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Abstract
BACKGROUND—Cardiovascular diseases are among the leading causes of mortality in
developed countries. It is widely recognized that troponin I (TnI) can be used for the assessment of
a myocardial infarction.

METHODS—We investigated the use of the microwave-accelerated and metal-enhanced
fluorescence (MA-MEF), a technique based on the combined use of low-power microwave
heating, silver nanoparticle films (SNFs), and fluorescence spectroscopy for the detection of TnI
from human whole blood samples. SNFs were deposited onto amine-modified glass microscope
slides by use of Tollen’s reaction scheme and characterized by optical absorption spectroscopy
and scanning electron microscopy. The detection of TnI from buffer solutions and human whole
blood samples on SNFs was carried out by using fluorescence-based immunoassays at room
temperature (control immunoassay, 2 h total assay time) or microwave heating (MA-MEF–based
immunoassay, 1 min total assay time).

RESULTS—We found that the lower limits of detection for TnI from buffer solutions in the
control immunoassay and MA-MEF–based immunoassay were 0.1 μg/L and 0.005 μg/L,
respectively. However, we were unable to detect TnI in whole blood samples in the control
immunoassays owing to the coagulation of whole blood within 5 min of the incubation step. The
use of the MA-MEF technique allowed detection of TnI from whole blood samples in 1 min with a
lower detection limit of 0.05 μg/L.
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CONCLUSIONS—The MA-MEF–based immunoassay is one of the fastest reported quantitative
detection methodos for detection of TnI in human whole blood and has low detection limits
similar to those obtained with commercially available immunoassays.

Cardiovascular diseases are among the leading causes of mortality in developed countries.
Of several conventional cardiac markers, including myoglobin, troponin I (TnI),2 troponin T
(TnT), and the MB isoenzyme of creatine kinase (1–3), troponin is considered to be more
sensitive and significantly more specific for the diagnosis of acute myocardial infarction
than myoglobin or the MB isoenzyme of creatine kinase, and cTnI and TnT have been used
as reliable markers for cardiac risk assessment for more than 10 years (4–6). For TnI, the
accepted biological cutoff value is approximately 5 μg/L (7). TnI can be detected in blood
3–6 h after the onset of chest pain and reaches peak concentrations within 16–30 h. TnI is
also useful for the late diagnosis of acute myocardial infarction, because increased
concentrations can be detected in blood 5–8 days after chest-pain onset.

In a typical hospital setting, immunoassays for TnI are usually run on serum after a blood
separation process (1–3). These immunoassays most commonly use antigen–antibody
binding for analyte recognition and have several modes of readout (luminescence or
absorption). The antigen–antibody recognition step can be very slow kinetically, often
requiring incubation times in excess of 1 h (8–11). Semiautomated instruments for cardiac
marker immunoassays that offer results from whole blood in approximately 15 min are
commercially available, such as Abbott’s I-STAT System, Roche’s Cardiac Reader,
Biosite’s Triage® Cardiac Panel, and Response Biomedical Corporation’s RAMP Cardiac
Marker System. However, these systems measure 1 sample at a time and have high initial
and maintenance costs. In this regard, there is still a need for the development of fast and
sensitive immunoassays for the detection of TnI from whole blood that can be used to
predict acute myocardial infarction accurately and inexpensively.

A new technique for the detection of proteins in whole blood samples, microwave-
accelerated and metal-enhanced fluorescence (MA-MEF), was recently demonstrated (12).
In the MA-MEF technique the benefits of MEF [a phenomenon that significantly increases
the fluorescence signals of fluorophores in close proximity (<10 nm) to plasmonic
nanostructures] is coupled with low-power microwave heating to accelerate biorecognition
events (13, 14). It has also been shown that the antibody–antigen-binding steps in an
immunoassay can be completed within seconds by using the MA-MEF technique (12, 15,
16). Furthermore, the enhanced fluorescence readout provided by MEF allows for the
detection at a much lower antigen concentration (17). Therefore, MA-MEF technology has
the potential to radically improve the speed and sensitivity of cardiac marker immunoassays.
We report the application of the MA-MEF technique for rapid and sensitive detection of
TnI.

Materials and Methods
MATERIALS

Protein A, human whole blood (without anticoagulant), BSA, silver nitrate (99.9%),
trisodium citrate, PBS (pH 7.4, 137 mmol/L NaCl, 8.1 mmol/L sodium phosphate, 2.7
mmol/L KCl, and 1.76 mmol/L KH2PO4), press-to-seal silicone isolators (8 well, depth ×
diameter: 1.0 mm × 9 mm), and silane-prep™ glass (amine-modified) slides were purchased
from Sigma-Aldrich. Relevant antibodies (capture and FITC-labeled detection antibody) and

2Nonstandard abbreviations: TnI, troponin I; TnT, troponin T; SNF, silver nanoparticle film; SEM, scanning electron microscope.
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standard solutions of TnI were purchased from Advanced Immunochemical. All chemicals
were used as received.

METHODS
Coating of amine-modified glass slides with silver nanoparticle films (SNFs) was carried out
by using a 6-step Tollen’s reaction scheme: (a) A solution of silver nitrate (0.5 g in 60 mL of
deionized water) was placed in a clean 100-mL glass beaker with a magnetic stirrer. (b)
While the silver nitrate solution was stirred at speed 10 (on a Fisher Heater/Stirrer), 200 μL
of freshly prepared 5% (w/v) sodium hydroxide solution was added, resulting in the
formation of dark-brown precipitates of silver particles in solution. (c) The precipitates were
immediately redissolved by 2 mL ammonium hydroxide. (d) The resulting clear solution
was cooled down to 5 °C by placing the beaker in an ice bath, then soaking the amine-
modified glass slides in the solution. (e) After 2 min, a fresh solution of D-glucose (0.72 g in
15 mL water) was added. (f) Subsequently, the temperature of the mixture was warmed to 30
°C. As the color of the mixture turned from “yellow-green” to “yellow-brown” and the color
of the amine-modified glass slides became green (in 2 min), the amine-modified glass slides
with SNF deposits were removed from the mixture. SNFs were rinsed with deionized water
and sonicated for 30 s at room temperature. SNFs were then rinsed with deionized water
several times, then air-dried and kept in an air-tight vessel until further use.

The characterization of SNFs was carried out by optical absorption spectroscopy and
scanning electron microscope (SEM). SEM images of SNFs were obtained at the Core
Imaging Facility of the University of Maryland Dental School. Real-color photographs of
SNFs and blank glass slides were taken by using a 5–mega-pixel digital camera.

The construction of the MA-MEF–based immunoassay and control immunoassay for TnI is
depicted in Fig. 1. The immunoassay procedure was divided into 2 parts:

1. Preassay (Fig. 1A), in which protein A, capture antibody, and BSA (all in PBS
buffer, pH 7.4) are attached to SNFs in sequence by incubation at room temperature
for 30 min for each step, and

2. MA-MEF assay (Fig. 1B), in which TnI (in buffer or whole blood) and detector
antibody (in buffer) are incubated on SNFs by use of microwave heating for 30 s.
As a control immunoassay, these steps were also separately carried out at room
temperature (60 min each step).

The most relevant steps in the MA-MEF–based immunoassay for TnI using microwave
heating are the steps involving TnI and detector antibody incubation on SNFs. For this
process, the preassay slides can be prepared at any time and stored for future use in the MA-
MEF–based immunoassay. In both immunoassays (control and MA-MEF based), TnI was
present in 2 forms: in buffer only or in human whole blood. In the immunoassays run for
whole blood samples, a solution of TnI in phosphate buffer (Na2HPO4, pH 7) was mixed
with human whole blood (50% v/v mixture; final volume: 50 μL; final concentration range
for TnI: 0.001–100 μg/L). These mixtures or a buffer solution (control sample, no TnI) was
placed inside the wells of silicon isolators, and the SNFs were heated for 30 s in a
commercially available microwave oven (Emerson; maximum power 700 W microwave
oven, model MW8784B; power setting 3 was used). The unbound material was removed by
rinsing with phosphate buffer 3 times. Then, 50 μL of 10 μmol/L FITC-labeled detection
antibody was subsequently added to the wells and heated for 30 s in the microwave cavity,
followed by rinsing with buffer to remove the unbound material.

Fig. 2A shows the real-color image of SNFs with an 8-well silicon isolator that allows the
processing of 8 different samples at once. Fig. 2B shows the experimental geometry used for
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the measurement of fluorescence emission from the immunoassays. SNFs were placed
horizontally above a laser table on an optical post. The excitation source (473-nm
continuous-wave laser; B&W Tek) is reflected at a 45° angle to the wells on SNFs (1 at a
time). An optical fiber (1000-μm thick, Ocean Optics) was vertically placed over the
samples to allow the fluorescence emission spectrum to be measured at a 45° angle to the
excitation source. Excitation intensity was eliminated with a 473-nm razor-edge filter
(Semrock) placed in a filter holder, which couples to the optical fibers from the sample side
to a spectrofluorometer (Jaz; Ocean Optics). The fluorescence emission spectrum from each
sample was collected by using the software provided by the vendor.

Results and Discussion
Because the MA-MEF–based immunoassay for TnI used in this study employs SNFs, it is
important to substantiate the reproducibility of the deposition of SNFs from solution onto
amine-modified glass slides. Ten different SNFs were prepared, and the absorption spectrum
of each slide was measured as shown in Fig. 3A. The surface plasmon resonance peak for
SNFs occurs at 450 nm and has an absorbance of 0.206. The SD for the surface plasmon
resonance peak of 10 different samples was approximately %1.5, showing that deposition of
silver nanoparticles onto an amine-modified glass slides was highly reproducible. The inset
in Fig. 3A shows the real-color photograph of a typical SNF, which visually confirms that
silver nanoparticles are deposited onto glass slides in a homogeneous fashion. An SEM
image of SNFs (Fig. 3B) reveals that the size of the silver nanoparticles is approximately
100 nm. Previous studies on MEF-based applications using silver nanoparticles have shown
that the optimum size of silver nanoparticles for maximum enhancement of fluorescence
emission is approximately 100 nm (12). These results demonstrate that the deposition of
silver nanoparticles onto amine-modified glass slides as demonstrated in this work yields
highly reliable surfaces for quantitative detection of biomolecules and analytes based on the
MA-MEF technique.

It is important to discuss the effect of combined use of microwave heating and SNFs in an
MA-MEF immunoassay scheme that yields results in a matter of minutes (total assay time).
Fig. 4 shows a schematic depiction of the proposed mechanism for the increased rapidity
and sensitivity of the TnI immunoassay by use of low-power microwave heating and SNFs.
On exposure of immunoassay medium placed on SNFs to microwave heating, a thermal
gradient between water (or a mixture of whole blood and water) and SNFs is created
because of the differences between their thermal conductivity (k) values. Because k values
for water and glass slides are similar, a thermal gradient is not expected to occur on the
unsilvered part of the SNFs. In the first step of the MA-MEF–based immunoassay, the
thermal gradient between water and SNFs results in rapid microwave-accelerated mass
transfer of TnI from the assay medium to the surface of SNFs. Subsequently, these proteins
rapidly bind to capture antibodies on the surface of SNFs. It is important to note that
whereas the Fab region of the capture antibodies is oriented toward the assay medium on
SNFs, the Fc region is oriented toward SNFs because of binding of the Fc region with
protein A. Although protein A is also present on the unsilvered part of the SNFs, because
there is no thermal gradient between water and glass, it is thought that the binding of capture
antibody with protein A predominantly occurs on SNFs. In the second step, the exposure of
a fresh buffer solution containing FITC-labeled detection antibody to microwave heating
results in rapid microwave-accelerated mass transfer of these molecules toward the SNF
surface-presenting TnI proteins.

It was previously shown in experiments using fluorescence resonance energy transfer that
low-power microwave heating of proteins in solution on SNFs does not denature the
proteins (15). In that previously reported study, a model protein assay based on the
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interactions of biotinylated BSA–avidin was constructed on SNFs. After the attachment of
biotinylated BSA on SNFs, avidins labeled with fluorescein (donor) and Alexa 532
(acceptor) were incubated on SNFs together at room temperature and with microwave
heating. In these experiments, fluorescence emission spectra for these fluorophores were
identical, which indicated that the structures of proteins and fluorophores were unchanged
(15). In addition, the MA-MEF technique was also successfully demonstrated for sandwich-
type immunoassays (16) and DNA-hybridization assays (13), in which no denaturation of
proteins or DNA was observed. It is appropriate to assume that subsequently the antibodies
used in this study, TnI and FITC, retained their structures upon exposure to low-power
microwave heating.

Fig. 5 shows the schematic depiction of the TnI immunoassay run on SNFs (Fig. 5A); TnI-
concentration–dependent fluorescence emission spectra (Fig. 5, B and C, top); and TnI-
concentration–dependent fluorescence emission intensity at 520 nm (Fig. 5, B and C,
bottom) from the TnI immunoassays run in buffer at room temperature and using microwave
heating. Fluorescence emission spectra (Fig. 5, B and C, top) revealed that both
immunoassays yield similar spectra for the range of concentrations of TnI (1 ng/L to 100 μg/
L). A better quantitative comparison of these immunoassays can be made by plotting the
peak emission intensity (520 nm) of the spectra vs the concentration of TnI as shown in Fig.
5, B and C, bottom, which reveals that both immunoassays for TnI in buffer yielded nearly
identical results. The lower detection limits for the immunoassays run at room temperature
and using microwave heating were determined to be 0.1 μg/L and 0.005 μg/L (3 SD above
the emission intensity for a 0-concentration sample), respectively. That is, one can detect
lower amounts of TnI in buffer using SNFs and microwave heating within minutes than
using SNFs and room temperature incubations that take in excess of 2 h to complete.

Subsequently, the detection of TnI in human whole blood at room temperature and with
microwave heating (Fig. 6) was carried out on the basis of encouraging results obtained with
the buffer samples (Fig. 5). It is important to note that the results shown in Figs. 5 and 6 for
TnI immunoassay were identical with one exception: a solution of TnI in human whole
blood (Fig. 6) was used instead of a solution in buffer (Fig. 5). It is clearly evident that the
fluorescence emission spectra (Fig. 6, B and C, top) for the immunoassay run at room
temperature and with microwave heating were not the same. Although there is a
concentration-dependent increase in the emission spectrum for the immunoassay run using
microwave heating, the emission spectra measured from the immunoassay at room
temperature are virtually the same for all the concentrations of TnI. That is, TnI was
detectable only with the use of the MA-MEF technique. It is important to note that TnI
samples in whole blood coagulated within 5 min during the incubation at room temperature.
It is thought that the coagulation of whole blood prevented TnI from reaching the capture
antibodies on the surface of SNFs, which were washed away after the subsequent washing
step. It is important to note that whole blood samples in this study did not contain an
anticoagulant agent (e.g., EDTA) because the effects of these chemicals on SNFs are not
known.

The fluorescence emission intensity peak (520 nm) vs TnI concentration plot for the
immunoassay run by using microwave heating (Fig. 6B, bottom) shows that the emission
intensities for the range of TnI concentrations are well above those measured from control
experiments. A signal-to-noise ratio of 3:1 or above is acceptable in fluorescence
measurements (18). In contrast, the emission intensities for room temperature immunoassay
are close to those values of control experiments (Fig. 6C, bottom). These results show that
TnI in human whole blood was detectable with a lower detection level of 0.05 μg/L only
with the MA-MEF technique, for which the total assay time was 1 min. In the study we
report here we did not attempt to perform a comparison of the data generated for whole
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blood immunoassays by using the MA-MEF technique with a commercially available
instrument for TnI immunoassays, as described in the Introduction, because such a system
was not available to us.

The current limitations and the potential applicability of the MA-MEF–based immunoassays
in a clinical setting are important considerations. As discussed in Materials and Methods,
MA-MEF–based immunoassays use a widely available and inexpensive kitchen microwave
(USA price: $40), SNFs, and fluorescence readers. The preparation of SNFs is carried out
using a facile and well-established technique, in which single SNFs cost less than $10 in
today’s estimate. Although fluorescence readers are also widely available, currently the cost
of such a system, including the excitation source (a laser) described in this work, is more
than $5000. On the other hand, with the fast-paced advancements in camera technology
(e.g., charge-coupled devices) and inexpensive excitation sources (such as light-emitting
diodes), one can predict that a significantly less expensive fluorescence reader/excitation
system will be available in the near future.

The MA-MEF–based immunoassays can also be carried out with currently available charge-
coupled–device cameras and light-emitting–diode excitation sources to convert the
fluorescence readout automatically to images by use of digital camera software. Such digital
images can also be automatically correlated to the quantitative values of TnI concentrations
with the help of the same software. Consequently, it is the authors’ opinion that the potential
application of the MA-MEF–based immunoassays for cardiac markers in a clinical setting is
nearly a reality. However, additional work (i.e., instrumentation) will be needed to achieve
the goal of implementing MA-MEF–based immunoassays in the emergency department, an
application that is beyond the scope of current work.
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Fig. 1. Schematic depiction of the MA-MEF–based immunoassay for TnI
(A), Preassay: protein A, capture antibody, and BSA (in buffer) are attached to SNFs in
sequence by incubation at room temperature (RT) for 30 min for each step. (B), MA-MEF
assay: TnI (in buffer or whole blood) and detector antibody (in buffer) are incubated on
SNFs with microwave heating for 30 s.
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Fig. 2.
(A), Real-color image of SNFs with an 8-well silicon isolator that allows for the processing
of 8 different samples at once.
(B), Experimental geometry used for the measurement of fluorescence emission from the
immunoassays.
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Fig. 3.
(A), Absorbance (A) spectrum of SNFs; inset, a real-color photograph of a typical SNF.
(B), A typical SEM image of SNFs.
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Fig. 4.
Schematic depiction of the proposed mechanism for the increased rapidity and sensitivity of
TnI immunoassay by using low-power microwave heating and SNFs.
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Fig. 5.
(A), Schematic depiction of the TnI immunoassay run on SNFs in buffer.
(B and C, top), TnI-concentration– dependent fluorescence emission spectra. (B and C,
bottom), TnI-concentration– dependent fluorescence emission intensity at 520 nm from the
TnI immunoassays run in buffer at room temperature (RT) and using microwave (Mw)
heating. Arb. U., arbitrary units.
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Fig. 6.
(A), Schematic depiction of the TnI immunoassay run on SNFs in whole blood.
(B and C, top), TnI-concentration– dependent fluorescence emission spectra. (B and C,
bottom), TnI-concentration– dependent fluorescence emission intensity at 520 nm from the
TnI immunoassays run in buffer at room temperature (RT) and using microwave (Mw)
heating. Arb. U., arbitrary units.
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