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Ultrasensitive IgG quantification using DNA
nano-pyramids

Liang Yuan1,3, Marcella Giovanni1,3, Jianping Xie1, Chunhai Fan2 and David Tai Leong1

In addition to being a repository of genetic information, DNA is a bio-polymer that can be formed into various nanostructures.

This profound ability to engineer various moieties has expanded its role from data storage to a structural biomaterial for sensing

applications. In this study, we anchored DNA nano-pyramids (DPs) to gold electrodes for the electrochemical sensing of

immunoglobulin G (IgG), an important antibody produced in response to infection. The pyramidal DNA structure not only avoids

entanglement with neighboring probes through the use of spatially separating pendant probes but also reduces the local

overcrowding effect with the overall enhanced packing of targets. The results from electrochemical impedance spectroscopy

measurements also show that DP layer has better conductivity, with the hollow structure further facilitating electron transfer

and increasing the sensitivity of electrochemical detection. We are able to selectively detect IgG in the presence of other

proteins in an analyte solution. The limit of detection was 2.8 pgml�1. Our ferrocene-labeled sandwich immunoassay works at

37 1C under a neutral pH environment. It also produces stable and reproducible signals even after storage for 1 week at 4 1C,

further demonstrating the potential of this sensing system for clinical applications.
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INTRODUCTION

Diagnostic tests are an integral part of any medical investigation. The
current plethora of available diagnostic tests can help clinicians to
establish or exclude a specific disease (especially at early onset), stage a
given disease and even assess the suitability of different therapies.
Certain central nervous system illnesses, such as bacterial and viral
infections of the brain and inflammatory multiple sclerosis, require
ultra-sensitive measurements of immunoglobulin G (IgG) in blood
and cerebrospinal fluid.1,2 IgGs are produced by differentiated B cells.
These antibodies control infections by binding specifically to antigens
on foreign microbes or parasites and inactivating them. In the event
of an earlier infection, the sensitive detection of incremental amounts
of IgG confers a great clinical advantage by allowing the option to
administer antibiotics early in the infection process. However, it is
often difficult to achieve a rapid and reliable assay for IgG, because
they often present themselves at ultra-low levels in the early stages of
an infection. Many efforts have been devoted to maximize the signal
and realize an ultrasensitive diagnosis using various signal-
amplification strategies by utilizing enzymes, nanoparticles and
polymerization.3–7 A recent strategy for the ultrasensitive detection
of IgG proteins using a dual-signal-amplification method consisting
of polymers and tyramide-labeled quantum dots was reported and
yielded a nearly 10-fold increase compared with unamplified methods
and could reach detection limits at the picogram level.8

It is well-established that DNA stores genetic information impor-
tant for life. However, DNA can also be viewed as a bio-polymer or
biomaterial, because it possesses some of the predictability of chain
propagation and materialistic properties.9 Coupled with the classical
Watsons–Crick base pairing rules, interesting and useful nano-
structures can be engineered and tuned.10–15 Several examples of
applications include biotemplates for nanofabrication of various
materials,12,16 nanomachines for reversible structural conversion,17,18

platforms for biosensing,19,20 nanocages for drug delivery21,22 and
tools for in vivo imaging and cell biology.23,24 Particularly, an elegant
three-dimensional (3D) architecture was developed in recent years to
build a well-defined DNA tetrahedral structure with struts composed
entirely of double-stranded DNA.14 It was also found that the same
DNA structure could be modified by tunable stoichiometry.15 The
DNA tetrahedral structure can be considered as one of the most
practical DNA nanostructures, and it has witnessed the speedy
development of DNA tetrahedron for biosensing.25–30

One of the major challenges in biosensors that greatly reduces
device sensitivity is the limited access of the target molecules to the
immobilized binding moieties on the active sensor surface. Due to the
unavoidable cross-masking of binding moieties, it was difficult to
maintain stable, unhindered access to the target molecules (Figure 1).
Earlier, we described a DNA nano-pyramid (DP) used as an
anchoring scaffold for an electrochemical sensor system that
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was able to detect as low as 1 pM of DNA target.25 These DNA
nanostructure-decorated surfaces are suitable for bioassay for several
reasons. DP can be synthesized in a rapid and cost-effective manner
through self-assembly of oligonucleotides at different temperatures
and is compatible with existing bioassays. The nanostructure also
stabilizes the targeting moieties and enables the spatial separation of
one targeting moiety from its neighbors by a distance of at least
4 nm,25 maximizing access to antigen molecules by the targeting
moiety and circumventing the need for surface passivation.26 The
covalent bonds between the Au electrode and the thiolated DNA
vertices allow a strong anchor that can withstand rigorous washing,
which further reduces the background signals. The stiffness of the
double helical structure comprising the struts of the DP also reduces
the lateral flexing of the overall structure, which further adds to the
stability.
In this study, we use DPs to detect protein molecules through

conventional sandwich immunoreaction. Anti-IgG was covalently
coupled with a free-standing carboxyl group at the top vertex of
the pyramid, and ferrocenecarboxylic acid was used to generate
electrochemical signals. Ferrocene-based redox active species and
detection have received more attention for electrochemical biosensing
owing to their unique catalytic properties, remarkable electrochemical
responses and controllable and easy preparation.31–33 Using this
system, we detected as low as 2.8 pgml�1 of IgG and demonstrated
a selective and stable sensing system after a week of storage. Our
proof-of-concept study shows that this method has a potential to be
developed into a biocompatible, sensitive and selective analytical
method based on DPs for clinical diagnostics.

MATERIALS AND METHODS

Reagents and materials
Rabbit IgG protein (IgG) (antigen, Atg), goat anti-rabbit IgG antibodies

(anti-IgG, Ab) and bovine serum albumin were purchased from Sigma-

Aldrich (St Louis, MO, USA). Fibronectin were obtained from Invitrogen

(Carlsbad, CA, USA). N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethyla-

minopropyl) carbodiimide hydrochloride (EDC), tris(2-carboxyethyl) phos-

phine hydrochloride (TCEP), 11-mercaptoundecanoic acid (MUA), N-2-

hydroxyethylpiperazine-N0-(2-ethanesulfonic acid) (HEPES) were also pur-

chased from Sigma-Aldrich. Ferrocenecarboxylic acid (FeC-COOH) was

obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Tris-

Borate-EDTA (TBE) buffer (89mM Tris, 89mM boric acid, 2mM EDTA, pH

8.3) was obtained from Vivantis Inc. (Oceanside, CA, USA). Ultrapure water

(18MO � cm resistivity, Milli-Q) was used throughout the study. Wash buffers

consisted of phosphate-buffered saline (0.1M Na2HPO4, 0.1M NaH2PO4 and

0.1M KCl, pH 7.4; PBS-10) and its 10-fold diluted preparation (PBS-1).

All purified oligonucleotides were synthesized by AITbiotech Pte Ltd

(Singapore) with the sequences of the oligomers shown in Supplementary

Table S1 (Supplementary Information).

Preparation of ferrocene-labeled anti-IgG conjugates (FeC-Ab2)
Ferrocene-labeled anti-IgG (designated as FeC-Ab2) was prepared through a

typical carbodiimide coupling.34 Initially, FeC-COOH (2mg) was thoroughly

dissolved in 700ml of HEPES buffer (50mM, pH 7.3). A total of 10mg of NHS

and 15mg of EDC were then added to the solution. The carboxyl groups on

the FeC-COOH in this mixture were then activated through continuous

stirring for 2 h at room temperature. Afterwards, 300ml of 10mgml�1 anti-IgG

(denoted Ab2) in PBS-1 (pH 7.4) was added dropwise to the mixture, and

continuously stirred for another 12 h at room temperature. After incubation,

the conjugates were centrifuged for 10min at 5000 r.p.m. to remove any

precipitates and then spun purified in an Amicon Ultra centrifuge tube

(MWCO-10K, 0.5ml; Merck Millipore, Billerica, MA, USA). The FeC-Ab2

conjugate prepared in this manner was diluted in water to a final volume of

1ml and stored at 4 1C.

Synthesis of the DP
The DPs were self-assembled by using methods described in previous

reports.25,27 Four DNA strands (Pyra -A, Pyra -B, Pyra -C and Pyra -D)

were diluted with TE buffer (10mM Tris, 1mM EDTA, pH 8.0) to a common

final concentration of 50mM. The obtained four oligonucleotides solutions

were mixed in equimolar quantities in TM buffer (20mM Tris, 50mM MgCl2,

pH 8.0), heated to 95 1C for 2min and then cooled to 4 1C over 30 s using a MJ

Mini Personal Thermal Cycler (Bio-Rad Laboratories Ltd, Singapore). The

product obtained was analyzed using non-denaturing polyacryamide gel

electrophoresis (12.5%) in TBE buffer at a constant voltage of 150V at 4 1C

for 2 h. For one control experiment, the DP with no appended carboxyl group

(f-DP) was also synthesized using Pyra-Free, Pyra-B, Pyra-C and Pyra-D using

the same procedure.

Immobilization of DP nanostructures on the Au electrode surface
The gold electrodes (Au, 2mm in diameter; CH Instruments, Austin, TX,

USA) were polished according to the protocol used in a previous work.35 A

volume of 2ml of each strand (50mM initial concentration in TE buffer) was

mixed with 6ml of TCEP (30mM) and 36ml of TM buffer. The resulting

mixture was heated to 95 1C for 2min and then cooled in ice bath in 0.5min.

Next, 3ml of the as-prepared DP were added to the freshly cleaned Au electrode

surface and incubated overnight at room temperature. The DP-modified

electrode (Au-DP) was washed thoroughly with PBS-1 and dried with N2 gas

before continuing with the following immunoreactions.

Fabrication of the DP-based immunosensor
The carboxylic group at the top vertex of DP was used to conjugate the anti-

IgG for sandwich immunoreactions. A volume of 3ml of freshly prepared

200mM EDC and 100mM in PBS-1 (pH 7.4) was pipetted onto the Au-DP

surface and left to react for 15min. After washing with PBS-1, the activated

COOH-terminated electrode was followed by treatment with 3ml of anti-IgG
solution (10mgml�1, denoted Ab1) for 2 h. Consecutively, the electrode was

incubated in 1% bovine serum albumin solution at 4 1C for 10min to block

nonspecific binding sites or excess active groups on the electrode surface. The

capture antibody modified electrode (Au-DP-Ab1) was rinsed with PBS-1 and

then incubated with various concentrations of the target Atg solution (3ml) at
37 1C for 40min to capture the antigen, designated as Au-DP-Ab1-Atg. After a

thorough washing with PBS-1 to remove any unbound IgG, 3ml of ferrocene-
conjugated anti-IgG (FeC-Ab2) was carefully pipetted onto the electrode

surface and incubated for another 40min at 37 1C to expose Ab2 to the

immobilized antigen on the electrode surface. The electrode was extensively

rinsed again and gently washed with PBS-1 to remove any adsorbed FeC-Ab2.

Electrochemical measurements were made on the ferrocene-immobilized

sensor (Au-DP-Ab1-Atg-(FeC-Ab2)).

Figure 1 Schematic illustrating the ease of using Ab1 to immobilize on the

electrode surface when using DPs versus a long-chain MUA molecule

anchor. This ease of accessibility yields an overall improvement in the

formation of the sandwich complex for the detection of the IgG antigen (not

shown in this diagram).
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Experimental measurements
All electrochemical measurements were performed at 25 1C using an Eco

Chemie Autolab PGSTAT 30 electrochemical workstation (Metrohm B. V.).

The data were analyzed with the provided General Purpose Electrochemical

System software. A conventional three-electrode system, which involved a

platinum wire counter electrode, an Ag/AgCl (3M KCl) reference electrode and

an Au-DP working electrode, was used throughout the experiments. All the

potentials mentioned in this paper are referred to the Ag/AgCl electrode.

Electrochemical impedance spectroscopy of the immunosensor fabrication

was performed in PBS-10 (pH 7.4) containing 5mM [Fe(CN)6]
3�/

[Fe(CN)6]
4� and 0.1M KCl, with a biasing potential of 0.18V, an amplitude

of 5mV and over a frequency range from 0.1Hz to 100kHz. Cyclic

voltammetry was performed over a range from �0.2 to 0.6V at a scan rate

of 100mVs�1 in PBS-10 (pH 7.4). Square wave voltammetric (SWV)

measurements were also carried out in PBS-10 electrolyte solution (pH 7.4)

over a scan range from 0.6 to 0V with a potential step of 4mV, an amplitude

of 25mVand at a frequency of 15Hz. All the measurements were performed in

at least three independent experiments, and error bars correspond to the s.ds.

from all of the measurements taken.

The UV–vis absorption spectra were recorded with an Epoch microplate

spectrophotometer (BioTek Instruments, Singapore).

RESULTS AND DISCUSSION

Characteristics of FeC-anti-IgG conjugate (FeC-Ab2)
A schematic diagram of the synthesis of FeC-Ab2 is shown in the inset
of Figure 2a. The two coupling agents, EDC and NHS, were used to
catalyze the formation of an amide bond between the amine group of
the anti-IgG with the carboxyl group of the FeC-COOH. The UV–vis
absorption spectra of the various components before and after
the formation of FeC-anti-IgG are shown in Figure 2a. The pure
FeC-COOH displayed two absorption peaks at 310 and 450 nm (curve
1, Figure 2a), whereas a characteristic peak at 250 nm was observed
owing to anti-IgG antibody (curve 2, Figure 2a). However, after amide
bond formation, the UV–vis spectra exhibited only one absorption
peak at 265 nm (curve 3, Figure 2a), which can be attributed to the
collapse of the FeC-COOH (310nm) and anti-IgG (250nm) peaks
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Figure 2 Formation and characterization of the DPs and associated electrochemical assemblies. (a) UV–vis absorption spectra of (1) ferrocenecarboxylic

acid, (2) anti-IgG, and (3) FeC-anti-IgG. (b) Gel electrophoretic analysis of the formation of DNA tetrahedron. Lane 1 represents a COOH-terminated

tetrahedron. The control experiment for single-stranded (ss-) DNA (lanes 12, 13, 14, 15) and other combinations lacking one strand (lanes 2, 3, 4, 5)

or two strands (lanes 6, 7, 8, 9, 10, 11). (c) Typical Nyquist plots of the same gold electrode in PBS-10 (pH 7.4) containing 5 mM [Fe(CN)6]3�/

[Fe(CN)6]4� and 0.1 M KCl at different stages: (1) bare Au electrode, (2) the DP assembled Au-DP electrode, (3) the EDC/NHS activated Au-DP

electrode, (4) the anti-IgG-immobilized Au-DP-Ab1 electrode, (5) the IgG antigen-immobilized Au-DP-Ab1-Atg electrode, and (6) ferrocene-labeled

anti-IgG-immobilized Au-DP-Ab1-Atg-(FeC-Ab2) electrode. Inset: zoomed in Nyquist diagram of the bare Au electrode. (d) Schematic illustration of the

sandwich immunoassay using the DP-modified Au electrode.
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into a single peak. This indicated that the FeC molecule was
successfully immobilized on the anti-IgG (Ab2).
In addition, the binding of FeC to anti-IgG (Ab2) was also proven

by X-ray photoelectron spectra (Supplementary Figure S1). The Fe
spectrum of FeC exhibited an Fe 2p peak signal at a binding energy of
704.8 eV (Supplementary Figure S1, curve a). A weaker N 1s peak
appeared at 397.4 eV because of the possible N-H group from the
solvent HEPES. As expected, the XPS spectrum of anti-IgG showed an
obvious N 1s peak at 396.8 eV and no discernible Fe 2p peak.
However, after further coupling with FeC, the XPS spectra of FeC-Ab2
conjugate showed two significant N 1s peaks and one wider Fe 2p
peak at the same binding energy as anti-IgG and FeC, respectively.
The emergence of a new N peak may be due to residual NHS. The
presence of both two elements confirmed that the small FeC
molecules had been successfully conjugated to the antibody. Subse-
quently, this conjugate would be used as an ultrasensitive signal tag
for electrochemical detection.

Characteristics of DPs
DP can be considered to be one of the most simplistic 3D DNA
structures.25,26 DPs were constructed by annealing four DNA
oligonucleotides strands. The resulting product was analyzed by
using 12.5% polyacryamide gel electrophoresis (Figure 2b). As
demonstrated in Figure 2d, sequences of the same colors were
hybridized to form the six edges or struts of the pyramid. DPs
(Figure 2b, lane 1) migrated more slowly than the various individual
single-stranded DNA bands (Figure 2b, lanes 12–15) and other
various combinations (that lacked either one or two individual
strands groups—Figure 2b, lanes 2–11). Our results compared well
to the relative sizes of the different species. The increased mass and
spatial structure complexity of the DPs hindered the movements
through the pores of the polyacrylamide gel,25 whereas the other
structures with more compact or linear structures could pass through
more easily. This confirmed the successful assembly of the complex
DNA nanostructure.15,25

Preparation of the DP-based immunosensor
As shown in Figure 2d, three oligonucleotide strands were terminated
with strategically placed thiol groups at three of the four vertices of
the DP. The thiol group then covalently bonded the DP onto the Au
electrode exactly at those bases. Before immobilization, TCEP was
added into the hybridization solution to activate the thiolated DNA
and reduce any disulfide linkages. The presence of TCEP did not
interfere with the assembly, thus the obtained product could be used
for subsequent experiments without any purification. Although it is
expected that no reaction can be perfectly stoichiometric, any excess
unassembled strands would not interfere with the coupling of
assembled DP.35 The remaining non-thiolated vertex on the top of
the DP allowed chemical coupling with different pendant probes to
realize the biodetection (Figure 2d). In this study, we used a carboxyl
group as a free-standing group at the top, and the non-thiolated
vertex was covalently coupled with anti-IgG (Ab1). Through
the immunobinding of Ab2 to Atg, this conventional sandwich
immunoreaction allowed the electroactive tags (that is, FeC) through
Ab2 to be mobilized close to the electrode surface to generate
significant electrochemical signals.
We used electrochemical impedance spectroscopy to prove each

specific step in the sensor assembly process. As expected, the high-
frequency region of the impedance plot shows a semicircular pattern.
The depicted signals of the redox-probe [Fe(CN)6]

3�/4� with the
semicircle diameter represented the electron transfer resistance (Ret).
Randles’ equivalent circuit (inset in Supplementary Figure S2), was
selected to reflect the real electrochemical process and determine the
fitting impedance values that described our specific system.
This resistance controlled the electron transfer kinetics of the
redox-probe at the electrode interface. Therefore, the Ret value (R2

in Supplementary Figure S2 inset) varies when different substances
are immobilized on the electrode.
The Nyquist plots are shown in Figure 2c. The bare Au electrode, as

expected, revealed a very small semicircular domain (Ret¼ 56.4O,
curve 1), implying a relatively low resistance to the redox probe. After
the modification of the electrode with DPs, the resistance increased

Figure 3 The DP-based sensor exhibited high specificity for IgG and low background signals even in the presence of non-specific proteins. (a) Cyclic

voltammograms of the different surface-functionalized Au electrodes: (1) a bare Au electrode, (2) the DP assembled Au-DP electrode, (3) the Au-DP-Ab1

electrode, (4) the Au-DP-Ab1-Atg-Ab2 electrode, and (5) the ferrocene-labeled Au-DP-Ab1-Atg-(FeC-Ab2) electrode, at a scan rate of 100mvs�1 with

PBS-10 supporting electrolyte (pH 7.4). (b) The SWV current response of the DP nanostructure-based immunosensing system after being exposed to

different proteins in PBS-1 (pH 7.4). Concentration of each protein is 1 ngml�1.
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appreciably (Ret¼ 470.2O, curve 2) compared with the bare Au
electrode due to the relatively low poor conductivity of DP. This is
further confirmed when the top vertex of DP was activated with EDC/
NHS solution, causing a decrease in the resistance (Ret¼ 284.1O,
curve 3) due to the neutralization of the DP’s negative charge during
the activation process. This allowed the conductive [Fe(CN)6]

3�/4�

species to approach the activated Au-DP surface and accelerated the

electron transfer between the redox moieties and the electrode.
Subsequently, the activated Au-DP was incubated in Ab1 solution
and the resistance increased again (Ret¼ 708.4O, curve 4) because of
the insulating protein shell of Ab1. Further coupling of the antigen
and ferrocene-labeled antibody would generate a gradually thicker
insulating layer and progressively increasing resistance values (detailed
illustration in Supplementary Figure S2). These results confirmed that

Figure 4 The presence of DPs increased the electrochemical signal magnitude and sensitivity for IgG detection. (a) Comparison of the DP-modified and

thiolated MUA-modified electrodes in the IgG immunoassay. (b) The SWV response currents from the DP-based immunosensor at different ratios of DP and

f-DP and constant DNA nanostructure total concentration. (c) Typical Nyquist plots for different modified Au electrodes in PBS-10 (pH 7.4) containing 5 mM

[Fe(CN)6]3�/[Fe(CN)6]4� and 0.1 M KCl: (1) Au-DP, (2) Au-MUA, (3) Au-DP-Ab1-Atg-(FeC-Ab2) and (4) Au-MUA-Ab1-Atg-(FeC-Ab2). (d) SWV current curves

of the DP nanostructure-based immunosensing system at different IgG concentrations of 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.5, 1, 5, 10, 100 and

1000 ngml�1. (e) Plot of the SWV peak current versus IgG in the incubation solution using this immunosensing system. Inset: the linear relationship

between the change in the current response and the log of the IgG concentration.
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the fabrication of the electrode via sandwiched immunoreactions was
achieved successfully. Interestingly, we also noted that the change in
the resistance caused by the binding of FeC-Ab2 (DR(6-5)¼ 284.5O)
was smaller than that of Ab1 (DR(4-3)¼ 624.3O). Other than the
slightly decreased number of binding sites on the antigen-immobi-
lized electrode (Au-DP-Ab1-Atg) compared with Au-DP-(EDC/NHS)
electrode, this is likely a consequence of using ferrocene as an electron
mediator, which could favor the transfer of [Fe(CN)6]

3�/4� species
between the solution and electrode. To confirm this assumption, pure
anti-IgG without FeC-COOH was directly captured on the Au-DP-
Ab1-Atg electrode surface. The Nyquist diagrams of the two electrodes
shows that with the help of ferrocene the resistance of the modified
electrode clearly decreases (curve a, Supplementary Figure S3).
However, this result also confirms the successful covalent coupling
of ferrocene with the antibodies.

Voltammetric characteristics of the DP-based immunosensor
The key components in the biosensor included the pyramidal DNA
nanostructure that anchored the recognition units on the electrode
surface and an FeC-labeled antibody for signal generation. The
electrochemical properties of FeC-Ab2 in the electrolyte solution at
DP-based electrode were investigated with voltammetric measure-
ments. Figure 3a shows the cyclic voltammograms of the different
modified electrodes in PBS-10. When the sandwich format reaction
was completed, a pair of stable and well-defined redox peaks (curve 5,
Figure 3a) could be observed at the Au-DP-Ab1-Atg-(FeC-Ab2)-
modified electrode, suggesting the efficient electrochemical activity of
the FeC–anti-IgG bioconjugate labels. The DP structure did not
interfere with electron communication between the ferrocene moieties
and the underlying electrode. However, no peaks could be found on
the bare Au electrode (curve 1, Figure 3a), DP assembled Au-DP
electrode (curve 2, Figure 3a) or the capture antibody coupled
Au-DP-Ab1electrode (curve 3, Figure 3a). To ensure the source of
the signal, a control experiment was carried out using anti-IgG
without any FeC label immobilized on the electrode. The absence of
any discernible cyclic voltammetric peaks from the Au-DP-Ab1-Atg-
Ab2 electrode (curve 4, Figure 3a) confirmed that the previously
observed peaks were due to the presence of FeC, as well as
demonstrated a successful and complete immunoassay. By exploiting
the unique structure and electronic properties of ferrocene, a specific
target antigen can be sensitively detected. Additionally, the cyclic
voltammograms from the prepared immunosensor varied at different
scan rates (Supplementary Figure S4), which corresponded to the
oxidation of the antibody-tethered ferrocene into the ferricinium
cation.36 In addition, both the anodic and cathodic peak currents
increased linearly with the square root of the scan rate within the
range from 50 to 500mV s�1 (inset of Supplementary Figure S4),
which confirmed the diffusion-controlled nature of the redox species
in this process.36 Despite earlier work that suggests that individual
FeC assembled at the top vertex of a DP would yield poor current
signals, we speculated the charge transfer mechanism in our current
system may be that the ferrocene moieties on the Ab1-Atg-(FeC-Ab2)
complex are flexible enough to physically impinge on the electrode
surface and maintain a sufficiently high current signal.37

SWV was then used to characterize the performance of the
immunosensor. Control experiments were conducted with the
DP-based sensor in various protein solutions. When the Au-DP-
Ab1 electrode was incubated in 1 ngml�1 of IgG antigen for 40min
followed by incubation in FeC-Ab2 suspension for another 40min, a
remarkable SWV response peak of 2.48mA was obtained (curve a,
Supplementary Figure S5). In contrast, after incubation in analyte

solution without any protein but with subsequent FeC-Ab2 incuba-
tion, no discernible SWV response was observed, and a peak current
of only 0.034mAwas observed (background signal current; Figure 3b).
The ultralow signal might be caused by nonspecific but unavoidable
adsorption. Next, to test the selectivity of the immunosensor, non-
targeted bovine serum albumin and fibronectin at 1 ngml�1 were
each were added to the test systems. The results showed extremely low
signals, similar to the background (Figure 3b). Simultaneously, when
the immunosensor was challenged with different combinations of
mixtures containing two or three proteins, the peak current variations
resulting from the presence of the interfering proteins were o10%.
This showed the high specificity of our DP-based immunosensor
towards our antigen target.
To further substantiate the advantages of using a DP as the surface-

covering stabilized nanostructures, a negative control was tested using
MUA directly anchored to the Au electrode via the same thio-Au
binding chemistry. Similar to the DP-based sensor, the carboxylic
group on MUA provided reacting sites capable of combining with the
captured antibody (Ab1) and also with the IgG and ferrocene-labeled
antibody to the electrode surface through similar sandwich
immunoreactions. However, the immobilized FeC tags generated an
electrochemical SWV response that was much lower than the response
from DP-based immunosensor (Figure 4a). The poor performance of
the MUA-based sensor was most likely a result of the disordered and
unstable self-assembled MUA monolayer. We further hypothesized
that this self-assembled MUA monolayer forms an incidental resistive
film over the electrode surface, preventing the free flow of electrons to
the surface (Figure 4a). Other control experiments were carried out to
investigate the differences between these two types of structures on the
electrode surfaces. Figure 4c shows the impedances of the DPs and
MUA modified Au electrodes with and without the presence of an
immunoassay. As observed, the electron-transfer resistance of the
MUA-anchored electrode was much higher than the DP-anchored
electrode. Interestingly, the same result was obtained even after the
sandwich assay was completed. This marked difference suggested that
the Au-DP electrode had excellent electrochemical transduction
capabilities by taking advantage of the hollow structure associated
with the pyramidal DNA assembly. Because this open structure allows
the shuttling of electrons between the electrode surface and the
solution, the electro-active moieties could penetrate the assembled
layer more easily.26 Additionally, the background signal increased
significantly to approximately 0.19mA, compared with 0.034mA from
the DP-based immunosensor. The SWV current was 1.24mA for
1 ngml�1 of IgG with a signal-to-noise ratio of only B6.5,
demonstrating the greater sensitivity of the pyramidal DNA sensor.
We attributed this to the ability of DP to repel proteins and facilitate
better orientation and accessibility for antibody coupling, as well as
minimizing nonspecific adsorption.25 After the immunoassay, the
MUA-layered electrode also displayed a higher impedance than the
DP-modified electrode, which further supported the above viewpoint
(Figure 4c).
Previous studies used diluents such as 11-mercapto-1-undecanol or

mercaptohexanol to decrease the surface crowding and improve the
overall sensitivity of electrochemical sensors. However, other strategies
can also use free DP to achieve the same effect.28 We examined the
influence of dilution on thiolated DP free of -COOH functional
group (f-DP) (Supplementary Figure S6). Figure 4b shows that the
SWV responses from different surface densities of DP by tuning the
ratio of DP/f-DP. No significant current enhancement from dilution
could be observed, as expected. A possible reason is that the rigid and
bulky DP results in low surface crowding, and anti-IgG is directly
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coupled to the COOH-anchored surface without any extended DNA
as a bridge to link the proteins after hybridization. Particularly, higher
dilution ratios of DP/f-DP led to lower signals, resulting from the
growing loss of surface-anchored targets and assay probes. Therefore,
the DP platform could be directly used for protein detection without
any additional surface micro-/nano-modification strategies. Given
these advantages, it was confirmed that the DP-based immunosensor
can provide a sensitive and specific approach for a reliable quanti-
tative detection of target proteins.

Optimization of the analytical conditions of the immunosensor
The pH of the working buffer influences the electrochemical response
of the immunosensor. The formation of the immuno-complex on the
surface of the electrode also depends on the incubation time and
temperature. Therefore, all these parameters must be investigated to
optimize the antigen-specific responses. To find an optimal reaction
pH, a series of electrolyte buffer solutions with pH ranges from
5.0 to 10.0 were prepared to perform immunosensory assays
(Supplementary Figure S7A). The results showed that the SWV
responses increased within the pH range from 5.0 to 7.0 but decreased
as the pH increased further. It was found that the extreme pH
conditions damage the immobilized proteins, especially in alkaline
conditions. Thus, the optimal pH for this detection system is 7.4,
which is a common pH level in the field of immunology.
Kinetically, it was expected that the antigens captured from the

sample solution depended on the incubation time before reaching
thermodynamic equilibrium. Supplementary Figure S7B illustrates the
variation of the assay SWV signal with reaction time over a period up
to 60min. The peak current intensities increased with the incubation
time up to 40min before reaching a plateau, indicating that the
interactions between IgG and its cognate anti-IgG antibody reached
saturation. As a result, a 40-min incubation time was adopted for this
immunosensor.
Supplementary Figure S7C revealed the effect of test temperature

on the biosensor performance over a range of 20–50 1C. The SWV
current variation showed a gradual increase up to 35B37 1C but then
decreased sharply at higher temperatures. Because the peak analytical
signal occurs at 37 1C, all further immunoassay experimentations were
undertaken at 37 1C.

The SWV detection of IgG
The DP-based immunosensor was then challenged with different IgG
solution concentrations. The corresponding electrochemical currents
were recorded. Figure 4d shows the SWV curves of the immunosensor
after incubating with a series of IgG concentrations, covering a range
of five orders of magnitude (from 10pgml�1 to 1000ngml�1),
under the same optimum conditions. The peak currents increased
monotonically with the IgG solution concentration, demonstrating
the ability of our immunosensor to quantify the different concentra-
tions of target IgG. Significantly, given the unavoidable non-specific
adsorption, a background signal of 0.034mA was obtained from the
negative control using PBS-1 solution in the absense of IgG. This did
not affect the immunosensor for the ultrasensitive detection of IgG,
because the current response generated from the detection of the
lowest concentration of 10 pgml�1 of IgG was higher than that in the
blank PBS-1 sample. In other words, the signal from 10pgml�1 of
IgG (0.6mA) could easily be distinguished from the background noise.
The calibration plots displayed a good linear relationship between the
SWV peak currents and the logarithm of the analyte concentrations
over a linear range from 10pgml�1 to 10ngml�1 of IgG. The linear
curve was fitted to a regression equation Ip/mA¼ 2.516þ 0.9564 log

(c/ngml�1) with a coefficient of determination of R2¼ 0.996, where
Ip is the oxidation current and c is the IgG concentration in the
incubation solution (inset of Figure 4e). The limit of detection of
2.8 pgml�1, based on a signal-to-noise ratio of 3 from the present
work, was lower than what was previously reported using immuno-
sensors for the detection of IgG.7,38,39 Despite not having signal-
amplification chemistry incorporated into our system, we were able to
obtain a limit of detection that is comparable to other systems that
did use signal-amplification strategies.8,39,40

Reproducibility and stability of the immunosensor
This immunosensor for IgG is highly reproducible, as observed
from the high intra-assay and inter-assay precision. The intra-assay
precision was determined by assaying a common IgG concentration
with five independently prepared immunosensors’ replicate measure-
ments, whereas the inter-assay precision was estimated by detecting
the common IgG concentrations using five immunosensors on the
same electrode. Relative s.ds. of 9.23% and 8.55% were obtained for
the intra- and inter-assay, respectively, indicating good precision and
reproducibility. We further investigated the storage stability of the
Au-DP-Ab1-Atg-(FeC-Ab2) electrode after storing the modified
electrode in PBS-1 at 4 1C for 1 week. No significant SWV signal
variation was observed when 1 ngml�1 of IgG solution was detected
using the stored and freshly modified electrodes, indicating that the
as-prepared immunosensors have high storage stability and are
promising for practical applications.

CONCLUSIONS

In this work, we successfully proposed an universal strategy for
developing highly sensitive IgG immunoassays using novel 3D
DP–FeC sandwich immunoassays on Au electrodes. The vertices of
these DP are chemically modified to present flexible moieties for
stable surface anchoring and easy sensor pendent coupling.
A ferrocene-labeled antibody setup was used to generate excellent
electrochemical signals. Particularly, the pyramidal structure endowed
the substrate surface with less overcrowding coverage and directly
increased the analyte accessibility. The dilution of the surface density
with additional reagents was also found to be insignificant. Both the
higher rigidity of DP and its ability to repel proteins produced
uniform and orientational surface assemblies, as well as lower
background interference. In addition, the pyramid’s hollow structure
contributes to easy electron transfers between the electro-active
species and the electrode surface, permitting this immunoassay system
to achieve ultrasensitive detection of proteins. Considering the good
biocompatibility and flexible chemical modification of the DPs, this
proof-of-concept study of IgG detection indicates that this strategy
offers a sensitive and promising method for future clinical diagnosis
research and could be used to develop biosensors to push the
detection limit boundaries of other biological targets.
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