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Abstract In this rapid communication we describe a
new approach to protein detection with chemilumines-
cence. By combining common practices in protein detec-
tion with chemiluminescence, microwave technology, and
metal-enhanced chemiluminescence, we show that we can
use low power microwaves to substantially increase enzy-
matic chemiluminescent reaction rates on metal substrates.
As a result, we have found that we can in essence trig-
ger chemiluminescence with low power microwave (Mw)
pulses and ultimately, perform on-demand protein detection
assays. Using microwave triggered metal-enhanced chemilu-
minescence (MT-MEC), we not only improve the sensitivity
of immunoassays with enhanced signal-to-noise ratios, but
we also show that we can accurately quantify protein con-
centrations by integrating the photon flux for discrete time
intervals.

Keywords Immunoassays - Ultrasensitive assays - Protein
detection - Low-Power microwaves - Metal-enhanced
chemiluminescence - Protein quantification - Plasmons -
Plasmonics - Metal-enhanced fluorescence - Radiative
decay engineering - Surface enhanced fluorescence

M. J. R. Previte - K. Aslan - S. Malyn - C. D. Geddes (P<)
Laboratory for Advanced Medical Plasmonics,

Medical Biotechnology Center, Institute of Fluorescence,
University of Maryland Biotechnology Institute,

725 West Lombard St., Baltimore, MD 21201, USA
e-mail: geddes@umbi.umd.edu

C. D. Geddes

Center for Fluorescence Spectroscopy,

Medical Biotechnology Center,

University of Maryland School of Medicine,

725 West Lombard St, Baltimore, MD 21201, USA

Abbreviations
BSA: Bovine serum albumin

MT-MEC: Microwave-triggered metal-enhanced
chemiluminescence

MAMEF: Microwave-accelerated metal-enhanced
fluorescence

MEF: Metal-enhanced fluorescence

Mw: Low-power microwave heating

HRP: Horseradish peroxidase

Introduction

Chemiluminescent reactions have become the method of
choice for obtaining qualitative results in protein detection
assays [1]. These analytical applications commonly include
immunoassays, antioxidant assays, microbiology, protein
blotting, nucleic acid analysis, cellular studies, cancer detec-
tion and disease screening [2]. One of the more commonly
applied methods, immunoassays, are used for the detection
and identification of a wide variety of proteins, peptides and
small molecules [1-8]. These assays use antigen-antibody
binding for analyte recognition and typically, fluorescence,
radioactive or chemiluminescence based readout for sig-
nal transduction. Each of these detection methodologies has
prospective advantages, but the sensitivity of each of these
methods is fundamentally limited by poor signal-to-noise
ratios at low analyte concentrations.

Fluorescent detection methods offer the advantage that the
detected signal is directly proportional to the fluorescently la-
beled species. Thus, fluorescent detection methods are often
used for protein quantification. However, these techniques
are limited, as additional costly detection equipment is often
required, external excitation sources are necessary to induce
the photon emission, and limited sensitivity exists at low
analyte concentrations.
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Autoradiography is also often implemented in small
molecule detection methods, such as protein detection. Al-
though small quantities of protein (~ 1 pg) can be detected
with autoradiography, sensitivity is dependent on the dura-
tion of exposure conditions (>24 h), labeling efficiencies,
the identity of a radiolabeled probe, and the extent of dam-
age caused by the radioactive label to the labeled protein. In
addition, radiolabeling also suffers from inherent disadvan-
tages such as associated health and safety risks and the high
cost of material acquisition and disposal.

As an alternative, chemiluminescent assays have proved
to be as sensitive as radiolabeling, but without the associated
health hazards and cost of materials. Chemiluminescent re-
actions are often catalyzed enzymatically with horseradish
peroxidase (HRP) or alkaline phosphatase. As a result, de-
tection assays use proteins labeled with these enzymes and
can detect as little as 1-5 pg of protein [3]. Consequently,
chemiluminescence has become a method of choice for small
molecule detection in more than 20% of clinical laboratories
in the United States [6].

Although chemiluminescence detection has been success-
fully implemented in clinical assays, the sensitivity and
specificity of these reactions require further improvements to
facilitate early diagnosis of the prevalence of disease. In ad-
dition, most protein detection methodologies, most notably
western blotting, are still not reliable methods for accurate
quantification of low protein concentrations. The need for
reliable protein quantification at low protein concentrations
is still a critical issue that needs to be addressed to improve
the sensitivity and the reliability of chemiluminescent small
molecule assays [7-13].

In the past two decades, the use of microwave radiation has
greatly increased in radar and communication systems [14],
for accelerating reactions in synthetic organic chemistry ap-
plications [15—-17], in drug delivery [18], assays [19-23] and
in biochemistry [24-26]. We recently demonstrated the op-
tical enhancement of chemiluminescent reactions on metal
substrates [27]. In this paper here, we describe Microwave
Triggered Metal-Enhanced Chemiluminescence (MT-MEC)
for protein detection using low power microwaves (Mw) to
accelerate chemiluminescent reactions, coupled with silver
nanoparticles to plasmon-enhance local luminescent signals.
Due to increased reaction rates for the triggered chemilumi-
nescent reactions, the ‘on-demand’ nature of light emission
provides substantial improvements in signal-to-noise ratios
and a localized amplified photon flux for discrete time inter-
vals from the ‘triggered’ chemiluminescent reaction. Sub-
sequently, we show that MT-MEC not only increases the
detectability of low concentrations of protein, but accurate
quantification of protein concentrations can also be realized
by integrating the resulting photon flux over discrete time
intervals.
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Experimental

Bovine-biotinamidocaproyl-labeled Albumin (biotinlyated
BSA), silver nitrate (99.9%), sodium hydroxide (99.996%),
ammonium hydroxide (30%), trisodium citrate, D-
glucose and premium quality APS-coated glass slides
(75 mm x 25 mm) were obtained from Sigma—Aldrich. Cov-
erWell imaging chamber gaskets with adhesive (20 mm di-
ameter, | mm deep) were obtained from Molecular Probes
(Eugene, OR). Steptavidin-HRP prediluted solution was ob-
tained from Chemicon® International Inc. Chemiluminscent
reagents were purchased from Amersham Biosciences (ECL
Plus™ Western blotting detection kit, RPN2132).

Formation of Silver Island Films (SiFs)
on APS-coated glass substrates

In a typical SiF preparation a solution of silver nitrate (0.5 g
in 60 ml of deionized water) in a clean 100-ml glass beaker,
equipped with a Teflon-coated stir bar, is prepared and placed
on a Corning stirring/hot plate. While stirring at the quickest
speed, 8 drops (&~ 200 uL) of freshly prepared 5% (w/v)
sodium hydroxide solution are added. This results in the
formation of dark brown precipitates of silver particles. Ap-
proximately 2 ml of ammonium hydroxide is then added,
drop by drop, to re-dissolve the precipitates. The clear solu-
tion is cooled to 5°C by placing the beaker in an ice bath,
followed by soaking the APS-coated glass slides in the so-
lution. While keeping the slides at 5°C, a fresh solution of
D-glucose (0.72 g in 15 ml of water) is added. Subsequently,
the temperature of the mixture is then warmed to 30°C. As
the color of the mixture turns from yellow-green to yellow-
brown, and the color of the slides become green, the slides
are removed from the mixture, washed with water, and son-
icated for 1 min at room temperature. SiF-deposited slides
were then rinsed with deionized water several times and dried
under a stream of nitrogen gas. Prior to assay fabrication and
subsequent chemiluminescent experiments, imaging cham-
ber gaskets with adhesive (20 mm diameter, 1 mm deep)
were pressed against the silver coated and silica capped mi-
croscope glass slides until they were stuck together, creating
a chamber.

Preparation of the model protein assay (Biotin-Avidin) on
silver island films and glass substrates (control assay)

The model assay used in this paper is based on the well-
known interactions of biotin and avidin. Biotin groups
are introduced to the glass and silvered surfaces through
biotinylated-BSA, which readily forms a monolayer on the
surfaces of glass and SiFs [28-30]. Luminescent decay ex-
periments were carried out by incubating 20 ul of 15.6 nM
biotinylated-BSA solutions on the Ag and glass imaging
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chambers for approximately 1 h. Concentration dependence
experiments were performed with a similar protocol with the
exception of the variable concentrations of the biotinylated-
BSA solutions. Chambers were washed with water to remove
the unbound material. Imaging chambers were then incu-
bated with 20 ul of 1% aqueous BSA (w/v) for one hour to
minimize non-specific binding of HRP-streptavidin to sur-
faces. Chambers were again washed with water to remove the
BSA blocking solution. Stock solutions of HRP-streptavidin
were diluted 1:10 to a final concentration of 100 pg/ml.
Twenty microliters of the HRP-streptavidin solution was
subsequently added into the biotinylated-BSA coated glass
and SiFs coated imaging chambers and typically incubated at
room temperature for approximately 30 min. In all the exper-
iments performed with low power microwaves, there was no
evidence of surface drying. Following incubation, imaging
chambers were again washed with water to remove unbound
HRP-streptavidin material prior to the chemiluminescence
experiments.

Chemiluminescence reagents

The ECL™ Western Blotting Detection Kit contained two
reagents that yield a bright chemiluminescent emission at
430 nm upon mixing. Solution A contained the substrate
solution (peroxide formulation) and solution B contained the
solution of the luminescent compound, acridan in dioxane
and ethanol. HRP and hydrogen peroxide solution (solution
A) catalyze the oxidation of the acridan substrate (solution
B). As a result, acridinium ester intermediates are formed
and further react with peroxide to generate light emission
with a maximum wavelength centered around 430 nm.

Chemiluminescence from reagents on SiFs
and glass surfaces

The chemiluminescence experiments were performed with
and without microwave (Mw) heating inside the microwave
cavity (0.7 cu ft, GE Compact Microwave Model: JES735BF,
max power 700 W). During microwave heating, thirty second
pulses were applied at three 100 scond intervals. The pulses

Table 1  Recovered decay rates for
glass and Ag substrates coated with
15.6 nM BSA-Biotin and Streptavidin-
HRP with and without exposure to

were applied at 30% power, which corresponded to 210 W
over the entire cavity. Solutions A and B were mixed in
different proportions to optimize chemiluminescence signal
for these experiments. As a result, we measured the maxi-
mum emission signal from a 20:1 mixture of solution A to
B. Subsequently, all reactions were performed by combining
40 ul of solution A with 2.0 ul of solution B and imme-
diately adding the entire solution to the imaging chamber.
Data collection commenced immediately following addition
of reagents, and terminated when the photon count returned
to baseline. Since the rate of photon emission is directly
proportional to enzyme concentration, we sum the photon
flux for a fixed time interval for the points shown in Fig. 4
to the relationship between protein concentration and signal
intensity, c.f. Fig. 4.

Chemiluminescence detection

Chemiluminescence spectra were collected using an Ocean
Optics spectrometer, model SD 2000 (Dunedin, FL), con-
nected to an Ocean Optics 1000 um diameter fiber with
an NA of 0.22 (Dunedin, FL). The fiber was positioned
vertically on top of the slides containing the chemilumi-
nescent reagents inside the microwave cavity. Chemilumi-
nescent spectra and time-dependent emission intensity were
collected with an integration time of 1 second for approxi-
mately 500 seconds unless otherwise noted. The integration
time was kept constant between the control and silver island
film sample measurements.

The real-color photographs were taken with an Olympus
Digital camera (C-740, 3.2 Mega Pixel, 10 x Optical Zoom)
without the need for optical filters.

Results and discussion

To demonstrate MT-MEC as a useful platform for protein
quantification we constructed a simple surface assay as de-
scribed in the experimental section. In our model assay,
biotinylated-BSA is incubated on both silvered and glass
substrates. HRP-streptavidin is then added to the surface,

Mw decays were fit to single expo-
nential decays I(t) = aje ™" and Mw
decays were fit to double exponen-
tial decays,/(t) = ajaze ™" 4+ a;(1 —

low power microwave (Mw) pulses. No ay)e k!

Sample a ky (s71 ky (s7h) a
Glass—no Mw (1 component) 1.00 1.75 x 107 — —
Glass—Mw 1.00 230 x 1073 4.48 x 1072 0.57
Ag-no Mw 1.00 264 x 1074 — —
Ag-Mw 1.00 3.02x 1073 7.85 x 1072 0.56
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localizing the enzyme catalyst in close proximity to the sil-
ver for MT-MEC. The peroxide and Acridan (lumophore)
are then added to initiate the chemiluminescence reaction.
While our assay in essence determines BSA concentration,
this model assay could indeed be fashioned to both localize
and sense other proteins of interest.

Table 1 summarizes the results of the recovered decay
rates for the chemiluminescence reactions in the presence
and absence of low power microwave (Mw) heating. In the
absence of low power microwave heating (Fig. 1), the chemi-
luminescence reaction emits a steady decaying signal, rate
constant k;. The signal decay is representative of the chemi-
luminescent reaction rate for the generation of light emission.
In the absence of low power microwaves, the decay rates for
the chemiluminescence reactions on silver and glass sub-
strates can be fit with a single exponential decay. These
results show a slight enhancement of the chemiluminescent

200 300 400 500 600 700 800

Time (seconds)

reaction rate in the presence of silver. The results in Table 1
suggest that the chemiluminescent reaction rate on Ag is en-
hanced by a factor of 1.5. This finding is consistent with our
recent finding of metal-enhanced chemiluminescence [27].
In the presence of low power microwave heating, we found
that the decay rates were best fit to a two exponential model,
c.f. Table 1 and Fig. 2. In addition to a slight increase in
the slower decay component of the chemiluminescent reac-
tion, there exists a decay rate that is approximately 200-fold
greater than the slower component, i.e. k. This faster decay-
ing component is a result of the accelerated reaction rates of
the HRP catalyzed reaction on the surfaces of glass and Ag
substrates in the presence of low power microwave heating.
In addition, an additional enhancement of the microwave
pulsed chemiluminescent reaction rates on silver substrates
is observed. Figure 2 demonstrates the corresponding sig-
nal enhancement on glass and Ag substrates in the presence

1. 2.

Mw Pulse |

Fig. 2 Acridan 50
chemiluminescence emission as
a function of time from glass 451
and Ag substrates coated with
15.6 nM BSA-Biotin and 40
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Fig. 3 3D plots of Acridan emission vs. time vs. wavelength for glass
substrates (Top) and silvered substrates (Bottom), coated with 15.6 pM
BSA-Biotin and Streptavidin-HRP, exposed to low power microwave
pulses (Mw)

of low power microwave pulses. In Fig. 2, chemilumines-
cence reactions were subjected to three successive (1-3)
thirty second microwave (Mw) trains of pulses. The sharp
rise in signal intensity corresponds to an accelerated reac-
tion rate and subsequent increased photon flux. These results
clearly demonstrate the ‘on-demand’ nature of the chemilu-
minescent reactions in the presence of low power microwave
pulses. Thus, we expect that we can induce chemilumines-
cence emission for discrete time intervals and subsequently,
generate ‘on demand’ photon flux.

We chose to take advantage of the increased signal and
subsequent increased signal-to-noise ratios to determine the
sensitivity of the assay in the presence of low power mi-
crowaves on glass and silver substrates. In Fig. 3, we show a

Fig. 4 Integrated photon flux
for different concentrations of
BSA-biotin from both glass and
silvered glass surfaces (Ag).
Baselines correspond to
integrated photon counts for Ag
and glass substrates incubated
with HRP-streptavidin and no
BSA-biotin

three-dimensional representation of the ‘on demand’ nature
of the enhanced chemiluminescence reaction in the presence
of low power microwave (Mw) pulses for glass (top) and
silver (bottom) substrates incubated with a low concentra-
tion of Biotinylated-BSA solution (15.6 pM). From these
observations, we determined that the implementation of low
power microwaves may increase the sensitivity of protein
based assays.

To test this hypothesis, we incubated glass and silver sub-
strates with a range of BSA-biotin concentrations (the target
protein). Chemiluminescence was then triggered with low
power microwave pulses and the resulting photon flux was
integrated over a five hundred second interval. We show in
Fig. 4 not only the sensitivity of the MT-MEC assay with re-
spect to the integrated background counts on silver and glass
substrates (dashed lines), but also that signal intensity is pro-
portional to protein concentration. Thus, the MT-MEC assay
may allow for accurate protein quantification in multiple
protein based assays, which presently offer only qualitative
predications. We see that the ‘on-demand’ nature of the MT-
MEC technique offers both an ultrafast and ultrasensitive
approach to protein detection methods.

Conclusions

In conclusion, we have demonstrated the feasibility of us-
ing low power microwaves to ‘trigger’ chemiluminescence
reactions. By exposing chemiluminescent reactants to low
power microwaves and dramatically increasing signal-to-
noise ratios, we can improve the sensitivity of protein detec-
tion assays and accurately quantify protein concentrations
by integrating photon flux for discrete time intervals. With
the implementation of improved detection schemes, alter-
native substrate design and optimized assay conditions, we
believe that we can improve the sensitivity of MT-MEC be-
yond currently available protein detection methodologies.

18000 + ™
16000
14000 4
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For example, alternative substrates, such as silver nanorods
and silver fractal patterns, show 50-fold and 3000-fold en-
hancements of fluorescent signals respectively [31-34]. Fur-
thermore, we recently demonstrated that microwave acceler-
ated metal-enhanced fluorescence (MAMEF) improves the
specificity and sensitivity of surface protein assays on silver
substrates [35-37]. Combining the advantages of MAMEF
and MT-MEC, we believe that we can further improve the
sensitivity and rapidity of protein detection with chemilumi-
nescence. Using low power microwaves to induce the com-
bined effect of a kinetically accelerated binding, increased
binding specificity, and accelerated ‘triggered’ chemilumi-
nescent reactions, we anticipate that Microwave Triggered
Metal-Enhanced Chemiluminescence (MT-MEC) can be im-
plemented to not only accurately quantify protein concentra-
tions, but also alleviate the current bottlenecks of immunoas-
say sensitivity and rapidity.
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