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Single C-reactive protein (CRP) molecules, which are non-specific acute phase markers and products of the
innate immune system, were quantitatively detected on a gold-nanopatterned biochip using evanescent fieldenhanced fluorescence imaging. The 4 × 5 gold-nanopatterned biochip (spot diameter of 500 nm) was
fabricated by electron beam nanolithography. Unlabeled CRP molecules in human serum were identified with
single-molecule sandwich immunoassay by detecting secondary fluorescence generated by total internal
reflection fluorescence (TIRF) microscopy. With decreased standard CRP concentrations, relative fluorescence
intensities reduced in the range of 33.3 zM-800 pM. To enhance fluorescence intensities in TIRF images, the
distance between biochip surface and CRP molecules was optimally adjusted by considering the quenching
effect of gold and the evanescent field intensity. As a result, TIRF only detected one single-CRP molecule on
the biochip the first time.
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Introduction
C-reactive protein (CRP), which is composed of five
identically arranged 32-kDa protomers, was discovered in
1930.1,2 CRP is the first acute-phase protein exclusively
synthesized by hepatocytes, the main type of liver cell.3 In
human serum, CRP levels increase up to 1000-fold in response to chemical cytokines as an acute-phase response.4
CRP is well known as a sensitive marker of inflammation,
tissue damage, infection, cell necrosis, and some malignancies.4-6 Increased CRP is also observed after surgical procedures.7 Elevated serum CRP concentration is associated
with cardiovascular diseases, such as heart attack, ischemic
stroke, and peripheral arterial disease.8 As a result, high
sensitivity CRP (hs CRP) is an established indicator for heart
disease risk.2 A CRP concentration of 3-10 mg/L (26-90
nM) is considered high risk, 1-3 mg/L (9-26 nM) is considered intermediate risk, and less than 1 mg/L (9 nM) is
considered low risk.7
Conventional enzyme-linked immunosorbent assay (ELISA)
has been widely used to detect CRP molecules.9,10 Other
analytical methods have been used for this purpose in the
last few years, including radial immunodiffusion, electroimmunoassay, immunoturbidimetry, laser nephelometry,11
immunoradiometric assay,12 fluorescence-based immunochromatographic method,13 and time-resolved immunofluorometric assay.14 New techniques have recently been developed, such as electrochemical immunoassay,15 electrochemiluminoimmunoassay,16 electrochemical impedance immunosensor,17 immunoassay based on magnetic nanoparticles,18

spectral surface plasmon resonance biosensor,19 immunochromatographic assay,20 lateral flow assay,21 and microfluidic electrochemical sensor.22 Furthermore, the feasibility
of using microarray biochips to analyze cytokines in serum
samples has been reported23,24 and proven highly reliable.
However, these techniques are relatively expensive and not
sensitive enough to identify specific target molecules at
ultra-low concentration. In addition, they require relatively
long incubation times and large amounts of samples and
reactants.25-27 The nanoarray biochip method has begun to
emerge as a potential route for overcoming the above problems. Biochip miniaturization was enabled with developments in dip-pen nanolithography,28 ink-jet printing,29 and
electrospray deposition.30 More recently, protein molecules
were detected at the zeptomolar concentration level (zM, ×
10−21 M) using a mass spectrometer, gold nanoparticles or
fluorescent dye conjugated with antibodies.31-34 Although
target molecules and antibodies form specific complexes
that can emit signals, the identification of proteins in the zM
concentration is still difficult to achieve. There are theoretically very few molecules in the zM range, so the signal is
weak or invisible.
In this work, a single-molecule sandwich immunoassay
based on a gold-nanopatterned biochip was developed for
quantitative analysis of acute phase cytokines at extremely
low concentrations in serum samples. Molecules of target
protein were visualized as fluorescence using a total internal
reflection fluorescence (TIRF) system based on evanescent
field fluorescence intensity imaging. To enhance fluorescence
intensities more than those of previous reports using nano-
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array biochips,33,34 the distance between the glass biochip
substrate and the fluorescence dye was optimally adjusted.
This enabled maximum evanescent field intensities while
minimizing the quenching effect of gold. In addition, a goldpatterning spot with a diameter of 500 nm was used to
increase the opportunities to bind scarce target molecules
with fixed primary antibodies. Because of the high sensitivity achieved in this study, wide-range quantification of CRP
was possible. Low concentration proteins were detected at
single molecule levels. Furthermore, one individual CRP
molecule was detected at 33.3 zM concentration.
Experimental
Reagents Preparation. A 4-inch soda-lime glass wafer
was purchased from Winwin Tech (Bucheon-si, Korea).
Dithiobis (succinimidyl propionate) (DSP) and Protein A/G
were purchased from Pierce (Rockford, IL, USA). Dimethyl
sulfoxide (DMSO) and glycine were purchased from SigmaAldrich Inc. (St. Louis, MO, USA). Tris(Base) was purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ, USA).
StabilGuard was purchased from SurModics (Eden Prairie,
MN, USA). Human/mouse/porcine CRP monoclonal antibody, recombinant human CRP, and CRP biotin affinity
purified polyclonal antibody were purchased from R&D
systems (Minneapolis, MN, USA). Streptavidin-Alexa
Fluor®488 was from Molecular Probes (Eugene, OR, USA).
All solutions were diluted with 1× phosphate buffered saline
(PBS, pH 7.4; 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4). The buffers were made of
ultra-pure water (> 18 MΩ), filtered with a 0.2 μm membrane
filter (Whatman International Ltd., Maidstone, England),
and photobleached overnight using a UV-B lamp (G15TE,
Philips, The Netherlands).
Preparation of Gold-Nanopatterned CRP Chip. The

Figure 1. (a) Design of the 4 × 5 nanopatterned gold array on the
glass substrate, (b) differential interference contrast (DIC) image of
4 × 5 gold-nanopatterned array with spot diameter of 500 nm, (c)
scanning electron microscopy (SEM) image of 2 × 3 patterning of
gold array and individual gold array spot.

gold-nanopatterned substrate was arranged like those shown
in Figure 1 and then fabricated by the National Nanofab
Center (Daejeon, South Korea). An electron beam evaporator was used to fabricate a 4 × 5 gold-nanopatterned array
containing 500 nm diameter spots with a 10 μm pitch on a
10 mm2 glass wafer. To enable gold to easily adhere to the
glass wafer, substrates were deposited with a 5 nm adhesive
layer of chromium at a rate 0.1 nm/s. A 20 nm layer of gold
was then coated over the chromium layer at a rate of 0.1 nm/
s. Before linker deposition, the chips were prewashed. Chips
were immersed in acetone (99.5% purity) for 30 s, and
immediately exposed to isopropanol (99.9% purity) for 30 s.
The gold-nanopatterned array chips were soaked in piranha

Figure 2. Serial procedures for sandwich fluorescence immunoassay on gold-nanopatterned chips. DSP, dithiobis(succinimidyl
propiopnate); Ab, antibody; Ag, antigen.
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Figure 3. (a) Schematic diagram of mechanical setup of lab-made prism-type TIRF system. (b) With total internal reflection, effect of
sinusoidal light waves on the gold-nanopatterned chip and graph of evanescent field intensity (Iz) with perpendicular distance (z). L, laser;
PH, pinhole; MS, mechanical shutter; M, mirror; DP, dove prism; OL, objective lens; CCD, charge coupled device.

solution (1:1 = H2SO4:30% H2O2) for 30 min and rinsed
with distilled water. The washed chips were dried under a
stream of nitrogen and stored in a desiccator before use.
Single CRP Molecule Sandwich Immunoassay on GoldNanopatterned Chip. A series of CRP sandwich immunoassay procedures were conducted,35 as schematically illustrated in Figure 2. The gold-nanopatterned chips were immersed in 4 mg/mL DSP in DMSO for 30 min and then rinsed
with pure DMSO and distilled water. For 1 h, 0.1 mg/mL
Protein A/G in PBS was added to the activated gold surface,
which was formed by thiolation reaction between the substrates and DSP. Protein A/G was used as a binding material
in the sandwich immunoassay because it can bind to the
heavy chains of the antibody Fc region. Unreacted succinimide groups were blocked with 10 mM Tris (pH 7.5) and 1
M glycine for 30 min. To stabilize bound proteins, the gold
array chips were incubated with StabilGuard for 30 min and
rinsed briefly with distilled water. The chips were then
incubated with 20 μL of 2 μg/mL human/mouse/porcine
CRP monoclonal antibody (primary antibody) in PBS (pH
7.4) for 1 h. After briefly washing, various concentrations of
CRP standard protein were incubated on chips for 1 h. The
incubation time of the sample with zM CRP level concentrations was increased to 4 h to allow sufficient time for
Brownian motion. Reaction with 20 μL of 2 μg/mL CRP
biotin affinity purified polyclonal antibody (secondary antibody) occurred for 1 h. Twenty μL of 2 μg/mL StreptavidinAlexa Fluor®488 was added to the chips and incubated for
30 min to identify fluorescence intensities. CRP concentration was calculated using the TIRF intensity, which was
generated by fluorophores in evanescent fields. Chips were
washed by soaking in 100 mL 1× PBS for 2 min and rinsing
with distilled water at each step. All reactions were conducted with agitation at room temperature.
Lab-Made Prism-Type TIRF System. A diagram of the
basic TIRF system is schematically shown in Figure 3(a).
The experimental set-up of the lab-made prism-type TIRF
system used to detect fluorescence intensity formed by antigen-antibody interactions on the nanopatterned chip was
similar to that mentioned in previous reports.36,37 TIRF was

operated using an upright Olympus BX51 microscope
(Olympus Optical Co. Ltd., Tokyo, Japan) with an Olympus
100× UPLEL objective lens (oil type, 1.3 N.A., W.D. 0.1
mm). Immersion oil (ImmersolTM 518F, Zeiss, n = 1.518)
with a similar reflective index to that of the glass slide was
used to minimize light refraction. A charge coupled device
(CCD) camera (QuantEM 512SC, Photometrics, Tucson,
AZ, USA) with an exposure time of 100 ms was used to
capture the TIRF images. A Uniblitz mechanical shutter
(Vincent Associates, Rochester, NY, USA) was used to lessen
the intensity loss caused by photobleaching. A 488 nm notch
filter (Korea Electro Optics, Korea) and a 520/10 nm
bandpass filter (Semrock, Rochester, NY, USA) were placed
between the objective lens and the CCD camera. To carry
out TIRF microscopy, the nanopatterned CRP chip was
positioned on a transmitted all-side polished dove-type prism
with an anti-reflective coating (BK7, 15 mm × 63 mm × 15
mm, n = 1.522, Korea Electro-Optics Co., Ltd., Korea). The
laser beam directly entered the prism at the interface
between the protein chip and media. It reflected back into
the protein chip (total internal reflection) at an incidence
angle (θi) slightly greater than 61.2°. All images were
acquired and processed using MetaMorph 7.0 software
(Universal Imaging Co., Downing Town, PA, USA).
Results and Discussion
Detection of Single CRP Molecule via Sandwich Immunoassay on Nanoarray Chip. While detecting CRP molecules
based on single-molecule sandwich fluorescence immunoassay, the fluorescence intensity of the spot rose depending
on standard CRP concentrations. As standard CRP concentration increased, the relative fluorescence intensity (RFI)
became stronger and the spot size increased (Figure 4). After
the gold-nanopatterned chip was stabilized by reaction with
StabilGuard for 30 min, it was reacted with primary antibody for 1 h. The chips were then incubated with standard
CRP or human serum sample including CRP antigen.
Provided that concentrations of CRP antigen were more than
800 zM, the incubation time for primary antibody and CRP

2728

Bull. Korean Chem. Soc. 2013, Vol. 34, No. 9

Yunmi Heo et al.

Figure 4. Total internal reflection fluorescence imaging of CRP molecules at sub-attomolar (zM) level.

antigen was 1 h and antigen volume was 20 μL. At CRP
concentration below 500 zM, the optimum incubation time
increased from 1 h to 4 h and antigen volume increased up to
50 μL due to the rareness number of antigen molecules.
With a CRP antigen concentration of 500 zM, the theoretical
molecule number was only 15. To provide a sufficient molecule number and enough reaction time between the primary
antibody and CRP antigen, increases in incubation time and
sample volume were required. Under these conditions, a
theoretical molecule was computed at 33.3 zM CRP concentration (Table 1). This result indicates that it is possible to
detect one single CRP molecule. Although 50 zM CRP was
detected on a 3-mercaptopropyl trimethoxysilane-coated
cover glass in a previous report,34 there were problems
regarding spot size reproducibility and shelf-life limits. This
study achieved the detection of one single CRP molecule on
a gold-nanopatterned biochip. The analysis technique of
single-molecule sandwich immunoassay on a gold-nanopatterned protein chip could be applied in proteomics and
pharmaceuticals to identify single protein molecules.
Effects of Evanescent Field Intensity and Quenching
on Sandwich Immunoassay Imaging. In the sandwich
immunoassay approach based on TIRF, spot RFI was largely
determined by evanescent field intensity and the quenching
effect of the dye. Evanescent field intensity also had a strong
effect on detecting single CRP molecules. The evanescent
field intensity was considered depending on distance from
the surface (Figure 3(b)). When the incident angle was
greater than the critical angle and the refractive index of the
incidence medium was larger than that of the aqueous
(specimen) medium, total internal reflection was observed
near the interface between the two media. In this case, the
evanescent field was formed. Although all light was reflected back, an infinitesimal fraction passes through the interface because light waves are sinusoidal. The penetrated light
propagated parallel to the interface and produced an evanescent field. With increased perpendicular distance (z) from
the interface, evanescent field intensity decreased exponentially by:
I z = I0 e

z
– --d

Table 1. Comparison of RFI values with standard CRP concentrations and theoretical molecule numbers
CRP Conc.

Theoretical Mol. No.

RFIa (×103)

0 zM
25 zM
33.3 zM
300 zM
500 zM
800 zM
100 aM
100 fM
500 fM
100 pM
800 pM

0
0.75
1.00
9.03
15.05
24.08
1.20 × 103
1.20 × 106
6.02 × 106
1.20 × 109
9.63 × 109

0
0
6.36 ± 0.1
12.19 ± 0.5
14.56 ± 0.3
18.16 ± 1.5
25.53 ± 2.1
62.86 ± 3.4
70.09 ± 3.8
83.37 ± 4.4
88.35 ± 8.8

a
RFI: relative fluorescence intensity. RFI values were determined by subtracting background intensities from total internal reflection fluorescence
intensities.

where I0 is evanescent field intensity at z = 0. The penetration
depth (d) at λ0 was expressed by:
λ0
d = -----------------------------------2
2
2
4π n1sin θ – n2
Penetration depth usually ranged between 30 and 300 nm
depending on the refractive indices of the media and independent of the polarization direction of incident light. The
penetration depth was similar to or slightly smaller than
incident wavelength.
The aqueous area was generated by loading a 1 μL
volume of 1× PBS buffer between a cover glass and the
gold-nanopatterned biochip. Solution thickness was approximately 10 μm. The gold spot of the biochip consisted of a 5
nm adhesive layer of chromium followed by a 20 nm gold
layer. The height of the space generated by the reaction between gold array and DSP was 1.2 nm. Protein A/G consisted
of Protein A (5 nm) and Protein G (1.35 nm), and contained
four Fc binding regions.38,39 Generally, Y-shaped IgG molecules that were 14.5 nm in height, 4.0 nm in thickness, and
8.5 nm in width were used as primary and secondary antibodies.40 Streptavidin was 5 nm high.41 The theoretical distance
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Figure 5. Calibration curve of the linear range of standard CRP
produced by serial dilutions from 33.3 zM to 800 pM (n = 6).
Relative fluorescence intensities were corrected by background
subtraction.

from the glass substrate surface arrayed gold-patterned spot
to the Streptavidin-Alexa Fluor®488 was approximately
61.5-65.2 nm. This value indicates that the fluorophores
(Alexa Fluor®488) were not totally affected by gold quenching. A weakness in fluorescence intensity was observed in
the metal surface. Such fluorescence enhancement has been
observed when fluorescence dye was placed further than 10
nm from the metal surface.42,43
As evanescent field intensity decayed exponentially with
increasing vertical distance, the distance between the interface and fluorescence dye shortened as much as possible.
The distance had to be further than 10 nm to reduce the gold
quenching effect. The theoretical distance of dye from the
cover glass of the gold-patterned array chip was shorter than
that of a previous report. As a result, the evanescent field
intensity was stronger. Therefore, individual CRP molecules
were identified more clearly.
Wide-Range Quantitative CRP Analysis. Under optimum
conditions, quantitative analysis of CRP was possible in the
wide range (Figure 5). To draw a calibration curve, standard
CRP antigens were serially diluted with 1× PBS buffer. The
linear range of CRP was 33.3 zM to 800 pM (linear regression equation, y = 8341x + 17176, R = 0.9925) in the sandwich nanoarray biochip immunoassay. When the assay was
carried out under a concentration of 33.3 zM or without any
CRP standards, no fluorescence spots were identified on
TIRF images. RFI was calculated by subtracting spot intensity from background intensity. In this case, spot fluorescence
intensity was equivalent to background fluorescence intensity.
As a result, the RFI was zero or even negative. Therefore,
the LOD was determined to be 33.3 zM in the single-molecule sandwich immunoassay. It means that can be critical
role to prevent diseases in preventive medicine or preventive
care field.
Conclusion
We developed a single-molecule sandwich immunoassay
based on evanescent field-enhanced fluorescence imaging
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on 500 nm gold-nanopatterned biochips. This technique was
highly sensitive for CRP detection, and CRP molecules were
quantitatively analyzed in a wide range from zM to pM levels.
Based on a single-molecule sandwich assay, fluorescence
intensities at ultra-low CRP concentrations were observed
on TIRF images. The linear response range for the CRP concentration assay was 33.3 zM to 800 pM with a correlation
coefficient of 0.9925. The gold nanoarray biochip exhibited
a low LOD of 33.3 zM, and only one CRP molecule was
observed on the chip. Compared to other previously reported
methods, the results of this study were significant for two
reasons: (1) This study demonstrated the possibility of
studying in vivo chemical and physiologic mechanisms of
individual protein dynamics, translation, and protein-protein
interaction at the singe-molecule level. (2) These results are
important when studying various physiologic mechanisms at
the single-molecule level. In addition, it can be applied for
clinical diagnosis of diseases related to high CRP due to
high sensitivity in a wide dynamic linear range. This method
can also be used to detect poisonous substances that are
lethal in small amounts.
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