
A Universal DNA-Based Protein Detection System
Thua N. N. Tran,† Jinhui Cui,†,‡ Mark R. Hartman,† Songming Peng,† Hisakage Funabashi,†,§

Faping Duan,† Dayong Yang,† John C. March,† John T. Lis,∥ Haixin Cui,‡ and Dan Luo*,†,⊥

†Department of Biological & Environmental Engineering, ∥Department of Molecular Biology and Genetics, and ⊥Kavli Institute at
Cornell for Nanoscale Science, Cornell University, Ithaca, New York 14853, United States
‡Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081,
China
§Institute for Sustainable Sciences and Development, Hiroshima University, Higashihiroshima 739-8527, Japan

*S Supporting Information

ABSTRACT: Protein immune detection requires secon-
dary antibodies which must be carefully selected in order
to avoid interspecies cross-reactivity, and is therefore
restricted by the limited availability of primary/secondary
antibody pairs. Here we present a versatile DNA-based
protein detection system using a universal adapter to
interface between IgG antibodies and DNA-modified
reporter molecules. As a demonstration of this capability,
we successfully used DNA nano-barcodes, quantum dots,
and horseradish peroxidase enzyme to detect multiple
proteins using our DNA-based labeling system. Our
system not only eliminates secondary antibodies but also
serves as a novel method platform for protein detection
with modularity, high capacity, and multiplexed capability.

Antibody-based protein detection methods including West-
ern blot, enzyme-linked immunosorbent assay (ELISA),

dot blot, and immunohistochemistry are widely used analytical
techniques in both research and clinical settings. In these
methods, sample proteins are first bound with specific primary
antibodies and then detected with secondary antibodies
carrying a label such as a fluorescent dye, radioactive marker,
or enzyme.1 However, the secondary antibodies must be
carefully selected to match the species specificity of the primary
antibodies in order to prevent undesirable cross-reactivity.2

Moreover, there are only a limited number of commercially
available primary/secondary antibody pairs,2 which severely
constrains the capacity of multiplexed protein detection. For
example, most primary antibodies are derived from mouse or
rabbit, and as a result most secondary antibodies are either anti-
mouse IgG or anti-rabbit IgG. In vivo experimental models
typically involve mice or rabbits and therefore obviate the use
of mouse or rabbit secondary antibodies, respectively.
Here, we present a DNA-based protein detection system

which does not require secondary antibodies. Thus, our system
allows multiple primary antibodies of the same isotype or
species to be used together in a single experiment.
Furthermore, our system can label proteins/antibodies with
any other materials that can be attached to DNA. As a
demonstration of this capability, we successfully used DNA
nano-barcodes, quantum dots (QDs), and horseradish

peroxidase (HRP) to detect multiple proteins using our
DNA-based protein detection system.
The key feature of our system is the universal adapter (UA),

a bifunctional protein−DNA hybrid molecule that includes
both an antibody-binding component and a DNA tag, as shown
in Figure 1 (middle panel). DNA−protein conjugates, with the

functions of both nucleic acid and protein, have been previously
explored for many applications, including biosensing and
molecular self-assembly.3 Inspired by these examples, we
chose EZZ protein, an engineered variant of protein A, which
recognizes and binds to most types of IgG primary antibodies4

as the antibody-binding component. The DNA tag is a short
oligonucleotide which can be hybridized to DNA-modified
signal-carrying molecules, such as DNA nano-barcodes, QDs,
enzymes, etc. (Figure 1, right panel). Therefore, the
combination of UA, IgG primary antibodies, and reporter
molecules generates a modular library of pre-labeled primary
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Figure 1. (Middle) UA, a bifunctional protein−DNA hybrid molecule,
which binds to most types of IgG antibodies (left) and any DNA-
modified reporter molecules (right) to generate a modular library of
pre-labeled primary IgG antibodies for any applications of protein
detection in place of secondary antibodies.

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 14008 dx.doi.org/10.1021/ja405872g | J. Am. Chem. Soc. 2013, 135, 14008−14011

pubs.acs.org/JACS


IgG antibodies that can be used for all applications of protein
detection without using secondary antibodies.
In order to create UA, we used a self-catalyzing protein

(SNAP)5 to form an EZZ protein−DNA hybrid molecule at
1:1 ratio with a high yield (Supplementary Figure 1). More
specifically, a DNA tag was first conjugated to maleimide-
benzyl guanine (BG) that served as the substrate for the SNAP
enzyme. This BG-modified DNA tag was then linked to EZZ
protein through SNAP catalysis, and the hybrid molecule was
purified by gel electrophoresis to eliminate free proteins and
DNA. After purification, the bifunctional binding of UA was
tested against both DNA nano-barcodes and IgG primary
antibodies by gel electrophoresis and dot blot, respectively
(Supplementary Figure 2). DNA nano-barcodes, previously
developed in our laboratory, utilize branched DNA to carry
multiple fluorescent dyes with pre-determined color ratios,
which were successfully used for multiplexed detection of DNA
targets.6

As a demonstration of our DNA-based protein detection
system using DNA nano-barcodes (termed IgG nano-
barcodes), we used a Y-shaped DNA structure to obtain
three different color ratios of the DNA nano-barcodes: R2G0,
R1G1, and R0G2. Here, “R” represents the red color fluorophore
(Alexa 546), and “G” represents the green color fluorophore
(Alexa 488), and the subscripts correspond to the ratio of the
two colors in the nano-barcodes. For the DNA binding
function, UA was hybridized separately to three distinct DNA
nano-barcodes. The resulting hybridization products of UA and
DNA nano-barcodes displayed clear electrophoretic shifts
compared to DNA nano-barcodes alone (Supplementary
Figure 2b). In addition, each shifted band exhibited a unique
and expected fluorescence color ratio, suggesting the modular
nature of our system in which the color labels can be pre-
assigned. On the other hand, for testing IgG binding function,
the UA-DNA nano-barcodes were incubated with three
different IgG primary antibodies on a dot blot membrane.
The resulting IgG nano-barcodes showed distinct fluorescence
signals corresponding to the pre-assigned color ratios
(Supplementary Figure 2c), confirming that EZZ protein
remained fully functional after conjugation. Thus, UA that
can bind to both DNA nano-barcodes and IgG primary
antibodies demonstrated that we can use DNA to label IgG
antibodies to replace secondary antibodies in a protein
detection system.
We first tested our IgG nano-barcodes for protein detection

using the dot blot technique, one of the most commonly used
methods to detect proteins. In this approach, we chose three
different protein targets: green fluorescent protein (GFP),
renilla luciferase (RL), and heat shock factor (HSF). Each
protein was dot blotted onto polyvinylidene difluoride (PVDF)
membranes and was individually detected with the correspond-
ing IgG nano-barcode (Supplementary Figure 3a). To further
show the use of our system in a multiplexed format, the
aforementioned three protein targets were blotted together
onto a membrane and incubated in the mixture of all three IgG
nano-barcodes. As shown in Figure 2a, all three proteins were
detected simultaneously and distinctively by IgG nano-barcodes
using dot blot technique without any secondary antibodies. We
note that the nano-barcode color ratios remained easily
distinguishable, despite the potential for exchange reactions
between the antibodies and DNA labels on different IgG nano-
barcodes, suggesting that our IgG nano-barcodes were

sufficiently stable for multiplexed detection under the
conditions used here.
In addition to the blot-based protein detection methods,

microbeads have been increasingly employed as a convenient
format for immunoassays such as ELISA, agglutination, and
flow cytometry. For testing our IgG nano-barcode system with
microbeads, we utilized the traditional sandwich strategy except
that no secondary antibodies were involved. We first coated
polystyrene (PS) microbeads with capture primary antibodies
which specifically recognized target antigens, and we then used
our IgG nano-barcodes as reporters to visualize the
fluorescence signals (Figure 2b, left panel). We successfully
detected three different targets with only two colors in E. coli
lysates, which mimicked the realistic sample matrices
(Supplementary Figure 3b). In the absence of targets, there
was no fluorescence detected from the beads (Supplementary
Figure 3b, bottom right). Moreover, when these targets were
combined together, the multiplexed color ratios were not
scrambled, confirming the robustness of the link between IgG
and DNA nano-barcodes via our universal adapter (Figure 2b,
right panel).
In contrast to dot blot and bead-based detection methods, in

situ detection methods, including immunostaining for protein
detection and fluorescence in situ hybridization (FISH) for
DNA detection, can reveal not only the presence but also the
spatial localization of targets. Combining the concepts of both

Figure 2. Using IgG nano-barcodes for protein detection. (a)
Multiplexed protein detection with dot blot. Proteins were spotted
on a PVDF membrane and then incubated with a detection solution,
which contained a mixture of IgG nano-barcodes. The dots with
fluorescence signals showed specific binding between protein targets
and the corresponding IgG nano-barcodes. From left to right: GFP,
RL, HSF, and sortase (negative control) proteins were labeled with
R2G0-anti-GFP, R1G1-anti-RL, and R0G2-anti-HSF IgG antibodies,
respectively. Dot diameters were 250 μm for all images. Background
fluorescence from GFP alone was subtracted from the measurement
with IgG nano-barcodes. (b) Multiplexed bead-based protein
detection. PS beads were tagged with the first IgG antibody which
captured the antigen and then sandwiched with IgG nano-barcodes.
GFP, RL, and HSF protein targets were specifically detected on
microbeads with R2G0-anti-GFP (red), R1G1-anti-RL IgG antibodies
(orange), and R0G2-anti-HSF (green), respectively. (c) IgG nano-
barcodes for immunostaining of insulin and glucagon proteins in a
diabetic mouse pancreas tissue. Insulin was stained with R0G2-anti-
insulin (green) antibody, and glucagon was stained with R2G0-anti-
glucagon (red) antibody. Intense yellow regions are the autofluor-
escence of contaminated red blood cells.
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immunostaining and FISH and further utilizing our UA, we
carried out DNA-based protein detection in situ. We chose
diabetic mouse pancreas tissue for in situ detection of insulin,
and glucagon proteins. Individual proteins could be detected
using IgG nano-barcodes with sensitivity comparable to that of
traditional immunostaining methods using secondary antibod-
ies (Supplementary Figure 4). In addition, IgG nano-barcodes
allowed us to implement multiplexed protein detection in situ
in which insulin and glucagon proteins were stained
simultaneously in one step and visualized at their expected
locations (Figure 2c). Conventional multiplexed immunostain-
ing is often restricted due to the limited availability of
secondary antibodies. Therefore, DNA nano-barcodes system
in combination with UA provides a simple and flexible
approach for labeling in multiplexed immunostaining applica-
tions.
To further explore the capability of our DNA-based protein

detection system beyond fluorescence dyes, we replaced
fluorophores with other reporter molecules. Using QDs and
enzyme labels, we demonstrated the versatility of our system via
dot blot and Western blot (WB). QDs are excellent labels for
diagnostic applications due to their high brightness, stability,
and compatibility with multiplexing.7 In order to use QDs for
their higher quantum efficiency, we modified QDs with DNA
which was subsequently hybridized to our universal adapter
(UA-QDs). IgG primary antibodies were incubated with
proteins on a PVDF membrane, and then UA-QDs were
simply added to the membrane to recognize the IgG-protein
targets (Figure 3a). This use of QDs in our system is very
promising since it could enable detection of low-abundance
proteins, which otherwise often need several fluorophore labels
in order to be detectable. In addition to the fluorescence QDs,
we chose one of the most commonly used enzymes
incorporated with secondary antibodies, HRP, to detect

proteins through enzymatic signal amplification. In our
approach, HRP was conjugated to DNA and then hybridized
to our UA to form UA-HRP. Similar to the previous approach
for QDs, UA-HRP recognized the IgG-protein complexes on a
WB membrane with a detection limit comparable to that of
traditional WB using HRP-modified secondary antibody
(Figure 3b). These results confirmed that our UA is a powerful
platform molecule to link primary antibodies with a variety of
reporters through DNA for protein detection.
In conclusion, our DNA-based protein detection system is a

versatile platform applicable to any methods that use IgG
antibodies. By utilizing IgG nano-barcodes, we eliminated the
need for secondary antibodies, thus avoiding undesirable
interspecies cross-reactivity among secondary antibodies and
overcoming the limited selection of primary and secondary
antibody pairs. Moreover, the use of our universal adapter
coupled with diverse DNA sequences allows us to link a library
of different components, creating a modular capacity. This
capacity is ideal for multiplexed detection; however, the non-
covalent nature of the IgG-UA assembly also allows for the
possibility of exchange reactions among IgG components in
mixtures. Thus, we caution that, in using IgG nano-barcodes for
multiplexed applications, conditions such as the time, temper-
ature, and detergent concentrations should be optimized and
controlled to minimize the potential for exchange reactions.
Furthermore, in addition to DNA nano-barcodes, our

universal adapter can be hybridized to any DNA-modified
material, such as fluorophores, quantum dots, enzymes,
nanoparticles, or carbon nanotubes. Therefore, our DNA-
based protein detection system is extensible to a wide range of
readout modalities, including methods based on fluorescence,
colorimetric, surface plasmon resonance, or Raman spectros-
copy. By translating primary/secondary antibody recognition to
DNA hybridization which is programmable, predictable, and
precisely controllable, we have created a novel method platform
for high-capacity, versatile, and multiplexed protein detection.
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