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a b s t r a c t

Total internal reflection fluorescence microscopy (TIRFM) was investigated for enhanced detection

sensitivity of cardiac troponin I (cTnI) on a gold nano-patterned protein chip. A 4�5 nanoarray

patterning of a gold chip based on a single-molecule sandwich immunoassay was prepared with a spot

diameter of 500 nm on glass substrates formed via electron-beam nanolithography. Quantitative trace

analysis was possible as a function of increasing total internal reflection fluorescence intensity in the

range of 84 aM–350 pM at prism-type and 35 aM–350 pM at objective-type TIRFM. Although using

same gold nano-patterned cTnI chips, however, the objective-type TIRFM showed enhanced detection

sensitivities 2.4 times better than the prism-type due to weaker gold quenching. This result is also

about 7000 times lower in the detection limit compared with those obtained by conventional

commercial sandwich enzyme-linked immunosorbent assay techniques.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Total internal reflection fluorescence microscopy (TIRFM) has
been one of the most common technique for the single-molecule
study of cell–substrate surfaces or cell membranes in order to
acqure detailed information about the behavior of biomolecules
[1,2]. TIRFM systems are typically available in two configurations,
prism- and objective-type. Prism-type TIRFM is useful to obtain
high-quality images with high signal-to-noise ratios and has been
used extensively to study molecular dynamics at liquid/solid
interfaces [3,4]. More recently, it has been applied in nanoarray
protein chips based on single-molecule sandwich immunoassay
for clinical diagnosis [5]. The majority of designs are centered on
upright microscopy with an added prism to direct laser illumina-
tion toward the interface where total internal reflection occurs,
located in the specimen conjugate plane of the microscope.
Subsequently, the reflected ray is removed from the specimen
via the prism. Tokunaga et al. [6] have developed a different type
of TIRFM, the objective-type TIRFM, which had free space above
the coverglass. The advantage of objective-type TIRFM was the
possibility of integration with scanning probe microscopy, as well
as combination with other techniques utilized in cell biology,
such as a micro-incubator [7,8]. In this technique, the laser beam
was introduced into the periphery of the back aperture of the
objective. By focusing the laser beam at the back focal plane of the
ll rights reserved.

: þ82 31 201 2340.
objective, a parallel beam emerges from the objective lens. The
angle at which the beam emerges from the objective depends on
its entry position into the back focal plane. However, this
technique is not suitable if the penetration depth of the evanes-
cent wave requires adjustment because the objective-type TIRFM
has been commercialized [9,10]. Therefore intensive researches
based on quantitative analysis of fluorescence signals are neces-
sary for experimental comparison of the structural property of
current systems.

When located in close proximity to metals, a fluorescent dye
exhibits strong changes in its electronic and optical properties,
likely as a result of mixing the molecule and metal electronic
levels, as well as interaction of the molecule with the surface
plasmon resonance [11,12]. In particular, gold quenching of
the dye emission occurred due to energy transfer [13], electron
transfer [14], or decreasing the radiative rate of the dye [15]. This
phenomenon was important for labeled antibodies used in
immunoassays, where self-quenching of the fluorophore limits
the brightness available per labeled protein [16]. Moreover, the
highly sensitive optical immunosensor using surface enhanced
Raman spectroscopy overcame its major drawback of reproduci-
bility and was able to be used for quantitative analysis on a gold-
patterned microarray chip [17]. However, a report addressing the
quenching effect according to the configuration of a TIRFM system
has not yet been directly supported by experimental evidence.

Here, both prism- and objective-type TIRFM configurations
were used for ultra-sensitive immunoassay based on ultra-
miniaturized arrays formed via a gold nano-patterned chip. As a
model analyte, cardiac troponin I (cTnI), a specific biomarker of
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acute myocardial infarction [18], was quantified by TIRF inten-
sities corrected by background subtraction. The intensity varied
depending on the optical configuration of the TIRFM due to
quenching efficiency of gold nano-patterned on glass substrates.
2. Materials and methods

2.1. Reagents preparation

Dithiobis(succinimidyl propionate) (DSP) and Protein A/G were
purchased from Pierce (Rockford, IL, USA). Dimethyl sulfoxide
(DMSO), glycine, and Alexa Fluors 647 donkey anti-mouse IgG were
obtained from Sigma-Aldrich 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). Monoclonal mouse anti-cardiac troponin I antibody (clone
19C7 and 16A11) and standard human cardiac troponin I (cTnI, clone
8T53) were purchased from HyTest (Turku, Finland). Normal human
serum samples were isolated from blood by centrifugation at
2000 rpm for 15 min at 2 1C. To mimic clinical conditions, serial
dilution of the standard cTnI sample spiked into normal human
serum was performed. Prior to use, 1� PBS buffer solution (pH 7.4;
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4) was
filtered through a 0.2 mm membrane filter and photobleached over-
night using a UV-B lamp (G15TE, 280–315 nm, Philips, Netherlands).

2.2. Gold nano-patterned cTnI chip

The gold nano-patterned substrate was designed such as those
shown in Fig. 1A and was subsequently fabricated by the National
Nanofab Center (Daejeon, South Korea). A four inch soda–lime glass
wafer was purchased from Winwin Tech (Bucheon, South Korea).
A 4�5 nanoarray was fabricated to include 500 nm-diameter spots
(Fig. 1B) with a 10 mm pitch, and the gold spots were deposited on a
glass substrate by an electron beam evaporator (Fig. 1A). These
substrates were coated with a 5 nm adhesive layer of chromium
10 mm
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Fig. 1. (A) Design of the 4�5 nanoarray patterning of gold with a spot diameter of 5

(C) schematic diagram of the sandwich fluorescence immunoassay on the gold nano-pat

type TIRFM and prism-type TIRFM system. The chip was patterned with a 5 nm layer of

nano-patterned chip; DSP, dithiobis(succinimidyl propionate); Ag, antigen; Ab, antibod
(99.997% purity) at a rate of 0.1 nm/s, followed by the deposition of
a 20 nm layer of gold (99.997% purity) at a rate of 0.1 nm/s. Prior to
linker deposition, the chips were immersed in acetone (99.5%
purity) for 30 s and then isopropyl alcohol (99.9% purity) for 30 s.
The gold nano-patterned biochips were exposed to piranha solution
(1:1¼H2SO4:30% H2O2) for 30 min, rinsed with deionized water,
and dried under a stream of nitrogen. Prior to use, the chips were
stored in a desiccator.

2.3. cTnI sandwich immunoassay on gold nano-patterned chip

The sandwich immunoassay process of cTnI on gold substrate is
shown in Fig. 1C. The gold patterned chip was immersed in 4 mg/mL
DSP in DMSO for 30 min, then rinsed with DMSO and distilled
water. 0.1 mg/mL Protein A/G in PBS was added to the activated-
gold surface for 1 h. Unreacted succinimide groups were blocked by
reacting with 10 mM Tris (pH 7.5) and 1 M glycine for 30 min. The
chips were incubated with StabilGuard for 30 min to stabilize the
bound proteins and then rinsed briefly with a few drops of distilled
water. The chips were incubated with 20 mL of 2 mg/mL purified
anti-human cTnI (19C7) in PBS pH 7.4 for 1 h. After washing, 20 mL
cTnI standard protein (8T53) was diluted to various concentrations,
including the normal or spiked clinical samples, and incubated on
a biochip for 1 h. 20 mL of 2 mg/mL anti-human cTnI (16A11) was
reacted for 1 h. Finally, 20 mL of 2 mg/mL Alexa Fluors 647 donkey
anti-mouse IgG reacted for 30 min to measure the TIRFM fluores-
cence intensity. The biochip was washed by dipping it in 100 mL
1� PBS for 2 min at each step. All of the reactions were carried out
at room temperature with agitation.

2.4. Both TIRFM systems

The physical layouts and schematic diagrams of the two TIRFM
configurations are shown in Fig. 2. The TIRFM prism-type system
(Fig. 2A), which was similar to a previously described design, was
used to detect the antibody–antigen interactions on the gold nano-
patterned protein array chips [5]. Briefly, the TIRFM was constructed
Φ 500 nm
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500 nm500
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Fig. 2. Physical layouts of the (A) prism-type system and (B) objective-type system. Schematic diagrams of both TIRFM systems used for the quantitative analysis of cTnI
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using a transmitted all-side polished dove-type prism with anti-
reflective coating (BK7, 15 mm�63 mm�15 mm, n¼1.522, Korea
Electro-Optics Co., Ltd., Korea). The TIRFM optics were incorporated
into an upright Olympus BX51 microscope (Olympus Optical Co.,
Ltd., Shinjuku-ku, Tokyo, Japan) using an Olympus 100� UPlanFl
(oil type, 1.3 N.A.) objective lens. A filter cube with a 680/30 nm
band-pass filter (Semrock, Inc., NY, USA) was used to carry out the
TIRFM study. An electron-multiplying cooled charge-coupled device
(EM-CCD) camera (QuantEM 512SC, Photometrics, Tucson, AZ, USA)
was mounted on the top of the microscope and was used with an
exposure time of 100 ms.

In objective-type (prismless) TIRFM, shown in Fig. 2B, the
designed objective lens (APO 100x/1.65 N.A., oil type, Olympus)
has high numerical apertures critical for proper laser alignment and
specimen illumination. A filter cube composed of a 680/30 nm
band-pass filter (Semrock, Inc.) was used with a CCD camera
(Cascade 512B, Photometrics, Tucson, AZ, USA) with quantum
efficiency identical to that of QuantEM 512SC mounted on an
inverted microscope platform of an Olympus IX71. The exposure
time of the CCD camera was 100 ms.

To minimize light loss, an optical mirror was used with over
90% transmission. However, the light loss occurred due to the
different optical path of each TIRFM system was ignored. To
reduce photobleaching, a Uniblitz mechanical shutter (Vincent
Associates, Rochester, NY, USA) was used to block the 633 nm
laser beam used as a light source when the camera was off. All
images were collected using MetaMorph 7.1 software (Universal
Imaging Co., Downing Town, PA, USA).
3. Results and discussion

3.1. Gold quenching effect on the cTnI chip

The quenching process was studied by Peteanu and required
the formation of ground-state complexes between the gold and
the dye-labeled DNA [19]. Also, the dominant role of the thiol
group in the gold–dye interaction has been previously evaluated
by performing a control experiment with a thiol-free fluorescein
[20]. The magnitude of the fluorescence quenching of each dye
was computed using a Stern–Volmer plot [12,21]. The ratio of the
fluorescence intensity in the absence of (Io) and in the presence of
(I) the quencher is related to the concentration of the quencher
([Q]) by a coefficient Ksv:

Io

I
¼ 1þKsv Q½ �

The photoluminescence quenching of fluorescence dyes by
nano-patterned gold on the biochip also occurred. As illustrated
in Fig. 3, the addition of nano-patterned gold on glass led to
quenching, although the competitive optical absorption of fluor-
escent dye and gold on nano-patterned chip induced lower
relative fluorescence intensity (RFI) compared to bare coverglass.
However, the optical properties of the nano-patterned gold make
them less efficient quenchers compared with gold nanospheres
(GNSs) or gold nanorods (GNRs). Because GNSs and GNRs have a
larger surface area and higher surface energy, they have increased
numbers of quenching sites and improved quenching efficiency.

An evanescent wave was produced on either face of a sample
using different optical configurations (Fig. 3). When interpreting
TIRF data, it was important that the evanescent field layer
intensity (Iz) decayed exponentially with increasing vertical dis-
tance (z) from the interface according to the equation,

Iz ¼ I�z=d
o

where Io is the intensity of the evanescent field at z¼0.

d¼ l=4p
� �

� n2
1sin2y�n2

2

� ��1=2

The penetration depth (d), which usually ranges between
60–300 nm, was independent of the incident light polarization
direction and decreased as the incident angle (y) increased.
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We controlled incident angle to same penetration depth (�113 nm)
at two systems. In prism-type TIRFM, the incident angle
directly measured using protractor was 67.51 (critical angle¼61.21).
While the incident angles considering ultra-high N.A. (1.65) in the
objective-type TIRFM system computed the corresponding pene-
tration depth (52.021, critical angle¼48.351) using TIRF simulator
software supported in Olympus. To measure the penetration depth
On Au

On CG A = 8%

A = 59%

Fig. 3. The quenching efficiency of fluorescence dyes as a result of mixing the molec

acronyms are used: CG, coverglass; Au, gold; A, absorption.
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Fig. 4. TIRF image and TIR fluorescence intensity of individual 200 nm nanoparticles on

type TIRFM.
more correctly, we used a z-motor (LEP MAC 5000, LUDL Electronic
Products Ltd. NY, USA).

As shown in Fig. 3A and B, when the bare coverglass was used,
the RFI of the sample measured by both TIRFM systems was similar.
It was supported by test using commercial nanoparticles (200 nm
diameter, Molecular Probes, Eugene, OR, USA) (Fig. 4). In contrast,
the RFI of sample on gold nano-patterned chip was observed
Fluorescence

Strong quenching

Weak quenching

P

OL

P

OL

Fluorescence

ule and metal depended on the structure of the detection system. The following

×102

30 10
RFI

2025 15

1 µm

4×102

bare coverglass using both TIRFM systems. (A) prism-type TRFM and (B) objective-
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differently because of the quenching effect (Fig. 3C and D). In the
prism-type TIRFM (Fig. 3C), the laser beam illuminates the nano-
patterned gold of the biochip through a prism, allowing total
internal reflection to occur at the surface of the gold biochip. This
indicates that the gold spot directly affects the quenching efficiency
of the fluorescent dye. However, in the case of objective-type TIRFM
(Fig. 3D), the laser beam was introduced into the periphery of the
rear aperture of the objective. By focusing the laser beam at the rear
focal plane of the objective, a parallel beam emerged from the
objective lens. The angle at which the beam emerged from
the objective depended on the entry position in the rear focal plane.
The evanescent wave was generated at the coverglass surface, and
hence the gold spot of the biochip was not an issue. Therefore, the
quenching efficiency of the fluorescent dye by gold varied according
to TIRFM configuration.

3.2. Detection of standard cTnI by the sandwich immunoassay

The sample chamber for antigen–antibody interaction experi-
ments was generated by sandwiching a 1 mL volume of 1x PBS
solution between a coverglass (22 mm sq) and the gold nano-
patterned biochip (10 mm sq). The thickness of the solution was
�10 mm. The chip was arrayed with a 5 nm adhesive layer of
chromium, followed by the deposition of a 20 nm layer of gold.
The spacer arm length of DSP used as a linker for the binding of
protein A/G was 1.2 nm. The protein A/G included four Fc binding
domains from Protein A (5 nm) [22] and two from Protein G
(1.35 nm) [23], yielding a final mass of 50.4 kDa. Generally, an IgG
has substantially different orthogonal dimensions (i.e., Y-shape,
height¼14.5 nm, width¼8.5 nm, thickness¼4.0 nm) [24]. The
theoretical distance of the Alexa Fluors 647 antibody from the
coverglass of the gold-patterned chip is approximately more than
71.1–74.7 nm. This indicated that the fluorescent dye (Alexa
Fluors 647) was not perfectly quenched by gold, while adsorption
of dye on the metal surface resulted in the quenching of its
fluorescence. Such fluorescence enhancement has been reported
when the dye was located at distances greater than 10 nm from
the metal surface [25,26]. Therefore, it is possible to detect the
Alexa Fluors 647 antibody, as well as to investigate the quench-
ing effect, depending on the configuration of the system.

The quenching effect of fluorescence by gold according to the
configurations of both TIRFM systems was studied by sandwich
immunoassay using cTnI as a target protein. The standard curve
for serially diluted standard cTnI protein is shown in Fig. 5A. The
linear ranges of prism-type TIRFM (black circle) and objective-
type TIRFM (white circle) were 350 pM to 84 aM (correlation
coefficient, R¼0.9820) and 350 pM to 35 aM (R¼0.9993), respec-
tively. High-sensitivity detection of cTnI based on the gold nano-
pattern protein chip achieved a detection limit of 35 aM
(S/N¼3.5) with the objective-type TIRFM, which was 7000 times
lower than that obtained by conventional commercial sandwich
enzyme-linked immunosorbent assay (ELISA) (253 fM¼6 ng/L)
[27,28]. Surprisingly, the calculated relative TIRF intensities of
two TIRFM types were significantly different. When the TIRF
intensity of the objective-type TIRFM was referenced (100%), the
measured intensity of prism-type TIRFM was 54%, 31%, 22%, 21%,
and 20% with increasing cTnI concentration. Therefore, the
quenching efficiency in the prism-type TIRFM was stronger than
that in the objective-type TIRFM (Fig. 5B). These results are due to
the different geometric structures of each TIRFM design, which
determines the total internal reflection. In the prism-type system,
the evanescent wave was generated at the nano-patterned gold
chip (Fig. 3C), whereas the wave was generated at the coverglass
surface in the objective-type TIRFM system (Fig. 3D).

Practically, nonspecific binding in cTnI sandwich immunoassay
using infinitesimal concentration was ignored. The development of
sandwich immunoassays for cTnI that are sufficiently sensitive to
allow detection of cTnI in human serum may cause nonspecificity in
distinguishing malignant and non-malignant due to moderately
increased cTnI concentrations. However, since 2000; the research
on monoclonal antibodies with unique specificity for individual
binding sites on antigens has been suggested to improve the
specificity [29,30]. Monoclonal mouse anti-cardiac troponin I anti-
body (clone 19C7 and 16A11) purchased from HyTest Ltd. specifi-
cally recognized the standard human cardiac troponin I (cTnI, clone
8T53). The cTnI-antibodies 19C7 and 16A11 were recommended as
best pairs for quantitative sandwich immunoassay that was specific
for the troponin I cardiac isoform in immunoblotting [31]. The
immunological activity of antibodies was also confirmed by the
producer.

3.3. Comparison of both TIRFM systems

The standard human cTnI was quantified using two TIRFM
systems (prism-type vs. objective-type), and the significance of
any difference (di) between the methods was determined using
the paired Student’s t-test. The calculated mean (X) and standard
deviation (Sd) of the differences were 10,647 and 6925, respec-
tively (Table 1). The value of tcalculated was calculated as 3.44
according to the following formula:

tcalculated ¼ 9X9=Sd

� �
ðnÞ1=2

¼ 3:44

where 9X9 is the absolute value of the mean difference.
The difference between the two assay methods was not sig-

nificantly different at the 98% confidence level (ttable¼3.747). These
results showed that the signal response on the gold nano-patterned
protein chip was proportional to the concentration even though
there was a stronger quenching effect in prism-type system.
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3.4. Clinical application of the gold nano-patterned cTnI chip

The TIRFM images of the cTnI antigen–antibody interaction on
a gold nano-patterned chip are shown in Fig. 6. The individual
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RFI
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(a) Standard (b) Normal

(a) Standard (b) Normal

Fig. 6. (A) Prism-type and (B) objective-type TIRFM images of (a) standard cTnI (cTnI-

human serum on gold nano-patterned biochip. The determined spot fluorescence inten

Table 1
Paired t-test for comparing relative fluorescence intensity (RFI) differences of

standard cTnI by the two methods of objective- and prism-type TIRFM.

Log[cTnI (aM)] RFI

Objective-type Prism-type Difference

1.92 4181 2241 1940

3.54 8200 2538 5662

5.54 14,239 3112 11,127

7.54 20,148 4252 15,896

8.54 23,239 4631 18,608

Mean¼10,647; SD¼6925; tcalculated¼3.44.
protein molecules were attached to the gold nano-patterned
surface due to efficient chemisorption of the linker to the gold
surface and succinimidyl ester group. Therefore, the two types of
TIRFM imaging demonstrated high signal-to-noise, though this
was accompanied by a quenching effect due to the gold spot. The
cTnI standard (cTnI-positive sample; Fig. 6a, 35.875.4 fM), nor-
mal (nonpathologic) human serum (Fig. 6b, 8.971.0 fM), and
spiked human serum (Fig. 6c, 20.474.0 fM; theoretical¼21.3 fM)
were quantified using the gold nano-patterned biochip. The
results indicated that the gold nano-patterned biochip assay
could offer the high accuracy and sensitivity required for quanti-
fication of biomarkers in sera samples. Indeed, in the absence of a
cTnI reference method and universal adoption of the National
Institute on Standards and Technology (NIST) cTnI standard, it is
difficult to compare absolute cTnI values. For example, the
decision limit at the 99th percentile cutoff for the cTnI assay
was listed as various levels from 419 fM to 20.9 pM (0.01 to
0.5 mg/L) [32,33].
×102 ×102

×102×102
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positive sample), (b) normal (non-pathologic) human serum, and (c) cTnI-spiked

sities were corrected by background subtraction.
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4. Conclusions

We investigated the quenching effect on a gold nano-
patterned protein chip based on a sandwich immunoassay for
enhanced detection sensitivity of cardiac troponin I using both
types of TIRFM system. Surprisingly, the calculated relative TIRF
intensities of the two types demonstrated a significant difference.
The objective-type TIRFM showed higher detection sensitivity
compared with that of the prism-type TIRFM. This indicates that
the prism-type TIRFM experiences greater quenching efficiency
by nano-patterned gold than that in the objective-type TIRFM due
to the different directions of the illuminated beam created by the
geometrical differences between the TIRFM systems. However,
the difference between the two detection methods was not
significantly different at the 98% confidence level. The results
showed that the signal response on the gold nano-patterned chip
was proportional to the concentration even though there was
stronger quenching efficiency in the prism-type instrument.

So far, various methods such as radioimmunoassay [34] and
ELISA [35–37] have been used for the direct detection of cTnI.
Several manufacturers of medical diagnostics have also developed
commercial immunoassay systems for the quantitation of cTnI
[36]. However, troponin testing is still necessary to determine the
clinical significance of low levels of troponin release with the use
of high-sensitivity assays. The gold nano-patterned cTnI chip
method based on the single-molecule sandwich immunoassay
using TIRFM achieved improved detection sensitivity of cardiac
troponin I at the aM concentration level (35 aM in objective-type
and 84 aM in prism-type) and demonstrated the possibility of
diagnostic application with spiked samples. Although the analy-
tical sensitivity is capable of detection in clinical samples, none-
theless, an optimal form (more simple, faster) for point of care
testing of cTnI which is important in clinical application is still
awaiting in next study.
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