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We present a new technology that offers a faster alternative
to the chemiluminescence-based detection that is used
in protein assay platforms today. By combining the use
of silver nanostructures with chemiluminescent species,
a technique that our laboratories have recently shown can
enhance the system photon flux over 50-fold, with the use
of low-power microwave heating to additionally accelerate,
in essence “trigger”, chemiluminescence-based reactions,
then both ultrafast and ultrabright chemiluminescence
assays can be realized. In addition, the preferential
heating of the nanostructures by microwaves affords for
microwave triggered metal enhanced chemiluminescence
(MT-MEC) to be localized in proximity to the silvered
surfaces, alleviating unwanted emission from the distal
solution. To demonstrate MT-MEC, we have constructed
a model assay sensing platform on both silvered and glass
surfaces, where comparison with the identical glass
substrate-based assay serves to confirm the significant
benefits of using silver nanostructures for metal-enhanced
chemiluminescence. Our new model assay technology can
detect femtomoles of biotinylated BSA in less than 2 min
and can indeed be modified to both detect and quantify a
great many other biomolecules as well. As compared to
traditional western blot approaches, MT-MEC offers pro-
tein quantification, high-sensitivity detection combined
with ultrafast assay times, i.e., <2 min.

There is an increasing demand for the use of light-producing
chemical reactions for quantitative detection in biotechnology,
especially with regard to chemiluminescence-based ligand-binding
assays.1 The attractiveness of chemiluminescence as an analytical
tool lies primarily in the simplicity of detection,2 since most
samples have no unwanted background luminescence and no
optical filters are required to separate the excitation wavelengths
and scatter.2 In this regard, luminol and lucigenin (the more

common derivates being acridan) are used extensively throughout
biological research and clinical testing for diagnostic purposes,
e.g., the western blot.3,4 The analytical applications commonly
include immunoassays, antioxidant assays, microbiology, protein
blotting, nucleic acid analysis, cellular studies, cancer detection,
and disease screening.5

Although diverse families of immunoassays are widely used
for the detection and determination of a wide variety of proteins,
peptides and small molecules,3-8 perhaps, one of the most
commonly practiced methodologies is the western blot.3,4 These
assays typically use antigen-antibody binding for analyte recogni-
tion and fluorescence,6 radioactive-7 or chemiluminescence-8 based
readout for signal transduction. Fluorescent-based detection
methods have the advantage of protein quantification because
detected fluorescent signal is directly proportional to fluorescently
labeled species.9 In addition, analyte detection can be multiplexed
using spectrally distinct fluorescently labeled proteins.9 Fluores-
cence 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.10

Autoradiography is another method of protein detection and
considered advantageous because of its specificity and sensitivity
(5 pg of protein).11 On the other hand, sensitivity is strongly
dependent on often long-exposure conditions (>24 h), labeling
efficiencies, and the identity of a radiolabeled probe.11 Radiola-
beling also suffers from inherent disadvantages such as health
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and safety risks and the high cost of materials.11 Chemilumines-
cent assays have been shown to be as sensitive as radiolabeling
without the associated health hazards and cost of materials.11

Presently, chemiluminescent techniques for horseradish peroxi-
dase and alkaline phosphatase labels have been commercialized
and can detect as low as 1-5 pg of protein.12 Thus, chemilumi-
nescent techniques have become a method of choice for small-
molecule detection in more than 20% of clinical laboratories in
the United States.13

Although chemiluminescence detection has been successfully
implemented, the sensitivity and specificity of these reactions
require further improvements to facilitate early diagnosis of the
prevalence of disease. In addition, most protein detection meth-
odologies, most notably western blotting, are still not reliable
methods for accurate quantification of low protein concentrations
without investing in high-sensitivity detection schemes.14 Protein
detection methodologies are also limited by antigen-antibody
recognition steps that are generally kinetically very slow and
require long incubation times; e.g., western blots require process-
ing times in excess of 4 h.8 However, more recently, a western
blotting methodology (One-Step Western Blot Analysis Kit,
GenScript Corp.) has been made available that claims protein
detection can be performed in less than 1 h, but this method still
does not address the need for reliable protein quantification at
low protein concentrations. Thus, both the rapidity and sensitivity
of small-molecule assays are still critical issues to be addressed
to improve assay detection.15-21

In the past two decades, the use of microwave radiation has
greatly increased for accelerating reactions in synthetic organic
chemistry applications,22-24 in drug delivery,25 assays,26-30 and
biochemistry.31-33 Recently, our laboratory has combined the use
of metal-enhanced fluorescence (MEF),34-37 a new technology that

can dramatically increase the quantum yield and photostability
of weakly fluorescing species,34-36 with the use of low-power
microwaves to kinetically accelerate assays, a technology that we
refer to as MA-MEF. In this paper, we have shown that the degree
of avidin binding to biotinylated bovine serum albumin (BSA)
surfaces was identical for 30-s microwave heating as compared
to 30-min incubation at room temperature.36 We also observed
that the nonspecific background decreased with 30-s microwave
incubations versus the commonly used 30-min, room-temperature
incubation.36 In addition, through fluorescence lifetime and
fluorescent resonant energy-transfer studies, we demonstrated that
low-power microwave heating did not induce protein structural
or environmental changes.36

We recently demonstrated the acceleration of chemilumines-
cence reactions with low-power microwaves, which we attribute
to localized microwave heating on the surface of the silvered
substrate.37 As a result, an amplified localized photon flux from
the chemiluminescent reaction is observed. In this paper, we now
describe microwave triggered metal enhanced chemiluminescence
(MT-MEC) for protein detection using low-power microwaves to
induce the combined effect of a kinetically accelerated binding,
increased binding specificity, and accelerated chemiluminescent
reactions. We have found that the use of low-power microwaves,
in combination with enzymes and chemiluminescent species,
demonstrates that significantly faster (<2 min) total quantitative
protein detection could be realized today.

RESULTS AND DISCUSSION
To demonstrate our new approach to protein detection with

MT-MEC on silver island films (SiFs), we used commercially
available chemiluminescent reagents (acridan and peroxide) from
Amersham Biosciences. The model protein assay was constructed
with biotinylated BSA surface-modified substrates (SiFs or glass),
horseradish peroxidase-streptavidin (HRP-avidin) and chemi-
luminescent reagents, as demonstrated in Figure 1.

Biotinylated BSA was incubated on silvered or glass substrates
for ∼1 h. A 1% aqueous BSA solution was subsequently added to
minimize nonspecific binding of HRP-streptavidin to the surfaces.
HRP-streptavidin was then added to the surfaces with bound
biotinylated BSA. The strong binding affinity of streptavidin for
biotin served as the basis for the quantitative determination of
the BSA-biotin species on the glass and silvered surfaces. Since
earlier studies by our laboratories and others have shown that
biotinylated BSA readily forms a monolayer on both silver and
glass substrates,38-42 we expected comparable surface binding to
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both glass and SiF substrates for a range of BSA-biotin concen-
trations. As a result, chemiluminescent reaction rates for these
experiments are proportional to the quantity of bound biotinylated
BSA HRP-streptavidin complexes,43 where the dynamic range
of protein concentration is proportional to the total luminescent
photon flux for a defined time interval.

Following surface modification of glass and silver surfaces, we
sought to compare traditional chemiluminescence reaction yields
with microwave (Mw) “trigger” reaction yields. With the addition
of the chemiluminescent mixtures to the functionalized surfaces,
we collected the emission data for the MT-MEC assays within
the microwave cavity using a fiber optic that is connected to a
spectrofluorometer and a computer (not shown). The microwave
cavity power was ∼140 W, which is the same as that utilized in
MA-MEF36 and is of a similar power used for immunostaining.44,45

Detection was accomplished through a fiber delivered through a
small opening on the top of the microwave cavity. Imaging
chambers were placed in the microwave, and wells of interest were
aligned with the tip of the fiber to optimize collection efficiencies.

Figure 2 top shows the first 500 s of collection time for the
chemiluminescence emission from the glass surfaces. Figure 2,
bottom, shows the chemiluminescence emission from the glass
substrate under the same initial conditions, but the sample is
subjected to 30-s microwave pulses at ∼100-s intervals. These
results clearly show the “on-demand” nature of microwave-
triggered chemiluminescence reactions. The most striking feature
of Figure 2 is the enhancement of the photon flux upon the
application of discrete microwave pulses. In essence, these results
demonstrate the feasibility of increasing reaction rates of chemi-
luminescent reactions and dramatically improving photon flux for
finite time intervals. As a result, chemiluminescent reactions that
typically generate limited light emission over extended periods
of time can be subsequently accelerated with the addition of low-
power microwave pulses. In Figure 3, we subsequently demon-
strate significant enhancement with microwave pulses from silver
island films. Figure 3, top, shows metal-enhanced chemilumines-

cence.46 As compared to the results of Figure 2, top, we notice a
pronounced increase in photon flux from the metal surfaces; cf.
Figure 2, top, a 3-fold enhancement in signal is observed from
the silvered surfaces. These results are further demonstrated with
the insets in Figures 2 and 3 that show the real-color photographs
of the chemiluminescent reagents (before and after Mw exposure)
on glass and the SiF surfaces. When subjected to low-power
microwaves as shown in Figure 3, bottom, chemiluminescence
from the silver island films is even further enhanced for the
microwave pulse time intervals. We believe that the high photon
flux that we see upon delivery of microwave pulses to the metal
surface is attributed to localized heating of the metal surfaces.
The local temperature increase not only accelerates the rate of
the chemiluminescence reactions, but the proximity to the silver
allows for metal-enhanced chemiluminescence.46 Thus, a reaction
that traditionally is followed over extended periods of time can
be “triggered” in short discrete time intervals with low-power
microwaves.

The evidence of localized heating of metallic nanoparticles was
shown previously.47 When exposed to weak microwave fields (at
12 GHz), gold colloids absorbed and dissipated the electromag-
netic energy without any bulk heating, i.e., no water absorption
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Figure 1. HRP-acridan chemiluminescence assay on both glass
and silvered slides.

Figure 2. 3D plots of acridan assay emission as a function of time
from glass slides without (top) and with low-power microwave
exposure/pulses (middle). (Bottom) Photographs showing the acridan
emission both before (a) and after a low-power microwave pulse (b).
Mw, microwave pulse. The concentration of BSA-biotin was 1.56
pM.
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band. This was explained by (1) preferential heating of the gold
colloids in the medium that they are in by the electromagnetic
fields (inductive heating) and (2) dissipation of the absorbed
energy by local heat dissipation. In an another report by us,36

fluorescence resonance energy-transfer studies on proteins in
proximity to silver nanoparticles revealed that proteins do not
denature when exposed to microwaves (140 W, at 2.45 GHz for
30 s) despite the absorption of electromagnetic energy by water
at 2.45 GHz that results in an increase in biomolecular reaction
rates, which was attributed to localized heating of the metal
surfaces. In the current study, the microwave power settings were
similar to those in our previous report,36 and the observed increase
in the chemiluminescent intensity (indicative of reaction rate) is
attributed to the localized dissipation of absorbed energy by silver
nanoparticles. The microwave heating of the whole sample (SiFs,
HRP, and bulk solution) affects the enzyme-catalyzed chemilu-
minescence reactions in two ways: (1) since the enzyme is only
on the surface of the silver nanoparticles, the chemiluminescence
reactions only happen on SiFs, and the dissipated energy by SiFs
is thought to lower the energy required for these reactions; (2)
the heating of the solution increases the diffusion of chemilumi-
nescent species so that the chemiluminescence reactions go faster.
Although, the percent contribution of these factors to the overall
reaction rate is unknown, we believe the localized heating effect
is more dominant.

As controls, we have investigated background signals that
result from nonspecific binding of the HRP enzyme to the surfaces

that were not coated with biotinylated BSA (data not shown). In
this regard, the background chemiluminescence signal from the
glass and metal surfaces treated with only 1% BSA blocking
solution and HRP-streptavidin solution was measured. We found
that the signal decayed rapidly, which is attributed to the signal
generated from the chemiluminescent reaction in the presence
of residual HRP enzyme that binds nonspecifically to the substrate.
As we have previously shown, the background decay on the silver
surfaces is shorter than the decay on glass substrates. These
results are consistent with our previous findings that nonspecific
background on glass substrates is reduced in the presence of
silver island films.

We also sought to demonstrate that the MT-MEC phenomenon
is due to the proximity of the assay, by the lack of chemilumi-
nescence enhancement in free solution on both silver island films
and glass substrates in the presence of low-power microwaves,
i.e., assay not incubated on the surface. We mixed the chemilu-
minescent reactants and HRP-streptavidin in solution (100 µg/
mL) to demonstrate that the localized chemiluminescent enhance-
ment in the presence of silver island films is no longer observed.
Data were collected for 400 s, and solutions were pulsed with low-
power microwaves for 30 s at the 100- and 200-s time points during
the course of the reaction. Figure 4, top and bottom, depict a fast
signal decay for the reactions in solution above both glass and
silver. In addition, upon application of the first microwave pulse,
we can see a small signal enhancement, which we believe is due
to the few HRP molecules and chemiluminescent reactants that
have settled close to the surfaces. For the second microwave pulse,
very little signal enhancement is seen and, eventually, no signal
observed at longer times. We believe that this result affirms the
assertion that preferential heating of the nanostructures by
microwaves affords for MT-MEC to be localized in proximity to
the silvered surfaces, alleviating unwanted emission from the distal
solution.

In order to demonstrate the “on-demand” nature of MT-MEC
and induce the higher sensitivity of detection, we varied the
amount of biotinylated BSA incubated on the substrate surfaces
to demonstrate the concentration dependence for MT-MEC.
Figure 5 shows the time-dependent chemiluminescent emission
of the chemiluminescence reaction on SiFs and glass surfaces with
multiple microwave exposures (four 30-s exposures, 100-s inter-
vals). As previously observed in Figures 2 and 3, the intensity
“spikes” correspond to the microwave pulses that trigger en-
hanced chemiluminescence from the HRP functionalized sub-
strates. Each curve (a-e) corresponds to a different concentration
of biotinylated BSA incubated on a silver substrate, recalling that
our previous studies have shown monolayer coverage of BSA after
incubation.41,42 From Figure 5, we have been able to determine
that the chemiluminescence intensity is proportional to the
concentration of HRP bound to BSA-functionalized surfaces. This
result is consistent with previously published kinetic studies for
the dependence of reaction rates on HRP concentration at fixed
concentrations of luminophore-dependent chemiluminescent re-
actants.43 This enables the surface protein concentration to be
determined.

It is important to explain the characteristics of the chemilu-
minescent intensity versus time plot, Figure 5, in detail and the
method we have used them for calibration and determination of

Figure 3. 3D plots of the acridan assay chemiluminescence
emission as a function of time from silvered glass slides (Ag) without
(top) and with low-power microwave exposure/pulses (middle). (Bot-
tom) Photographs showing the acridan emission both before (a) and
after a low-power microwave pulse (b). Mw , microwave pulse. The
concentration of BSA-biotin was 1.56 pM.
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surface protein concentration. First, in order to determine the
concentration of surface proteins without microwave heating, the
change in chemiluminescent intensity was monitored after the
chemiluminescent reactions were initiated (no microwave heating)
in the first 100 s. It is seen that, without microwave heating, the
chemiluminescent intensity is slightly increased as the concentra-
tion of BSA is increased but little difference between them is
observed, which proved to be a not useful method. On the other
hand, to show the benefits of microwave heating to increase the
detected chemiluminescent signal, four 30-s exposures (after 100
s) were performed with 100-s intervals to drive the chemilumi-
nescent reactions to completion within 400 s (without microwave

heating the reactions studies here are completed longer than 30
min46). The photon flux (in counts), area under the intensity-
time plot, is an indication of the extent of the HRP-catalyzed
reaction and thus provides information about the presence of
surface-bound BSA. The two “peaks” seen after each microwave
exposure, in Figure 5, are a result of the microwave magnetron
pulsing. During the 10- and 5-s runs, the chemiluminescent
intensity increases and decreases, respectively triggered by the
magnetron pulsing and the localized heating of the microwaves.
The peak height and the area under one of the peaks could be
increased by using shorter exposure times (<10 s) and higher
initial microwave power settings. However, we found that higher

Figure 4. 3D plots of the acridan assay chemiluminescence emission from both glass (top) and silvered substrates (bottom). (Right) Emission
spectra are the average of 400 1-s time points. In both cases, BSA-biotin was not immobilized to the surfaces, which were exposed to microwave
pulses at 100- and 200-s time points. The final concentration of HRP-streptavidin in the assay was ∼10 µg/mL.

Figure 5. Acridan chemiluminescence emission intensity as a function of time for different concentrations of surface-bound BSA-biotin. a,
156 pM BSA-biotin; b, 15.6 pM BSA-biotin; c, 1.56 pM BSA-biotin; d, 156 fM BSA-biotin; and e, no BSA-biotin.
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initial power setting causes surface drying and was not found
reliable for use here, as surface drying causes protein denatur-
ation. In all the experiments performed with low-power micro-
waves, using both SiFs and glass, there was no evidence of surface
drying. This is attributed to the previously made observations36

that the temperature increase of the aqueous solution on the
surfaces due to microwave heating is only ∼8 °C (to ∼28 °C) for
30 µL of aqueous sample.36

It is also important to comment on the reproducibility of the
MT-MEC technique for quantitative detection of proteins as the
accuracy of the proposed method mostly depends on microwave
heating, while the precision of the technique depends on other
minor factors such as the SiFs, substrates, etc. The reproducible
preparation of SiFs has been addressed before42,46,48-50 and is
highly reproducible. The chemiluminescent reactions are also well-
established and are most widely used in commercially available
chemiluminescent kits. As indicated in the Experimental Section,
the microwave source used in this study has a standard 2.45-GHz
magnetron and is used in commercially available microwave ovens.
The MT-MEC technique we describe here takes advantage of the
use of these commonly available well-established tools, together
resulting in the reproducible and fairly simple quantitative detec-
tion of surface proteins.

It is interesting to compare the results of the protein concen-
tration-dependent assays on both silvered and glass surfaces,
Figure 6. The overall signal enhancement shown in Figure 5, for
assays performed on silver substrates versus those on glass
substrates, serves to confirm the benefits of using silver nano-
structures for MEC. By combining the use of low-power micro-
waves and metal substrates to increase the rapidity of streptavidin
binding to biotinylated BSA surfaces, decrease nonspecific back-
ground, and enhance and accelerate chemiluminescent reactions,
we demonstrate in Figure 6 that we can indeed detect ap-
proximately femtomoles of biotinylated BSA on surfaces in less

than 2 min, with a signal-to-noise ratio (S/N) greater than 8. Signal-
to-noise ratio is obtained from Figure 6, and is equal to the ratio
of the lowest counts (y-axis) obtained using HRP divided by the
counts without HRP (horizontal lines): for Ag, S/N ) 7200/900
counts > 8. With these results, we predict that this application
can be generally applied to both detect and quantify a great many
other biomolecules as well. As compared to traditional western
blot approaches, Figure 7, MT-MEC offers protein quantification
with ultrafast assay times, i.e., <2-min total assay time versus ∼80
min.

CONCLUSIONS
Using low-power microwaves, we have demonstrated an

inexpensive and simplistic approach to overcome some of the
classical physical constraints imposed by current protein detection
platforms, namely, assay rapidity, sensitivity, specificity, and
accurate protein quantification.15-21 With the MT-MEC approach,
we have shown that the sensitivity of detection (<0.5 pg) is 1
order of magnitude greater than that available with currently
standard commercially available methodologies (i.e., ECL Plus
Western Blotting Detection Kit, RPN2132, Amersham Bioscienc-
es). In addition to the improved detection sensitivity, we have
demonstrated that these assays can be performed in a fraction of
the time (in fact, less than 1 min) typically required with standard
methodologies. Further improvement is likely required with the
addition of microwave steps to the initial protein incubation and
blocking steps. With the application of microwaves and the
subsequent acceleration of the chemiluminescent reaction, the
on-demand nature of light emission not only increases the
detectability of low concentrations of proteins, but photon flux is
also proportional to the concentration of the protein on a surface.
Thus, for a defined time interval, we are able to accurately quantify
surface protein. For immunoassays in the clinical setting, the MT-
MEC approach offers a potentially powerful approach to protein
detection because it substantially decreases current assay times
to minutes, potentially decreases false positives due to increased
specificity, and increases assay sensitivity by at least 1 order of
magnitude (see Figure 6). In addition, we believe that the MT-
MEC approach offers the following benefits:

1. HRP both catalyzes and positions the reactants close to silver
for metal-enhanced chemiluminescence46 as well as for microwave
heating.

2. As we have shown in Figure 4, the material distal from the
metal contributes little to the total assay photon flux.

3. The chemiluminescence assay/reactants can be depleted
using microwave pulses in less than 1 min; however, we envision
much quicker times may be realized by implementing high
microwave irradiances and ordered surface bound nanostructures.

4. While we have shown a detectability limit of ∼150 fM protein
with a signal to noise ratio of >8 in less than 1 min, we believe
that by using more suitable silvered immobilized nanostructures
that our detectability would be significantly lower. For example,
silver nanorods and triangular surfaces have shown >50-fold
enhancements of fluorescence,51,52 whereas fractal surfaces have
shown >3000-fold enhancements.53-55 Since, these structures may

(48) Aslan, K.; Holley, P.; Geddes, C. D. J. Immunol. Methods 2006.
(49) Aslan, K.; Lakowicz, J. R.; Szmacinski, H.; Geddes, C. D. J. Fluoresc. 2005,

15, 37-40.
(50) Aslan, K.; Leonenko, Z.; Lakowicz, J. R.; Geddes, C. D. J. Fluoresc. 2005,

15, 643-654.

(51) Aslan, K.; Leonenko, Z.; Lakowicz, J. R.; Geddes, C. D. J. Phys. Chem. B
2005, 109, 3157-3162.

(52) Aslan, K.; Lakowicz, J. R.; Geddes, C. D. Anal. Bioanal. Chem. 2005, 382,
926-933.

Figure 6. Photon flux integrated over 500 s of the assay shown in
Figure 5, for different concentrations of BSA-biotin from both glass
and silvered surfaces (Ag). Baselines correspond to integrated photon
flux over 500 s for glass and silvered surfaces (Ag) incubated with
1% BSA solution and streptavidin HRP.
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absorb/dissipate more energy when heated with microwaves due
to their highly concentrated electric fields around the edges, we
expect the chemiluminescent reactions to be completed much
quicker.

5. A whole range of anchor proteins and associated chemistries
are available to anchor the detection protein to the silvered
surfaces. In addition, we have recently shown the applicability of
MEF from modified plastic substrates, which could also be used
in this regard56 as an alternative to nitrocellulose to transfer gel-
separated proteins.

6. With the decreased reaction times, increased sensitivity,
increased specificity, and signal enhancement achieved with MT-

MEC, we have also dramatically decreased the volume of reagents
required to perform these assays. Thus, we anticipate that
implementing MT-MEC into standard protein detection method-
ologies will decrease reagent waste and overall experimental costs.
With this technology, both ultrafast and ultra bright chemilumi-
nescence assays can be realized.

MATERIALS AND METHODS
Materials. Bovine-biotinamidocaproyl-labeled albumin (biotin-

lyated BSA), HRP-labeled avidin, silver nitrate (99.9%), sodium
hydroxide (99.996%), ammonium hydroxide (30%), trisodium
citrate, D-glucose, and premium quality APS-coated glass slides
(75 × 25 mm) were obtained from Sigma-Aldrich. CoverWell
imaging chamber gaskets with adhesive (20-mm diameter, 1 mm
deep) were obtained from Molecular Probes (Eugene, OR).
Steptavidin-HRP prediluted solution was obtained from Chemicon
International Inc. Chemiluminescence materials were purchased
from Amersham Biosciences (ECL Plus Western blotting detec-
tion kit, RPN2132). ECL Plus utilizes a new technology, developed

(53) Geddes, C. D.; Parfenov, A.; Gryczynski, I.; Malicka, J.; Roll, D.; Lakowicz,
J. R. J. Fluoresc. 2003, 13, 119-122.

(54) Geddes, C. D.; Parfenov, A.; Roll, D.; Gryczynski, I.; Malicka, J.; Lakowicz,
J. R. J. Fluoresc. 2003, 13, 267-276.

(55) Parfenov, A.; Gryczynski, I.; Malicka, J.; Geddes, C. D.; Lakowicz, J. R. J.
Phys. Chem. B 2003, 107, 8829-8833.

(56) Aslan, K.; Badugu, R.; Lakowicz, J. R.; Geddes, C. D. J. Fluoresc. 2005, 15,
99-104.

Figure 7. Procedure for the MT-MEC immunoassay (Mw, low-power microwave heating).
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by Lumigen Inc., based on the enzymatic generation of an
acridinium ester, which produces intense light emission at ∼430
nm.

(1) Formation of Silver Island Films 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 µL) of freshly prepared 5% (w/v) sodium hydroxide
solution are added. This results in the formation of dark brown
precipitates of silver particles. Approximately 2 mL of ammonium
hydroxide is then added, drop by drop, to redissolve the
precipitates. The clear solution is cooled to 5 °C by placing the
beaker in an ice bath, followed by soaking the APS-coated glass
slides in the solution. 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 sonicated
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 chamber gaskets with
adhesive (20-mm diameter, 1 mm deep) were pressed against the
silver-coated and silica-capped microscope glass slides until they
were stuck together, creating a chamber.

(2) Preparation of the Model Protein Assay (Biotin-
Avidin) on Silver Island Films and on Glass. 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 mono-
layer on the surfaces of glass and SiFs.38-40 Biotinylated BSA is
bound to SiFs and the glass by incubating 20 µL of biotinylated
BSA solutions with different concentrations in the imaging for ∼1
h. Chambers were washed with water to remove the unbound
material. Imaging chambers were then incubated with 20 µL of
1% aqueous BSA (w/v) for 1 h to minimize nonspecific binding of
HRP-streptavidin to surfaces. 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
µg/mL. Twenty microliters of the HRP-streptavidin solution was
subsequently added into the biotinylated BSA-coated glass and
SiF-coated imaging chambers and typically microwaved for 20 s
in the microwave cavity (0.7 ft3, GE compact microwave model
JES735BF, max power 700 W). The power setting was set to 2,
which corresponded to 140 W over the entire cavity, which is
similar to that used in our recent finding that low-power micro-
waves minimize nonspecific binding and incubation times.57 In all
the experiments 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 ex-
periments.

(3) Chemiluminescence Reagents. The ECL Western blot-
ting 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.

(4) Chemiluminescence from Reagents on SiFs and Glass
Surfaces. The chemiluminescence experiments were performed
with and without microwave heating inside the microwave cavity.
During microwave heating, 30-s pulses were applied at three 100-s
intervals. The pulses were applied at 30% power, which cor-
responded to 210 W over the entire cavity. In order to obtain the
same initial chemiluminescence emission for all measurements,
all chemiluminescent assays were undertaken by combining 40
µL of solution A with 2.0 µL of solution B and immediately 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 Figure 3 to determine the relationship
between protein concentration and signal intensity, cf. Figures 6
and 7.

(5) Chemiluminescence Detection. Chemiluminescence
spectra were collected using an Ocean Optics spectrometer, model
SD 2000 (Dunedin, FL), connected to an Ocean Optics 1000-mm-
diameter fiber with an NA of 0.22. The fiber was positioned
vertically on top of the slides containing the chemiluminescent
reagents inside the microwave cavity. Chemiluminescent spectra
and time-dependent emission intensities were collected with an
integration time of 1000 ms for ∼500 s 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× Optical Zoom) without the
need for optical filters.
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