic immunoassay30 and mass spectrometry-based
proteomics.31 These techniques often involve sophisticated instrumentation, significant
sample volumes, limited sensitivity, and clinically unrealistic expense and time. Thus, there is
a real need for simple, rapid, sensitive and inexpensive methods for protein measurement for
point-of-care and research applications. For example, measurement of collections of protein
cancer biomarkers promises reliable statistics for early cancer detection.32–34 For point of
care applications, these sensors need to be inexpensive, simple operationally, capable of rapid
multiplexed protein detection, and have good enough sensitivity and detection limits to address
both levels of the biomarkers normal and cancer patient serum. Several approaches simpler
than LC-MS have been reported to measure protein biomarkers, including surface plasmon
resonance,10 carbon nanotube-based immunosensors,35 microcantilevers,36 nanowire
transistor arrays,37 and nanocrystals38 all of which may be amenable to multiplexing.

The protein prostate specific antigen (PSA) in human serum is clinically measured as a
biomarker for prostate cancer.39 We recently reported high sensitivity electrochemical
immunosensors applied to the detection of PSA.40 These sensors were based on upright single
wall carbon nanotube (SWNTs) forests,41 and employed a sandwich format in which a primary
antibody attached to the SWNT ends captures the protein analyte from the sample. After
washing and blocking of non-specific binding, a labeled detection antibody is added to develop
the signal. The most sensitive detection of PSA was achieved when signals were amplified by
using separate multi-wall carbon nanotubes (MWCNTs) with a cargo of multiple enzyme labels
and detection antibodies in place of conventional singly labeled detection antibodies.40 This
approach provided a detection limit (DL) of 4 pg mL−1 for PSA in serum and tissue lysates.
While SWNT forest sensors gave excellent detection limits, problems to be overcome in
multiplexed systems include nanotube heterogeneity, purification, stability, further
improvement of sensitivity, and reproducibility and complexity of forest fabrication.42

In this paper, we report the design and evaluation of an alternative approach for electrochemical
protein immunoassays employing platforms featuring densely packed 5 nm AuNPs. These
sensor platforms are easy to fabricate and process, and can be produced pre-equipped with a
functional organic layer for capture antibody attachment. For sensor fabrication, alternate
layer-by-layer electrostatic adsorption43,44 was used to assemble a dense glutathione-
decorated AuNP45 layer on an underlying layer of cationic poly (diallyldimethyl ammonium
chloride) deposited on a pyrolytic graphite electrode. We first characterized the biocatalytic
properties of these AuNP electrodes by covalently linking HRP via amidization to the
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carboxylate groups of the glutathiones on the AuNP surface and measuring biocatalytic activity
for detection of hydrogen peroxide at high sensitivity. We then attached a capture antibody
(Ab1) to the AuNP electrodes to detect PSA in serum. Highly amplified detection was achieved
by using multi-label bioconjugates made by linked multiple horseradish peroxidase (HRP) and
detection antibodies (Ab2) to carboxylated 1.0 µm magnetic beads for signal development.
This approach provided an unprecedented detection limit (DL) of 0.5 pg mL−1 for PSA in 10
µL undiluted serum, which is near or below the normal levels of most cancer biomarker proteins
in human serum,46 and 8-fold better than our previous SWNT forest immunosensors.

RESULTS
Fabrication and Characterization of AuNP platform

Glutathione-protected gold nanoparticles (GSH-AuNP) were prepared by a reported method,
45 then characterized by TEM and spectroscopy. TEM analyses (Supporting Information,
Figure S1ab) revealed a relatively monodisperse solution with average particle diameter of 5.0
±1.4 nm. Particle size was confirmed by visible absorption spectroscopy band for the GSH-
AuNP dispersion at 508 nm indicating diameter ~4 nm (Supporting Information, Figure S1c).
47 The presence of glutathione on the AuNPs was confirmed by observation of characteristic
N-H and carbonyl bands at 1538, 1628 and 1717 cm−1 by IR spectroscopy (Supporting
Information, Figure S1d).

The sensor platform was fabricated by first adsorbing a layer of cationic
polydimethyldiallylammonium (PDDA) from aqueous solution onto a pyrolytic graphite (PG)
disk electrode, washing with water, then adsorbing a layer of the negatively charged 5 nm
GSH-AuNPs from a dispersion (see methods) onto the PDDA, utilizing the standard layer-by-
layer (LbL) alternate electrostatic adsorption approach.44 Assembly of the PDDA/GSH-AuNP
films was monitored at each step with a quartz crystal microbalance (QCM) by making films
on 9-MHz gold-coated QCM resonators that were treated with 3-mercaptopropanoic acid
(MPA) to mimic the partly negative PG surface before adsorbing the layers.48 Adsorbed mass
per unit area (M/A) of each layer for dried films was obtained from the measured QCM
frequency change (ΔF) and the Sauerbrey equation.43 Table 1 provides estimates of mass/unit
area of AuNPs adsorbed on PDDA and the thickness of the AuNP layer. A 75% nominal surface
coverage of AuNPs on the electrode was estimated based on the QCM data and the bulk density
of gold. However, molecular simulations suggest that fully coated alkylthiol-gold nanoparticles
have densities less than that of bulk gold,49 possibly considerably less for the 5 nm GSH-
AuNPs. A density smaller than bulk gold suggests that the 75% coverage estimated from QCM
is a lower limit. For example, if the density of the 5 nm GSH-AuNPs is 85% of bulk gold, the
estimated coverage increases to 100%.

Films were grown on smooth cleaved mica surfaces for characterization by atomic force
microscopy. The initial thin layer of PDDA (0.5 ± 0.2 nm) adsorbed was relatively smooth
with mean surface roughness of 0.13 ± 0.08 nm, almost twice that of the bare mica with 0.083
± 0.009 nm mean surface roughness. Figures 2b,c show an AFM image that changed in
topography after AuNPs were adsorbed onto the PDDA layer. A densely packed
nanoparticulate layer was observed which can be associated with the AuNPs, consistent with
the view that the 75% nominal surface coverage from QCM is a lower limit, The AFM data
suggest that the AuNPs achieved nearly complete coverage on the underlying surface with a
mean surface roughness of 1.99 ± 0.11 nm, about a 24-fold increase in surface area over the
bare mica. Sectional analysis of AFMs of the AuNP platform showed that the average width
of the major feature was 6.3±2.2 nm, which is well correlated with the 7 nm layer thickness
obtained from QCM (Table 1) and the 5.0±1.4 nm particle diameter from TEM. Figure 2c
shows the phase contrast image of the AuNP layer which is based on contrasting stiffness,
viscoelasticity and chemical composition of the surface. This image is also consistent with
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nearly full coverage of the solid surface with AuNPs, Figure 2d shows an AFM image after
the capture antibody to PSA was covalently linked onto the carboxylates of the AuNP layer
using EDC/NHSS chemistry (see Methods). The densely packed AuNP layer disappeared and
a rolling hill-like appearance generally characteristic of any globular protein coated on a rough
surface was observed.35,42

Electrochemical characterization of AuNP electrodes revealed basic electrode characteristics
and the potential for biocatalytic applications. Cyclic voltammetry (CV) showed no significant
oxidation or reduction peaks for PDDA adsorbed on pyrolytic graphite (PG) in the range 0.2
to −0.5 V vs SCE (Figure 3a). Addition of the AuNPs onto the PDDA layer resulted in a large
increase in charging current over the entire voltage range (not shown) consistent with the large
increase in surface area observed by AFM. The electrochemical surface area was found to be
0.18 cm2 for AuNP electrode which was estimated using Randles-Sevcik equation from the
slope of peak currents of soluble 1 mM ferrocyanide in 0.1 M KCl vs ν1/2. The presence of
AuNPs on electrode resulted in an increase in surface area by 28.5% over underlying rough
pyrolytic graphite and 44.8% on a polished glassy carbon surface. These increases in roughness
are not as large as found on smooth mica, since the carbon electrode surfaces have much more
inherent roughness. Addition of 0.2 mM H2O2 to the buffer gave a small increase in CV current
in the negative potential range that most likely reflect the onset of peroxide reduction (Figure
3a).

Bioelectronic quality control experiments for the nanostructured electrodes35 was done by
attaching horseradish peroxidase (HRP) onto the carboxylated AuNP layer by amidization.
These HRP-AuNP electrodes were used to observe the sensitivity and detection limit for the
electrochemical determination of hydrogen peroxide. First, cyclic voltammograms showed a
characteristic reversible reduction-oxidation peak pair of the FeIII/FeII redox couple of
HRP50 at about −0.3 V shown in Figure 3b in the absence of peroxide. Surface concentration
of HRP was obtained by integrating the reduction peaks and gave 0.076 ± 0.019 nmol cm−2.
Addition of 0.2 mM H2O2 to the buffer resulted in disappearance of the oxidation peak and
increase in catalytic reduction peak (Figure 3b) which is characteristic of the enzyme-catalyzed
electrochemical reduction.51 Qualitatively similar results were found for HRP attached to
single wall nanotube forest electrodes. 35

Addition of H2O2 to HRP converts the iron heme peroxidase enzyme to a ferryloxy species
that can be electrochemically reduced directly by the electrode.50 H2O2 was detected via this
approach on the HRP-AuNP sensors with excellent sensitivity and detection limit by using
rotating disk amperometry. Applied potential of −0.2 V vs SCE and rotation rate of 2000 rpm
were optimum parameters that gave the best sensitivity. Increase in H2O2 concentrations by
200 nM gave an increased steady state current of tens of nanoamperes for electrodes with HRP
attached to AuNP platform (Figure 4a). A detection limit of 20 nM H2O2 was measured by
injecting very small amounts of H2O2 until steady state current was 3 times the average noise.

Results illustrated by Figure 4a showing the amperometry resulted in a calibration curve of
steady state current vs. concentration revealing a sensitivity (slope) of 0.28 µA µM−1 H2O2
(Figure 4b). This plot of steady state current vs [H2O2] was linear up to ~2 µM peroxide. It is
of interest that addition of a second PDDA/AuNP layer to the electrode before attachment of
the enzyme gave no improvement in sensitivity or detection limit. The performance of the
HRP-AuNP sensors was better than previously used HRP-SWNT forests on similar PG
underlayers which gave a detection limit of 40 nM and sensitivity of 0.18 µA µM−1 H2O2.35

AuNP immunoassay using Ab2-HRP
The serum concentration of prostate specific antigen (PSA) is an established clinical tool for
diagnosing and monitoring prostate cancer. Levels of 4 to 10 ng mL−1 suggests the possibility
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of prostate cancer.52 The immunosensor for PSA constructed on the AuNP platform is
illustrated by Figure 1, in which we attached anti-PSA antibody by amidization onto the
carboxylated AuNPs. Inhibition of nonspecific binding (NSB) of labeled detection antibodies
was crucial to achieve high sensitivity and low detection limits. We optimized an effective
NSB blocking procedure utilizing treatment of the immunosensors with 0.4 % Casein and 0.05
% Tween-20 in PBS buffer. After this step, PSA standards in undiluted calf serum were
incubated with the AuNP immunosensors. Then, the sensor with bound PSA was finally
incubated with detection anti-PSA antibody (Ab2) labeled with horseradish peroxidase or
multi-labeled Ab2-magnetic bead bioconjugates. After several washing steps with PBS
Tween-20 and PBS buffer the sensor assembly was then placed into an electrochemical cell
containing 1 mM hydroquinone as mediator in PBS buffer, and hydrogen peroxide was injected
to 0.4 mM while measuring the current to develop an amperometric signal proportional to PSA.

Figure 5 shows that the amperometric current from the sensor reached a steady state response
rapidly, which increased linearly with PSA concentration between 1 and 40 ng mL−1. Excellent
sensor-to-sensor reproducibility is illustrated by the small error bars in Figure 5B, and
sensitivity of 18 nA-mL ng−1 was achieved with linearity extending through the critical 4–10
ng mL−1 PSA range. Response for the immunosensors taken through the full procedure without
exposure to PSA reflects the sum of residual NSB and direct reduction of H2O2. Signals
corresponding to immunosensors built on a PG surface with no AuNP were 50% smaller than
the full AuNP sensors for test concentration of 10 ng mL−1 (Figure 5A), showing that the use
of the densely packed AuNPs provides significant enhancement of the amperometric signal.

Amplification with multilabel Ab2-magnetic bead-HRP
We attached multiple HRP labels to carboxyl groups on the magnetic bead surfaces to amplify
sensitivity and improve the detection limit. HRP and Ab2 at a 120/1 HRP/Ab2 molar ratio was
reacted with the carboxylated magnetic beads using the usual EDC amidization protocol.40
Carboxylic acid groups were first activated using EDC, excess reagent was removed by
washing with water, and the activated particles were then reacted with amine residues on the
proteins. Magnetic beads of diameter ~ 1 µm provided a very high number of labels on the
surface, and gave better sensitivities and detection limits for PSA than 130 nm diameter
magnetic beads bioconjugated in the same fashion. After the bioconjugation of HRP and
Ab2, the free antibodies and HRP were easily separated from the Ab2-magnetic bead-HRP by
using a magnet to localize the beads at the bottom of a test tube and washing to remove
unreacted protein.

The amount of active HRP per unit weight of magnetic beads was determined by reacting the
Ab2-magnetic bead-HRP dispersion with HRP substrate 2,2’-azino-bis-(3-ethylbenz-
thiazoline-6-sulfonic acid) (ABTS) and H2O2.53 The reaction produces a soluble product with
characteristic optical absorbance band at 405 nm. The concentration of active HRP in the stock
Ab2-magnetic bead-HRP dispersion was determined by these enzyme activity experiments to
be 2.18 µg mL−1. Thus, the amount of active HRP was 50 pmol HRP mL−1 of stock dispersion.
The total number of magnetic beads of ~1 µm diameter was 4*109 in the dispersion provided
by Polysciences, and the number of active HRP per magnetic bead was estimated at 7500.

Amperometric detection of PSA in undiluted calf serum using Ab2-magnetic bead-HRP
bioconjugates with the AuNP immunosensor is shown in Figure 6. Sensitivity and detection
were improved significantly compared to when the conventional single label Ab2-HRP was
used in the immunoassay. Sensitivity as slope of the calibration curve in Figure 6B was 31.5
µA-mL ng−1, ~1700 times larger than when using the conventional Ab2-HRP with the AuNP
immunosensors. The detection limit measured as 3 times the average noise above the zero PSA
control was 0.5 pg mL−1, 2000-fold better than the value of 1000 pg mL−1 using the
conventional Ab2-HRP.
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Control experiments shown in Figure 6A showed that the signal from immunosensors based
on bare PG or PG coated with PDDA was 5-fold smaller than that of the full AuNP
immunosensor, again showing the advantage of the AuNPs on the sensor electrodes. The
response for the AuNP immunosensor taken through the full procedure without exposure to
PSA reflects the direct reduction of H2O2 and residual NSB of the Ab2-magnetic bead-HRP
bioconjugate that controls the detection limit, and is somewhat larger with the multilabel
(Figure 6A) than that of single label detection (Figure 5A). However, this effect is overwhelmed
by the much larger sensitivity achieved with the multilabel detection.

PSA in cell lysates and human serum samples
A collection of 2 cell lysates and 3 human serum samples were used to assess the accuracy of
the AuNP sensor in real biomedical situations. PSA measurement in the range 4 to 10 ng/mL
is generally regarded as suggesting a significant probability of the presence of prostate
carcinoma.54 We tested two cell lysates, one from cells which overexpress PSA55 (LNCaP
cells) and another from a non-prostate specific cell line which does not (HeLa cells).56 Results
in Figure 7A are shown along with PSA standards in calf serum at comparable concentration
ranges. Three patient serum samples with varying PSA content were also tested. These samples
were also assayed by a standard ELISA method (Figure 7B), where the results were represented
in logarithmic form and compared on the same graph. Immunosensor results showed a very
good correlation with ELISA from the sub ng mL−1 concentration range to above 10 ng
mL−1 for this representative cell lysate and serum sample set. There was no significant
difference in values from the two methods at the 95% confidence level for any of these samples
as shown by t-tests. In addition, the HeLa cell lysate as a negative control showed levels well
below 0.01 ng mL−1 PSA, while the positive control LNCaP cell lysates gave levels on the
order of 2 ng mL−1 consistent with their known PSA expression. In addition, serum sample 1
from a normal human female gave a value below 1 ng mL−1 as expected, while serum sample
2 and 3 from males with suspected prostate carcinoma gave much larger values.

DISCUSSION
Results described above demonstrate the utility of gold nanoparticle-based immunosensors
combined with amplified multilabel detection using magnetic beads for ultrasensitive detection
of protein biomarkers. For the test biomarker PSA, accuracy of these immunosensors was
demonstrated by the successful analysis of cell lysates and human serum samples (Figure 7),
giving good agreement with the referee ELISA method. PSA determinations in these real
samples did not require multilabel detection, and could be analyzed by using a conventional
Ab2-HRP bioconjugate.

Since a significant number of biomarkers have normal levels in the low pg mL−1 range,46 we
wished to demonstrate detection limits in this range so as to have a sensor capable of measuring
both normal representative of cancer-free patients and elevated levels indicative of cancer. The
approach utilizing Ab2-magnetic bead-HRP with multiple HRP labels conferred the best
sensitivity, and a detection limit of 0.5 pg mL−1. It should be readily adaptable to cancer
biomarkers having very low normal levels. The 0.5 pg mL−1 DL in 10 µL samples translates
to a 5 fg mass detection limit, lower than the best commercial immunoassays57–59

The 0.5 pg mL−1 DL for PSA for AuNP sensors was improved by the multilabel Ab2-magnetic
bead-HRP from 1000 pg mL−1 obtained for the conventional single label Ab2-HRP. This 2000
fold increase in DL was possible because of the 7500 HRP labels on each Ab2-magnetic bead.
In addition, the present approach improved the detection limit by 8-fold and the sensitivity by
4-fold compared to our previously developed single-wall nanotube forest immunosensors
utilizing multiwall carbon nanotubes (MWCNTs) bearing multiple enzyme labels and
detection antibodies.40 A major factor in increased sensitivity and improved detection limit is
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likely to be the number of HRPs bound per bead in the labeling development step, which was
7500/1 µm bead with the magnetic beads and 1700 per 1 µm nanotube length for nanotube
immunosensor system. However, AuNP properties are also important since bioelectronic
characterization (Figure 4) also showed two-fold improvements in sensitivity and detection
limits for detection of H2O2 for the HRP-AuNP electrodes compared to HRP-SWNT forests
in assays that did not employ any labels.

Other advantages of the magnetic beads for multiple labeling include a more narrow and
reproducible size distribution than nanotubes, and ease of preparation of the labeled
bioconjugates, featuring magnetic separation of Ab2-magnetic bead-HRP from unbound
proteins by using a magnet. It is possible that the sensitivity can be improved by further
optimizing Ab2-magnetic bead-HRP properties and by decreasing the NSB of this
bioconjugate.

The increased density of the conductive AuNPs greatly increases the active surface area for
capture antibody attachment to flexible glutathione tethers and may also be an important factor
for improved sensitivity. The key advantages for higher amperometric signals include densely
packed, patternable conductive nanoparticles resulting in a high surface area, highly conductive
platform with protruding functional groups that allow simple bioconjugation to large amounts
of primary antibodies. The immunosensors required mediation for the best sensitivity. This is
most likely related to distances between the HRP labels and AuNPs that limit the efficiency of
direct electron transfer.

It is important for future development that gold nanoparticle electrodes are easy to prepare and
may be more easily fabricated than carbon nanotubes into arrays by automatic processing for
multiple biomarkers, e.g. with ink jet spotters. Enzyme-linked immunosorbent assay (ELISA)
based on optical absorbance is an important bioanalysis method with claimed DLs as low as 3
pg/mL for PSA.60 However, ELISA suffers limitations in analysis time, sample size, and
multiplexing. Preliminary studies in our laboratories suggest good potential for nanoparticles
to make bioelectronic sensor array platforms to measure collections of cancer biomarkers
simultaneously, at high sensitivity and without compromising analysis time or sample size. A
recent study reported61 Si-nanowire based structures configured as field effect transistors to
achieve a detection limit of 1 fg mL−1 PSA using conductance changes associated with the
binding of PSA with anti-PSA antibodies on the nanowire. This is the best detection limit
claimed so far for bioelectronic PSA measurement, but PSA was detected in buffer rather than
in serum and no real samples were analyzed so accuracy is unknown. In the best DL for serum
using Si-nanowires, an array was used to achieve a DL of 0.9 pg mL−1.37 However, these Si
nanowire transistors currently require much more sophisticated and complex fabrication
procedures than the AuNP electrode platforms. In other developments,62 scanning tunneling
microscopy (STM) based electrical detection achieved a detection of 10 fg mL−1 for PSA in
buffer using changes in electrical tunneling current which depended on bound gold
nanoparticle-antibody complexes. However, STM detection in its present form could be too
complex and expensive for point-of-care applications. Furthermore, detection limits very much
smaller that 100 fg mL−1 may not be required for cancer detection since normal levels of most
cancer biomarkers are well above this. Thus, the AuNP platform we describe here is
competitive with other state of the art approaches in sensitivity and DL for real samples, and
may prove to have clear economic advantages in future array fabrication.

In summary, we have demonstrated for the first time the combination of a densely packed gold
nanoparticle platform and a multilabeled detection antibody-magnetic bead bioconjugate for
the construction of an ultrasensitive electrochemical immunosensor for cancer biomarkers
proteins. The biomarker PSA was accurately detected in representative biomedical samples.
We are currently exploiting the ease of fabrication and proccessability of AuNP platforms
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combined with high sensitivity, reproducibility, and reliability for the translation of
multiplexed biomarkers detection into array formats.

METHODS SECTION
Chemicals and Materials

L-Gluthathione reduced (99%), gold (III) chloride trihydrate (99.9%) and sodium borohydride
(99%) 2,2’-azino-bis(3-ethylbenzthiazoline- 6-sulfonic acid), poly (diallydimethylammonium
chloride) (PDDA), horseradish peroxidase (HRP, MW 44,000) and prostate specific antigen
(PSA) were from Sigma. Monoclonal (Mouse) primary anti-human PSA antibody (clone no.
CHYH1), detection anti-PSA antibody (clone no. CHYH2) with and without HRP conjugation
were from Anogen/Yes Biotech Lab, Ltd. 1-(3-(dimethylamino)- propyl)-3-ethylcarbodiimide
hydrochloride (EDC, Sigma) and N-hydroxysulfosuccinimide (NHSS, Sigma) were dissolved
in water immediately before use. Immunoreagents were dissolved in pH 7.0 phosphate saline
(PBS) buffer (0.01 M in phosphate, 0.14 M NaCl, 2.7 mM KCl) unless otherwise noted.
Carboxyl functionalized magnetic beads were obtained from Polyscience, Inc.

Human serum samples were obtained from Capital Biosciences. Serum sample 1 was from a
normal female control, and samples 2 and 3 were chosen from male patients with indications
of prostate carcinoma, and clinically defined as having prostate carcinoma. HeLa and LNCaP
cells (cervical and prostate specific cancers, respectively) were cultured in DMEM
supplemented with 10% fetal bovine serum at 37°C in 95% air/5% CO2. For lysate preparation,
exponentially growing cells were lysed in T-PER (Tissue Protein Extraction Reagent; Pierce,
IL, USA), and solubilized complex proteins were cleared by centrifugation and stored at −80°
C until use.

Instrumentation
A CHI 660 electrochemical workstation was used for cyclic voltammetry and amperometry at
ambient temperature (22 ± 2 °C) in a three electrode cell. Amperometry was done at −0.3 V
vs SCE with the AuNP working electrode rotated at 3000 rpm for optimum sensitivity. A
nanoscope IV multimode atomic force microscope was used for the characterization of the
AuNP platform. A USI (Japan) quartz crystal microbalance (QCM) employing 9 MHz QCM
resonators (AT-cut, International Crystal.) as used to measure film weights.

Synthesis of Glutathione protected AuNPs (GSH-AuNPs)
Glutathione protected AuNPs with diameter 5 nm were prepared by the reduction of gold salt
using sodium borohydride in the presence of glutathione45 as illustrated in Scheme 1. In brief,
a quantity of 19.7 mg HAuCl4.3H2O and 7.7 mg of glutathione were added to a mixture of
solvents, methanol (3.0 mL) and acetic acid (0.5 mL) and dissolved by stirring for 5 min,
resulting in a clear yellow solution. Sodium borohydride solution was prepared by dissolving
30 mg of NaBH4 in 1.5 g of nanopure water. The NaBH4 solution was added dropwise into
above solution with rapid stirring. The color of HAuCl4 changed from yellow to brown upon
addition of NaBH4 solution. Rapid stirring was continued for 2 h. The glutathione protected
gold nanoparticles (GSH-AuNP) thus formed were soluble in water.

The particle solution was filtered through a 50KDa MW cutoff, centrifuging at 3500 rpm and
washed with nanopure water for 4 times, and then dissolved in 20 mM HEPES buffer at pH
8.0. The resulting particles were characterized by transmission electron microscopy and
plasmon resonance spectra and found to 5.05±1.4 nm in diameter.
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Fabrication of AuNP electrode
AuNP electrodes were prepared by layer-by-layer assembly of layers of poly
(diallydimethylammonium chloride) (PDDA) and the AuNPs on pyrolytic graphite (PG) or
mica for characterization.44 In brief, 20 µL of PDDA solution (2 mg mL−1, containing 0.05
M NaCl) was placed on a PG disk (A=0.14 cm2) surface for 20 min to adsorb positively charged
PDDA as a precursor layer. After washing with water, 20 µL of 2 mg mL−1 of GSH-AuNPs
was placed on this electrode for 20 min to adsorb the negatively charged GSH-AuNP layer.
Water washing and drying nitrogen stream resulted in the final PDDA/GSH-AuNP bilayer on
the PG surface.

Immobilization of proteins
For HRP immobilization, 20 µL of freshly prepared 24 mM EDC in water was placed onto the
AuNP electrode, followed by 20 µL of 3 mg/mL HRP, reacted for 8 h, washed with water. For
capture antibody attachment, 30 µL of freshly prepared 400 mM EDC and 100 mM NHSS in
water was placed onto AuNP electrodes for 10 min, and washed off with water, followed by
3 h incubation with 20 µL of 330 µg/mL of primary anti-human prostate specific antigen (PSA)
antibody in pH 7.0 PBS buffer containing 0.05 % Tween-20. Unbound antibody was removed
by rinsing thoroughly with PBS (7.0) Tween-20 and PBS buffer for 3 minutes each.

Fabrication and use of AuNP Immunosensors
Onto immunosensors prepared as described above was placed 10 µL of casein (0.4% w/v) in
PBS Tween-20 to stand for 1 h at room temperature to block free antibody binding sites on the
surface. Afterwards the electrodes were rinsed thoroughly with PBS Tween-20, then PBS
buffer for 3 minutes each. Then 10 µL of the PSA standard solution in undiluted calf serum or
human serum or cell lysates were incubated on the sensor surface for 1.25 h at room
temperature. After several PBS washing steps the electrodes were exposed to 20 µL of 4 pmol
mL−1 Ab2-HRP in buffer containing 0.4% casein and 0.05% Tween-20 or to Ab2-magnetic
bead-HRP conjugates in buffer containing 0.05 % Tween-20 for a further 1.25 h. These sensors
were rinsed thoroughly with PBS-Tween 20 and PBS buffer, then placed in an electrochemical
cell containing PBS buffer with 1 mM hydroquinone, holding applied potential at −0.3 V and
rotating at 3000 rpm, then injecting H2O2 to 0.4 mM for Ab2-HRP and 0.04 mM for Ab2-
magnetic bead- HRP while measuring the amperometric current.

The serum and cell lysate samples were analyzed by a referee ELISA as method by using
Human PSA ELISA Kit (Catalogue No. EL10005, 96 well plate) from Anogen.

Preparation of Ab2-magnetic bead-HRP bioconjugates
2 mg of carboxyl functionalized 1 µm diameter magnetic beads (Polysciences) were dispersed
in 1 mL 50 mM MES buffer at pH 5.2. This dispersion was then mixed with 3.2 mg of EDC
and vortexed at room temperature for 5 min. The resulting mixture was magnetically separated
and supernatant was discarded and washed with 50 mM MES buffer. Detection anti-PSA
antibody (Ab2, 0.01 mg mL−1) and 1.2 mg mL−1 HRP were added to the mixture and stirred
on a non-magnetic mixing device for 16 h at room temperature. The reaction mixture was
magnetically separated by placing a magnet under the bottom of the reaction vessel, and the
supernatant was discarded. The particles were resuspended in 1 mL 1 M Glycine at pH 8.0 and
vortexed for 30 min. The resulting mixture was washed with pH 7.0 PBS buffer 3–4 times and
later dispersed in 400 µL of pH 7.0 PBS buffer + 0.05% Tween-20. The bioconjugate thus
obtained was diluted 5 times with PBS-Tween 20 before use.
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Figure 1.
AuNP immunosensor with Ab1 attached that has captured an antigen from a sample after
treating with Ab2- magnetic bead-HRP providing multiple enzyme labels for each PSA. The
detection step involves immersing the immunosensor into buffer containing mediator, applying
voltage, and injecting H2O2.
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Figure 2.
Tapping mode atomic force microscope images of a) layer of PDDA on smooth mica surface;
b) PDDA/AuNP bilayer; c) phase contrast image of PDDA/AuNP bilayer; d) AuNP platform
after covalent linkage of anti-PSA antibodies onto the glutathione carboxylate groups of AuNP.
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Figure 3.
Cyclic voltammograms at 300 mV s−1 in pH 6.5 phosphate buffer for: (a) PDDA film, PDDA/
AuNP on electrode with and without 0.2 mM H2O2 (b) PDDA/AuNP/HRP with and without
0.2 mM H2O2
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Figure 4.
Catalytic electrochemical reduction of hydrogen peroxide on HRP/AuNP electrodes from
rotating disk amperometry at −0.2 V vs SCE and 2000 rpm: (a) showing 20 and 200 nM
increases in H2O2 concentration by aliquot injection into the solution; (b) calibration plot for
peroxide from rotating disk amperometry (n=3 electrodes).
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Figure 5.
Amperometric results for AuNP immunosensors incubated with PSA in 10 µL undiluted calf
serum for 1.25 h followed by 4 pmol mL−1 conventional Ab2-HRP in 10 µl 0.4 % w/v casein
and 0.05 % tween 20 PBS buffer for 1.25 h: (A) steady state amperometric current at −0.3 V
and 3000 rpm after placing electrodes in buffer containing 1 mM hydroquinone and, then
injecting H2O2 to 0.4 mM. the "No AuNP" control response corresponds to Immunosensors
built on PDDA coated PG electrodes at 10 ng mL−1 PSA; (B) Immunosensor calibration plot
for PSA (n= 3).
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Figure 6.
Amperometric results for AuNP immunosensors incubated with PSA in 10 µL undiluted calf
serum for 1.25 h followed by multilabel Ab2-magnetic bead- HRP in 10 µL 0.05 % Tween 20
PBS buffer for 1.25 h: (A) steady state amperometric current at −0.3 V and 3000 rpm after
placing electrodes in PBS buffer containing 1 mM hydroquinone and, then injecting 0.04 mM
H2O2. (a) Immunosensors built on bare PG surface at 10 pg mL−1 PSA (b) Immunosensors
built on PDDA coated with PG surface at 10 pg mL−1 PSA; (B) Immunosensor calibration plot
for PSA (n= 3)
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Figure 7.
Results for AuNP immunosensors incubated with PSA in 10 µL calf serum (ng/mL labeled on
curves, dashed lines), cell lysates (HeLa and LNCaP Cells) and human patient serum samples
(1–3) (solid lines) for 1.25 h followed by 10 µL 4 pmol mL−1 anti-PSA-HRP in 0.4 % casein
and 0.05 % tween-20 for 1.25 h: (A) amperometric current at −0.3 V and 3000 rpm using 1
mM hydroquinone mediator, then injecting H2O2 to 0.4 mM; (B) Validation of AuNP sensor
results for cell lysate and human serum samples by comparing against results from ELISA
determination (RSD ± 10%) for same samples.
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Scheme 1.
Synthesis of glutathione protected gold nanoparticles
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Table 1
Average characteristics of AuNP film obtained from QCM data

Mass of AuNP film per unit area 2.42 ± 0.36 µg cm−2

No. of AuNPs adsorbed 4.1 × 1011

Nominal thickness of AuNP film 7.1 ± 1.0 nm

Nominal thickness of PDDA film 0.26 ± 0.17 nm

Nominal surface coverage >75 %a

a
Based on density of bulk gold, but larger if density is less than bulk gold.49
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