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We have combined the principles of microwave circuitry
and antenna design and our recent work in microwave-
triggered metal-enhanced chemiluminescence to now
“trigger” chemically and enzyme-catalyzed chemilumi-
nescent reactions with spatial and temporal control. With
this technology platform, we achieve spatial and temporal
control of enzyme and chemically catalyzed chemilumi-
nescence reactions to achieve more than 500-fold in-
creases in “on-demand” photon flux from chemically
catalyzed chemiluminescent reactions. We also report a
6-fold increase in photon flux from HRP-catalyzed assays
on disposable coverslips functionalized with HRP and
placed proximal to the substrates modified with thin-film
aluminum triangle disjointed “bow-tie” structures. In
addition, we demonstrate the applicability of this technol-
ogy to develop multiplexed or high-throughput chemilu-
minescent assays. We also demonstrate the clinical and
biological relevance of this technology platform by affixing
aluminum structures in proximity to HRP protein im-
mobilized on nitrocellulose to improve the sensitivity for
this model Western blot scheme by 50-fold. We believe
analytical applications that rely on enzyme-catalyzed chemi-
luminescence, such as immunoassays, may greatly benefit
from this new platform technology.

In the past two decades, the use of microwave (Mw) radiation
has greatly increased for accelerating reactions in synthetic
organic chemistry applications,1-3 assays,4-8 and biochemistry.9-11

High-frequency oscillating microwave fields, such as those of
conventional microwave ovens, can induce the alignment of ion
fields or dipoles in materials that can be polarized by the respective
electric field. When the dipoles of the material or ion fields cannot
precisely follow the oscillations of the electric field, energy is lost
in the form of heat through dielectric loss and creates the
subsequent heating of the material. Due the efficacy of this heating
process, microwave heating is implemented to accelerate chemical
reactions, increase yields, and improve reproducibility more
effectively than conventional heating.12,13

In addition to the increasing growth of microwave-assisted
organic synthesis (MAOS) applications,12 microwave irradiation
has also been shown to enhance the rates of enzymatic reactions
for biological and clinical applications.10 Akins and Tuan were the
first to suggest that the use of microwaves could enhance the
estimation of protein assays.4 With this work, additional applica-
tions have been developed that combine the use of microwaves
to improve the detectability, sensitivity, and rapidity of immunoas-
says.14-16 Recently, we described a new approach, microwave-
triggered metal-enhanced chemiluminescence (MT-MEC), to
detect and quantify surface protein concentrations using low-power
microwaves (Mw) to “trigger” enzyme and chemically catalyzed
chemiluminescent reactions.14,15 Due to increased reaction rates
for the enzyme-catalyzed chemiluminescent surface reactions, the
“on-demand” nature of light emission provided substantial im-
provements in signal-to-noise ratios from the locally, triggered
chemiluminescent reactions.14,15,17 As a result, we have shown that
MT-MEC facilitates the quantitation and increased detectability
of low concentrations of surface-captured protein. Also the
application of low-power microwave pulses accelerate or trigger
horseradish peroxidase (HRP) enzyme catalysis on the surfaces
of the substrates.14,15,17
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With the rapid rise of MAOS and the more recent demonstra-
tions of the applicability of microwaves to aid enzymatically
assisted reactions, inexpensive microwave technologies that
provide spatially and temporally controlled microwave irradiation
are needed.18 Using finite difference time domain (FDTD) simula-
tion software to solve Maxwell’s equations for the interaction of
simulated microwave field sources with geometric structures of
different dielectric properties, we design aluminum geometric
structures to spatially and temporally control the heating and
subsequent acceleration of chemically and enzymatically driven
reactions. We demonstrate that this technology can locally
accelerate chemical reactions to achieve >500-fold increases in
“on-demand” photon flux from chemically catalyzed 6-µL chemi-
luminescent reactions.14,15,17 To demonstrate the clinical and
biological relevance of this technology platform, we also report
increases in photon flux for chemiluminescent assays on dispos-
able coverslips functionalized with HRP and placed proximal to
corners or apexes of aluminum planar structures. We also show
that we can locally accelerate chemical reactions and achieve
comparable on-demand photon flux from common sensing sub-
strates: such as glass, paper, nitrocellulose, and plastic using
disposable aluminum structures. To demonstrate the clinical and
biological importance of disposable structures, we affix these
aluminum structures in proximity to HRP protein immobilized on
nitrocellulose to improve the sensitivity of this Western blot
scheme by 50-fold. Finally, we show that this technology can be
implemented to develop multiplexed or high-throughput chemi-
luminescent assays. This promising new, inexpensive microwave
technology may prove beneficial across many scientific disciplines,
most notably, organic synthesis,2,3,19-21 enhancing rates of enzy-
matic reactions,4,9,10,14,15,17 medicine,22-24 bioanalysis,1,10,14,15 and
clinical sensing4,16 to name just a few.

EXPERIMENTAL SECTION
Materials. Bovine-biotinamidocaproyl-labeled albumin (biotin-

lyated BSA), HRP-labeled avidin, 99.999% aluminum evaporation
slugs, and premium quality APS-coated glass slides (75 × 25 mm)
were obtained from Sigma-Aldrich. CoverWell imaging chamber
gaskets with adhesive (2.5 mm diameter, 2 mm deep and 5 mm
diameter, 2 mm deep for temperature measurements) were
obtained from Molecular Probes (Eugene, OR). Steptavidin-HRP
prediluted solution (Catalog No. 20774) was obtained from
Chemicon International Inc. Chemiluminescence reagents for
these experiments were purchased from Amersham Biosciences
(ECL Plus Western blotting detection kit, RPN2132).

Chemiluminescence Reagents (Chemical Reaction As-
says). The commercially available glow sticks contain the neces-
sary reacting chemicals, which are enclosed within a plastic tube,
and yield a bright chemiluminescent emission when they are
physically altered. The plastic tube contains a phenyl oxalate ester,
a fluorescent probe, and a glass capsule containing the activating

agent (hydrogen peroxide).25 Activation of the chemicals is
accomplished with a bend, a snap, and a vigorous shake of the
plastic tube which breaks the glass capsule containing the
peroxide and mixes the chemicals to begin the chemilumines-
cence reaction. Commercially available chemiluminescence ma-
terials were purchased and used to demonstrate the utility of the
inexpensive microwave reactors.

Chemiluminescence Reagents (HRP Assay). The ECL
Western Blotting Detection Kit contained two solutions of reacting
chemicals that yield a bright chemiluminescent emission at 430
nm upon mixing. Solutions were mixed as described in our
previous reports.14,15

FDTD Software and Computation. FDTD software was
purchased from Lumerical Solutions, Inc., to solve Maxwell’s
equations for structures that have complex geometries or widely
varying electromagnetic material properties for a wide variety of
microwave field sources. With this software package, we can
record time domain information at any spatial point (or group of
points) and the frequency domain information at any point (or
group of points). Simulations were run on a Dell 690 workstation
that is equipped with two 2.66-GHz, 64-bit Dual-Core Intel Xeon
5150 series processors for a total of four execution cores in two
sockets and 8 GB of RAM.

Methods. FDTD Simulations and Theory. FDTD simulation
details are described in detail in the Supporting Information.

Preparation of Glass Substrates Modified with Thin-Film
Aluminum Triangles. Triangle masks were prepared by cutting
shapes 12.3-mm equilateral triangles in aluminum sheets ∼100
µm thick with the appropriate geometry; i.e., “bow-tie” masks were
prepared by removing two 12.3-mm triangle pieces of aluminum
such that the triangle tips are separated by a 1-mm distance. Single
triangles masks were prepared in a similar fashion. Silanized glass
slides were wrapped with aluminum foil masks such that 75-nm
aluminum films were deposited on the exposed area of the
silanized glass slides by vapor deposition with BOC Edwards Auto
306 instrument. Upon completion, masks were removed and slides
modified with aluminum triangle substrates were cut into ∼1 ×
1.5 in2 rectangles.

Preparation of Glass, Paper, Plastic, and Nitrocellulose
(NC) Substrates Modified with Thin-Film Aluminum Tri-
angles. Equilateral 12.3-mm triangle and 8-mm square geometries
were constructed by cutting structures with a stencil and blade.
Triangle or square pieces of aluminum sheets were affixed to
glass, plastic, paper, and nitrocellulose substrate with the same
geometry, 1.5 cm × 1 cm. Disjointed bow-tie geometries were
constructed from two inverted 12.3-mm triangles, such that the
distance between the apexes or gap size was ∼1 mm. Image wells
were placed at the corners of the square geometries, at the center
of the square geometries, at the tip of a single aluminum triangle,
between two aluminum triangles, at the center of the aluminum
triangle, and on the plain glass substrates and were subsequently
filled with 6 µL of blue chemiluminescence material. Photographs
of the sample geometries were taken before and after the
application of low-power microwave pulses and intensity counts
were subsequently collected for 150 s at 100-ms time intervals.
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Chemiluminescence Reaction Assays. Upon activation of
chemical reaction, 6 µL of solution placed in the imaging chambers
affixed to the plain glass substrate (Figure 2A-D). Following
addition of the chemicals to the imaging chambers, each sample
was subsequently placed in the microwave cavity and signal
intensity was monitored for ∼50 s. The samples were then
exposed to a 5-s low-power microwave pulse (10% power), and
the signal was again monitored for the duration of the pulse and
a total of 50 s before the application of a second pulse. In total,
three 5-s pulses were applied to the respective sample geometries
at 50-s time intervals, and the signal intensity was measured at
100-ms intervals for 200 s. For coverslip detection, the experi-
mental and detection conditions are repeated with the same
procedure outlined above with the exception of the modified
sample geometry (Figure 3A).

Reaction progress for chemiluminescent solutions on different
sample geometries is determined by measuring intensity signal
at 100-ms time intervals, and results are plotted as Io/I ratios
versus time (seconds), where Io is the intensity before microwave
pulsing and I is the intensity during pulsing. Data are fit to single-
exponential decays (e-kt) and fits are shown as solid lines. The
average of two experimental values is plotted with the difference
shown by error bars.

Temperature Measurements and Arrhenius Plots. In order
to estimate the relative temperature increases of the solutions on
the surfaces with different sample geometries, an Arrhenius curve
calibration was performed with preheated chemiluminescent
solution. Chemiluminescent dye solution was heated in a boiling
water bath, and 50 µL was subsequently removed from the heated
solution and placed in an image chamber well on a preheated
microscope slide. Intensity measurements were made and plotted
with the corresponding sample temperatures that were measured
with a temperature probe. The natural logarithm of the intensity
was plotted versus the inverse of the temperature measurements
and fit to the Arrhenius equations (inset, Figure 2B) using
Matlab’s nonlinear least-squares optimization routine (inset, Figure
2B). Using the resultant fitting equation, further points were
extrapolated to determine the relative corresponding temperatures
for higher intensity values (dashed extension line, Figure 2B).
Normalized intensities for microwave measurements were cor-
rected according to precalibrated room-temperature data (I19.40°/
Io ) .90).

Ru(by)2Cl2 Temperature Measurements. In order to esti-
mate the relative temperature increases of the solutions on the
surfaces with different sample geometries, the intensity of
fluorescence emission was measured from 0.1 µM aqueous

Figure 1. (A-D) Sample geometry depicting the chemiluminescence sample (blue circle), glass substrate (white square), and aluminum
triangle geometries (12.3-mm length; 1-mm gap size for disjointed bow-tie geometry). (E-H) Before the application of a low-power microwave
pulse (no Mw), the chemiluminescence signal is approximately equivalent for all sample geometries. (I, J) Simulated intensity (Ix + Iy) images
for a TE polarized 2.45-GHz total field scattered field source incident upon a 3D 12.3-mm equilateral triangle (left) and 3D disjointed bow-tie
geometry with a gap size (arrow) of 1 mm (right) 100 µm thick. The images shown are a xy plane cross section of the middle of the 3D simulated
structure (z ) 0 µm). (K-N) Upon application of low-power, 2.45-GHz microwave pulses (Mw), the experimental localized signal enhancement
(triggered chemiluminescence) is shown.
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solutions of Ru(by)2Cl2 on glass substrates in the presence and
absence of the planar metallic single triangle and bow-tie geom-
etries.26 Ru(by)2Cl2 aqueous solutions were excited with a 473-
nm laser source, and the resulting emission intensity was
monitored at 300-ms time intervals. Upon application of a 5-s, low-
power, 2.45-GHz microwave pulses, the maximum decrease in
fluorescence intensity from the Ru(by)2Cl2 aqueous solutions was
recorded and normalized with respect to the room temperature
(pre-Mw pulse) emission intensity. Subsequently, the correspond-
ing temperature values were determined from a precalibrated

intensity versus temperature plot of a Ru(by)2Cl2 sample of the
same concentration using a Cary Eclipse fluorescence spectrom-
eter with temperature controller. Calibration temperatures were
10, 20, 30, 40, 50, 60, and 70 °C. Heating rates for Ru(by)2Cl2

samples on different sample geometries were determined by
measuring fluorescent intensity from solutions at 300-ms time
intervals. Data are corrected for room-temperature measurements
from precalibrated Ru(by)2Cl2 intensity data. Data are linearly fit
according to T ) (dT/dτ)τ + 1 using Matlab’s nonlinear least-
squares optimization routine, and fits are shown as solid lines.
The average of two experimental values is plotted (Figure 2C,
D).

Preparation of the Model Protein Assay (Biotin-Strepta-
vidin) on Glass Coverslips. 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 coverslips (No. 1) through
biotinylated BSA, which readily forms a monolayer on the surfaces
of glass.27-29 Glass coverslips were cleaned with dilute solutions
of detergent, soaked in concentrated nitric acid, rinsed with
deionized, distilled water, and plasma cleaned for 30 s. Coverslips
were incubated with 50 µL of 1 µM biotinylated BSA solutions
for ∼1 h. Coverslips were washed with water to remove the
unbound material. Coverslips were then incubated with 50 µL of
1.5% aqueous BSA (w/v) for 1 h to minimize nonspecific binding
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Figure 2. (A) Reaction progress for chemiluminescent solutions on different sample geometries plotted as Io/I ratios versus time (seconds),
where Io is the intensity before microwave pulsing and I is the intensity during pulsing. Data are fit to single-exponential decays (e-kt), and fits
are shown as solid lines. The average of two experimental values is plotted with the difference shown by error bars. (B) Arrhenius plot and fit
for the chemiluminescence reaction on glass slides and the estimated temperature increase for the different sample geometries after exposure
to low-power microwave pulses. Sample geometries are shown (insets). (C) Upon application of 5-s, low-power, 2.45-GHz microwave pulses,
the subsequent decrease in Ru(by)2Cl2 sample emission intensity (I) was measured and normalized with respect to the pre-Mw pulse intensity
(Io). Subsequently, the temperature values are determined from a precalibrated intensity vs temperature plot of a Ru(by)2Cl2 sample of the
same concentration. Room temperature (RT) is noted and sample geometries are shown (insets). (D) Heating rates for Ru(by)2Cl2 solutions on
different sample geometries are plotted as temperature (°C) versus time (seconds). Data are linearly fit according to T ) (dT/dτ)τ + 1, and fits
are shown as solid lines. The average of two experimental values is plotted.

Figure 3. (A) Coverslip chemiluminescence reaction geometry
scheme. Imaging chambers are affixed to No. 1 coverslips and filled
with 6 µL of chemiluminescent material (blue circle). Coverslips are
positioned on plain glass substrates and glass substrates modified
with aluminum triangle (12.3-mm length; 75 nm thick; 1 mm-gap size
for two triangles geometry) geometries (insets, middle). (B) Enhance-
ment is calculated from the ratio of chemiluminescence.
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of HRP-streptavidin to surfaces. Coverslips were again washed
with water to remove excess BSA blocking solution. BSA-biotin
functionalized coverslips were incubated with 50 µL of 1 µM HRP-
streptavidin and were typically microwaved for 20 s in the
microwave cavity (0.7 ft3, GE compact microwave model JES735BF,
maximum power 700 W). Control coverslips were incubated with
only 1.5% BSA solutions and subsequently incubated with 50 µL
of 1 µM HRP-streptavidin and exposed to low-power microwave
pulsing for 20 s.30 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 chemi-
luminescence experiments. Imaging chambers were then affixed
over incubation area prior to the addition of chemiluminescence
experiments.

Chemiluminescence from Reagents on HRP-Functional-
ized Glass Coverslips. In order to obtain the same initial
chemiluminescence emission for all measurements, all chemilu-
minescent assays were undertaken by combining 40 µL of solution
A (peroxide mixture from ECL Plus Detection Kit Reagents) with
2.0 µL of solution B (acridan mixture from ECL Plus Detection
Kit Reagents), incubated for 5 min, and then added to the imaging
chambers. The final sample geometry is the HRP-functionalized
coverslip with an imaging chamber filled with chemiluminescence
solution. The coverslip is then placed on the top of glass
substrates, whereby the center of the imaging chamber is
positioned proximal to triangle structures, if present. (see sample
geometry, Figure 3A). Data collection commenced immediately
following the addition of the reagents to the imaging chambers.
The chemiluminescence signal was over 1-s discrete time intervals
for 350 s before, during, and after microwave heating inside the
microwave cavity (0.7 ft3, GE compact microwave model JES735BF,
maximum power 700 W). Microwave acceleration was achieved
by applying four 10-s microwave pulses at 50-s time intervals. Data
collection was terminated after 350 s.

Chemiluminescence Reaction Assays from Glass, Paper,
Plastic, and Nitrocellulose Substrates Modified with Dispos-
able Aluminum Triangle Structures. Upon activation of chemi-
cal reaction, 6 µL of solution was added to the imaging chambers
affixed to respective positions in proximity to single aluminum
triangle, bow-tie, or square structures (Figure 1, far left). Following
addition of the chemicals to the imaging chambers, each sample
was subsequently placed in the microwave cavity and signal
intensity was monitored for ∼150 s. For all chemically induced
chemiluminescent experiments, glass, plastic, paper, and NC
substrates were cut into equal-sized samples to minimize variations
of the convective microwave heating that may arise due to
variations in the size of the glass substrates. The samples were
exposed to a 5-s, low-power microwave pulse (10% power), and
the signal was again monitored for the duration of the pulse and
a total of 50 s before the application of a second pulse. In total,
three 5-s pulses were applied to the respective sample geometries
at 50-s time intervals, and the signal intensity was measured at
100-ms intervals for 200 s. Reported intensity measurements
represent the mean of the maximum intensity values recorded
during the application of the microwave pulse.

For multiplexed assay experiments, 6-µL samples of four
different colored chemiluminescent (green, red, blue, yellow)
solutions were placed at the corners of an 8-mm aluminum foil
square affixed to a glass substrate (Figure 7). Prior to the
application of a low-power microwave pulse, we observed similar
luminescent intensities from the four samples. Upon the applica-
tion of a 5-s, low-power microwave pulse (70 W), we observed
similar enhancements from the four chemiluminescent solutions
at the corners of the aluminum square.

Preparation of the Model Protein Assay on Nitrocellulose
Membranes. PVDF membranes were obtained from Biorad and
are considered a suitable substrate substitute for NC membranes.31

Membranes were cut into 1-cm squares and were immersed in
100% methanol for a few seconds until translucent. Membranes
were transferred to transfer buffer and incubated until equilibrated
(2-3 min). Ten microliters of HRP dilutions was spotted on the
center of the membrane to yield an approximately 100 ng, 10 ng,
1 ng, and 200 pg of protein. Control samples were prepared by
spotting 10 µL of transfer buffer onto the membrane. Upon
spotting the protein to the membranes, membranes were allowed
to dry to completion. Round imaging chambers (∼2 cm round)
were affixed to glass slides, and dried membrane was placed at
the center of the chamber.

Chemiluminescence from Reagents on Nitrocellulose
Membranes with Immobilized HRP. In order to obtain the
same initial chemiluminescence emission for all measurements,
all nitrocellulose chemiluminescent assays were undertaken by
combining 80 µL of solution A (peroxide mixture from ECL Plus
Detection Kit Reagents) with 2.0 µL of solution B (acridan mixture
from ECL Plus Detection Kit Reagents), added to the imaging
chambers, and incubated for 5 min. For membranes modified with
triangle geometries, 12.3-mm aluminum foil triangle structures
were affixed to the membrane at the perimeter of the HRP-spotted
regions. Data collection commenced immediately following the
addition of the reagents to the imaging chambers. The chemilu-
minescence signal was collected over 1-s discrete time intervals
for 50 s before, during, and after microwave heating inside the
microwave cavity (0.7 ft3, GE compact microwave mode JES735BF,
maximum power 700 W). Microwave acceleration was achieved
by applying three 10-s microwave pulses at 50-s time intervals.
Pulses were applied at 10% power. Data collection was terminated
after 200 s.

Chemiluminescence Detection. Chemiluminescence spectra
were collected using an Ocean Optics spectrometer, model HD
2000 (Dunedin, FL), connected to an Ocean Optics 1000-µm-
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 100 ms for ∼200 s unless otherwise noted.
For reactions performed directly on substrate surfaces (no
coverslips, Figure 1), signal intensities from reaction substrates
with triangle, and bow-tie geometries were collected in the
presence of a neutral density filter (ND 0.9). Resultant intensity
values displayed in Table 1 for these two geometries were
appropriately scaled (multiplication factor of ∼8) to facilitate the

(30) Aslan, K.; Geddes, C. D. J. Fluoresc. 2006, 16, 3-8.
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direct comparisons of intensity measurements for all sample
geometries. 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.

RESULTS
Microwave “Triggered” Chemiluminescence. To design

small inexpensive microwave structures that locally accelerate
chemical reactions, we used FDTD simulation software to visualize
electric field distributions for aluminum structures in a microwave
field (Figure 1I, J). We determined that the electric field distribu-
tions for a single aluminum 12.3-mm triangle structure (Figure
1I) 100 µm thick (approximate thickness of the disposable
aluminum structures described above) in a simulated 2.45-GHz
total field scattered field (TFSF) that propagates from left to right.
For a 2D cross section at the middle of the 3D structure (at z )
0 µm), intense field enhancements are observed proximal to the
tips of the triangles and the maximum enhancement is observed
at the triangle’s apex (Figure 1I). Due to their simple design and
single point focused electric field enhancements, bow-tie antenna
geometries (two triangle geometries that are mirror images and
joined at the apex) are commonly implemented to receive radio
frequency transmissions.32 We adapted this concept to design a
disjointed bow-tie configuration, such that the two triangles are
separated by a gap distance, D, of 1 mm (Figure 1B). With this
configuration, we in theory short circuit the propagation of the
2.45-GHz microwave field (TFSF, TE-polarized) across the metal
surface, such that charge builds up in the gap of the bow-tie. The
electric field intensity distribution (Ex

2 + Ey
2) of a 2D cross

section (at z ) 0 µm) for the disjointed bow-tie geometry with a
1-mm gap size is shown (Figure 1J). With this configuration, we
observed that the maximum field enhancement was localized at
the gap between the two triangles. While additional gap sizes were
simulated, 1-mm gap sizes were found to provide convergent
solutions and substantial field enhancements, which diminish for
larger gap sizes and lead to dielectric breakdown for smaller gaps
(Supporting Information, Figures S-1 and S-2).

In order to demonstrate that regions of maximum field
enhancements for triangle and disjointed bow-tie geometries
spatially correlate with regions of maximum chemiluminescent
enhancements, we vapor deposited 12.3-mm aluminum triangles

75 nm thick onto silanized glass microscope slides. For two
triangle substrates, the gap sizes were set to be ∼1 mm. Glass
and aluminum triangle-modified substrates were cut into equal
sized samples to minimize variations of the convective microwave
heating that may arise from variations in the size of the glass
substrates. For bow-tie and triangle structures, image wells were
affixed to the substrates, such that the tip of single triangle and
junction of the bow-tie geometry were exposed to the solution in
the well (Figure 1A, B). Wells on the respective sample geometries
were subsequently filled with 6 µL of blue chemiluminescence
material (Figure 1A-D, blue circles). Photographs of each of the
sample geometries before the application of low-power microwave
pulses were taken and show that the pre-microwave intensities
for each of the samples are approximately equivalent (Figure 1E-
H). Samples were subsequently exposed to a short, low-power
microwave pulse, and photographs of each of the sample geom-
etries after the application of low-power microwave pulses were
taken (Figure 1K-N). The spatial profile of the resultant chemi-
luminescent signal enhancements for the glass substrates modified
with Al geometries (Figure 1K-N) correlate with regions of
maximum field enhancements for simulated structures (Figure
1I, J). For glass surfaces modified with the aluminum triangle
substrates, we observed >100-fold enhancement in “on-demand”
photon flux for the single triangle geometry (Table 1) and >500-
fold enhancement for the bow-tie geometry (Table 1). For the
chemiluminescence solution placed at the center of the triangle,
we observed almost no enhancement in on-demand photon flux
(Table 1), which is consistent with the absence of any electric
field distribution in the simulated images at the center of the one
triangle geometry (Figure 1I). Since the signal intensities for all
samples prior to microwave exposure are approximately equivalent
(Figure 1E-H, Table 1), it is important to note that this lack of
signal enhancement is not due to the quenching of the chemilu-
minescence emission. Furthermore, spectral shifts in chro-
mophore emission are not observed after exposure to microwave
pulses. Thus, we concluded that the reported observations of
intensity enhancements are not due to unsuspected changes in
photophysical properties, including the destruction of the chro-
mophores (data not shown).33

Reaction Rates. To determine the corresponding increases
in reaction rates of the chemiluminescent reactions during
microwave pulsing for the different sample geometries, the inverse

(32) Compton, R. C.; McPhedran, R. C.; Popovic, Z.; Rebeiz, G. M.; Tong, P. P.;
Rutledge, D. B. IEEE Trans. Antennas Propagation 1987, 35, 622-631.

(33) Nemkovich, N. A.; Rubinov, A. N.; Tomin, A. T. In Topics in Fluorescence
Spectroscopy, Vol. 2, Principles; Lakowicz, J. R., Ed.; Plenum Press: New
York, 1991; Vol. 2, pp 367-428.

Table 1. Tabulated Intensities before and after Microwave Exposure and Subsequent Enhancements for
Chemiluminescent Solutions on Glass, Paper, Nitrocellulose (NC), and Plastic Substrates Modified with Square,
Triangle, or Disjointed “Bow-Tie” Sample Geometriesa

Substrate Glass Plastic NC Paper
no structure control 3.4 (40, 135) 5.2 (72, 377) 5.6 (37, 209) 8.7 (80, 700)
triangle, center 1.4 (47, 68) 1.14 (87, 100) 1.5 (34, 53) 1.4 (77, 110)
triangle, tip 120 (58, 6925) 256 (59, 15317) 260 (38, 9760) 81 (81, 6440)
triangle, 2 tips 571 (50, 28970) 580 (59, 34190) 447 (56, 20230) 395 (80, 31453)
square, center 1.4 (101, 116)
square, corner 327 (107, 35000)

a The first number is the enhancement factor; the numbers in parentheses are counts; no Mw, counts Mw.
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normalized intensities of the chemiluminescent solutions were
plotted as a function of time. During the application of low-power,
5-s microwave pulses, we measured the signal intensities at 100-
ms time intervals. Since intensity indicates the extent of reaction
progress, we plotted Io/I versus time, where Io is the intensity
before microwave pulsing and I is the intensity during pulsing
(Figure 2A). The curves are fit to single-exponential decays (Io/I
) e-kt) using a least-squares fitting algorithm to determine the
reaction decay rates for the different sample geometries. While
the reaction rates on the center of the triangle structures are
indicative of the steady-state decays for chemiluminescent solu-
tions at room temperature (0.12 s-1), we report a 20-fold enhance-
ment for microwave-triggered chemiluminescent reaction rates
on glass substrates (2.66 s-1). In the presence of the aluminum
structures, we report 45- and 95-fold enhancements for chemilu-
minescent reaction rates for the single triangle (5.35 s-1) and bow-
tie geometries (11.12 s-1), respectively (Figure 2A).

We also recorded the reaction decay rates after the application
of low-power. 5-s microwave pulses (Supporting Information, Table
S1). Reaction decay rates were fit to a multiexponential decay
model, I(t) ) ∑iAie-kit, where ki is the decay rate of component i
and Ai is its amplitude such that ∑iAi 1.0. After microwave pulsing,
we observed that the amplitude-weighted decay rates, 〈k〉 ) ∑iAi,
are increased by >2-fold and almost 3-fold for the chemilumines-
cence samples at the tips of a single triangle (Supporting
Information, Table S1 and Figure S3) and the gap of the disjointed
bow-tie geometries (Table S1 and Figure S3), respectively.

Temperature Effects. To estimate the relative temperature
increases of the chemiluminescent solutions on the surfaces with
different sample geometries, an Arrhenius calibration curve was
constructed using a preheated chemiluminescent solution.34 The
natural logarithm of the intensity was plotted versus the inverse
of the temperature measurements and fit to the Arrhenius
equation (inset, Figure 2B). Using the fitting function, further
points were extrapolated to determine the relative corresponding
temperatures for higher signal intensity values (dashed extension
line, Figure 2B). We note that the measured intensity values of
these samples correlate with significant temperature increases at
the tip of a single aluminum triangle structure (76 °C, Figure 2B
inset) and in the gap of the disjointed bow tie geometry (93 °C,
Figure 2B inset). We also note that the temperature of the glass
sample (36 °C, Figure 2B inset) is higher than the temperature
of the sample at the center of the triangle (30 °C, Figure 2B inset).

To determine the corresponding changes in heating rates and
final temperature of aqueous solutions for the different sample
geometries, we recorded the intensity of fluorescence emission
from aqueous solutions of Ru(by)2Cl2.26 It is well-established that
the intensity of the fluorescence emission from an aqueous
solutions of Ru(by)2Cl2 is inversely proportional to the temperature
of the solution. From precalibrated normalized intensity versus
temperature plot of a Ru(by)2Cl2 sample of the same concentration
that was fit to a linear function, I/Io ) (dI/dT)T + 1, where Io is
the intensity before microwave pulsing and I is the intensity during
pulsing (Figure 2C).

From these results, we calculated the corresponding temper-
ature increases for the different sample geometries at discrete
time points to determine the relative heating rates (Figure 2D).

In the absence of the aluminum triangle structures, the heating
rate for the Ru(by)2Cl2 solution on glass was determined to be
1.23 °C/s, which is consistent with previously reported rates for
microwave dielectric heating of water.35 In the presence of a single
triangle structure, the heating rate is 15.1 °C/s and the heating
rate is more than doubled (34.6 °C/s) in the presence of the bow-
tie or two-triangle geometry. Although the final calculated tem-
peratures for the triangle (∼110 °C) and bow-tie (130 °C)
geometries indicate that the aqueous solutions are superheated,35

it is important to note that these values are beyond the range of
the linear dependence of the emission intensity of Ru(by)2Cl2

solutions.36,37 Thus, these values are only rough approximations
of the final temperatures.

Transferable Aluminum Substrates for Disposable Sur-
face Assay Applications. Since three-dimensional FDTD simula-
tion data of the triangle geometries (Supporting Information,
Figures S-4 and S-5) show that the enhanced field also persists in
the z dimension, i.e., vertically, we affixed imaging chambers to
No. 1 coverslips (Corning Labware & Equipment) and added 6
µL of chemiluminescent solution. The imaging chamber and
solution on top of the coverslip are placed on the top of glass
substrates, whereby the center of the imaging chamber is
positioned proximal to triangle structures, if present (see sample
geometry, Figure 3A). The samples were again exposed to short,
low-power microwave pulses. With the coverslip sample geom-
etries (Figure 3A), we observed the same trend for increases in
on-demand photon flux that was documented for the reactions
that were placed directly on the modified metal substrates (Figure
1K-N). In order to compare signal enhancements for the two
sample geometries, we calculated the ratio of the signal after
microwave pulsing to signal before microwave pulsing and
compared the relative signal enhancement ratios (Figure 3B). We
observed that the presence of the coverslip did result in minor
signal enhancement loss for the bow-tie geometry (∼2-fold).
Although we strived to position the coverslip samples exactly at
the center of the triangle tips such that we could best reproduce
the position of the samples placed directly on the substrates, it is
also possible that some signal loss could be due in part to the
variance in position of the coverslip over the triangle tips, as well
as the decrease in the electric field intensity above the sample
surface (Supporting Information, Figures S-4 and S-5).

With the observation that we could still create signal enhance-
ments on coverslips placed above the sample geometries, we
chose to demonstrate the utility of this result. We incubated
coverslips with a 1 µM BSA-biotin solution and subsequently
incubated the functionalized coverslips with HRP-streptavidin to
create a model protein detection assay. We subsequently added
acridan/peroxide mixture to the imaging well affixed to the
functionalized coverslip to simulate a typical HTS well format.
Without microwave heating, a weak, steady “slow glow” chemi-
luminescent intensity is observed due to the presence of BSA-
biotin/HRP-streptavidin complexes (Figure 4A, blue bar). Due
to the 1-s integration times and the limited detection sensitivity
of our system, the weak signal is characteristic of the photon flux

(34) Bindel, T. H. J. Chem. Educ. 1996, 73, 356-358.

(35) Baghurst, D. R.; Mingos, D. M. P. J. Chem. Soc., Chem. Commun. 1992,
674-677.

(36) Durham, B.; Caspar, J. V.; Nagle, J. K.; Meyer, T. J. J. Am. Chem. Soc. 1982,
104, 4803-4810.

(37) Vanhouten, J.; Watts, R. J. J. Am. Chem. Soc. 1976, 98, 4853-4858.
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from a HRP-triggered chemiluminescent reactions (See Supporting
Information, Comment on Detection Sensitivity and Figure S-6).
More importantly, similar pre-microwave intensities are observed
for the coverslip samples on the different sample geometries
(Figure 4A-D, blue bars). Thus, we can deduce that the relative
surface HRP concentrations for each of the samples is ap-
proximately equivalent and subsequent intensity enhancements
are due to the exposure to microwave fields, not varying surface
HRP concentrations. In addition, we show that the control samples
(surfaces modified with 1.5% BSA and HRP-streptavidin) show
no initial intensity counts (Figure 4A-D, gray bars).

To demonstrate the benefits of microwave heating to increase
the detected chemiluminescent signal from the surface assays,
we monitored the photon flux (in counts), which is the area under
the curve of the intensity-time plot (Supporting Information,
Figure S-6). The photon flux indicates the extent of the HRP-
catalyzed reaction and thus provides information about the
presence of surface-bound BSA. The triggered “peaks” seen after
each microwave exposure (Supporting Information, Figure S6)
are due to the application of the low-power microwave magnetron
pulse. During the 10-s microwave exposures, the chemilumines-
cent intensity is triggered by the magnetron pulsing and the
localized heating of the microwaves. It is clear from the signal
intensity time traces (Figure S6) and the histogram plots (Figure

4A-D, red bars) that the maximum photon flux was generated
from the disjointed bow tie geometry samples (Figure S6; Figure
4D). The microwave pulses were also applied to control samples,
and no intensity enhancements are evident in the absence of
BSA-biotin/HRP-streptavidin complexes (Figure S6). In com-
parison to the sample that was placed on the glass substrate alone,
we showed not only a significant signal-to-noise benefit from the
modified sample substrates but also we showed that we can
uniquely locally trigger the chemiluminescence reaction to occur
on demand.

Transferable Triangle Structures To Trigger Chemilumi-
nescence from Common Substrates. In addition to the pos-
sibility of creating transferable aluminum structures for disposable
sensing applications, we further demonstrate the feasibility of
creating disposable aluminum structures to increase the sensitivity
of protein detection on common sensing substrates. We cut 12.3-
mm triangle geometries from aluminum sheets (∼100 µm thick)
and affixed them to different substrates (Figure 5, legend), such
that the gap size was ∼1 mm for the disjointed bow tie geometry
(Figure 1). Image wells were again placed at the tip of a single
aluminum triangle, between two aluminum triangles, at the center
of the aluminum triangle, and on plain substrates (Figure 5,
bottom). Wells on the respective sample geometries were filled
with 6 µL of blue chemiluminescence material and subsequently

Figure 4. (A-D) Chemiluminescence emission before (blue bars) and after (red bars) exposure to low-power microwave (Mw) pulses from
glass coverslips incubated with 1 µM BSA-biotin and 1 µM HRP-streptavidin positioned on glass substrates modified with and without 12.3-cm
Al triangle 75 nm thick (top 4 panels). Chemiluminescence emission before and after exposure to low-power microwave (Mw) pulses from
control glass coverslips incubated with 1.5% BSA and 1 µM HRP-streptavidin (gray bars) (E) Chemiluminescent microwave (Mw) enhancement
ratios (Mw/no Mw) upon application of low-power microwave pulses (Mw) for different sample geometries.
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exposed to a 5-s microwave pulse. From recorded intensity data,
we observed almost equivalent enhancement trends when the
technology is adapted to common protein detection sensing
substrates, most notably nitrocellulose and plastic (Table 1 and
Figure 5).

Disposable Triangle Structures To Increase Sensitivity of
a Model Western Blot Application. To demonstrate another
biologically relevant application of spatially triggered chemilumi-
nescence from a variety of dielectric substrates, we used NC HRP
dot blots to model a typical Western blot scheme, whereby
proteins are transferred and immobilized on nitrocellulose mem-
branes. The detection limit for our detection scheme without
microwave induced enhancement is ∼10 ng of HRP. With the
application of the low-power microwave pulse train, in the absence
of aluminum structures, we observed enhancements for 100- and
10-ng samples (Figure 6A, yellow bars), but relatively no enhance-
ment for the 1ng and 200 pg samples (Figure 6A, yellow bars).
This is dually noted by a representative emission time traces for
the nitrocellulose samples treated with 10 ng of HRP, whereby
peaks correspond to microwave (Mw pulse)-induced increases in
photon flux (Figure 6B). In the presence of the affixed aluminum
triangle, not only do we observe increases in photon flux from
the sample (Figure 6B), but also the sensitivity of detection is
increased by a factor of 50 (Figure 6A, blue bars). Although we
improved detectability of low protein concentrations on nitrocel-
lulose membranes by 50-fold, we believe that we can achieve
sensitivity improvements beyond 50-fold with more efficient signal
detection means (See Supporting Information, Comment on
Detection Sensitivity and Figure S7).

Multiplexed Chemiluminescent Assay Format. We also
demonstrate that aluminum structures can be implemented to
create highly sensitive multiplexed chemiluminescent assays for
high-throughput screening with readily available and inexpensive
materials. At the corners of the 8-mm square structures ∼100 µm
thick, the microwave enhancement of the chemiluminescence
emission is >300-fold (Table 1 and Figure 7A). While on a plain
glass substrate in the absence of aluminum foil structures, there
was only a 3-fold enhancement (Table 1). Thus, the on-demand
photon flux at the corners of the aluminum square geometries is

100-fold greater than the on-demand photon flux achieved with
conventional microwave heating. For the solution placed on the
center of the aluminum structure, we again observed negligible
enhancement (1.4-fold) upon exposure to a low-power microwave
pulse (Table 1 and Figure 7A). Images of four chemiluminescence
solutions of different colors at the corners of 8-mm square
aluminum structures are shown before (Figure 7B) and after
(Figure 7C) the application of microwave pulses to demonstrate
the ability to easily adapt this technology to a multiplexed or high-
throughput chemiluminescent assay platform.

DISCUSSION
Since the simulated aluminum structures are modeled as

perfect conductors, maximum spatial field distributions are local-
ized at the corners or tips of the aluminum structures, and “ohmic”
loss to the metal and its subsequent heating due to plasmon effects
is negligible. As a result, maximum dielectric loss to the solution
is proximal to the corners or tips of the aluminum structures.
Thus, the increased reaction rates of the chemiluminescent
reaction is caused by the subsequent heating of the solution due
to dielectric loss, which is also confirmed by Arrhenius plots for
the chemiluminescent solutions and increased heating rates and
temperatures of the Ru(by)2Cl2 aqueous solutions.26 On the other
hand, the relative lack of any signal enhancement from the center
of the triangle structures confirms a negligible plasmon effect and
subsequent ohmic heating on the metal structures. With minimal
effort, materials, and equipment, we demonstrate a platform
technology to locally trigger chemiluminescent reactions from a
variety of dielectric substrates and achieve >500-fold increases
in reactivity.

Since the HRP reactions sustain activity during exposure to
microwave pulses and in proximity to the metal structures, the
heating of the solution does not deactivate HRP, which suggests
other proteins, i.e., alkaline phosphatase, may also be stable under
these conditions. While intensely focused microwave fields can
lead to uncontrolled temperature increases38 and, potentially,
denature or damage proteins and small molecules, and preclude
this technology from being useful for small molecule sensing, this
technology affords many practical controls for this effect. The >95-
fold increase in heating rates of aqueous solutions is combined
with pronounced cooling of solutions proximal to the conductive
metal structures (Supporting Information, Figure S3 and Table
S1). Subsequently, this technology potentially offers temperature
jumps and rapid cooling rates that exceed denaturation rates of
proteins.39-42 In this regard, it is also conceivable that optimized
structures can be designed to adequately balance the heating and
cooling rates to develop inexpensive monomode reactors for
microwave organic synthesis reactions.43 Furthermore, the extent
of heating can be changed by changing the volume of solution or
positioning sample distal from the region of maximum electric

(38) Vriezinga, C. A. J. Appl. Phys. 1998, 83, 438-442.
(39) Rigler, R.; Rabl, C. R.; Jovin, T. M. Rev. Sci. Instrum. 1974, 45, 580-

588.
(40) Kao, J. P. Y.; Tsien, R. Y. Biophys. J. 1988, 53, 635-639.
(41) Williams, A. P.; Longfellow, C. E.; Freier, S. M.; Kierzek, R.; Turner, D. H.

Biochemistry 1989, 28, 4283-4291.
(42) Thompson, P. A.; Eaton, W. A.; Hofrichter, J. Biochemistry 1997, 36, 9200-

9210.
(43) Larhed, M.; Wannberg, J.; Hallberg, A. QSAR Comb. Sci. 2007, 26, 51-

68.

Figure 5. Chemiluminescent microwave (Mw) enhancement ratios
(Mw/no Mw) upon application of low-power microwave pulses (Mw)
for different sample geometries on various dielectric substrates.
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field enhancements. While we have demonstrated the applicability
of this technology using 2.45-GHz radiation, preliminary data
suggest the general applicability of the technology over a range
of microwave frequencies, which implies selective heating of
different dielectric media and materials.44

The triggering of HRP surface reactions not only provides
advantages in terms of signal-to-noise ratios for sensing and
biological reactions, but we have observed reduced detection times

for assays performed in the presence of the triangle substrates
(Supporting Information, Figure S6). In addition, we showed that
disposable planar aluminum structures can be affixed to common
sensing substrates, i.e., nitrocellulose membranes, to locally
trigger enzyme (HRP)-catalyzed chemiluminescent reactions. We
provide a cartoon of a Western blot that demonstrates the potential
utility of this technique to amplify weak bands from nitrocellulose
membranes by affixing aluminum triangle geometries to regions
of interest (Supporting Information, Figure S-7). We suspect that
we will see further intensity enhancements with other thin-film
geometries, the addition of metal colloids to plasmon enhance
luminescence,45 better characterized assay conditions, and im-
proved detection schemes.

CONCLUSIONS
We believe that this relatively inexpensive approach to focusing

microwave fields can facilitate the general utility of microwave
technology in many scientific disciplines. More specifically, we
have shown that we can use aluminum geometric substrates to
directionally amplify microwave radiation to accelerate solution-
based chemical reactions. In addition, we have also shown the
potential utility of this generic approach to microwave sensing to
provide another means for not only dramatic improvement of
signal-to-noise ratios for surface assays but also the potential
application of these focused microwaves for the increased specific-
ity, sensitivity, and rapidity of clinical sensing ap-
plications, chemical synthesis,1-3,9,10,14,15,19,20 biological as-
says,4,9,10,14,15 biosensing,3,9,10,14,15 and chemical sensing technolo-
gies.46
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Figure 6. (A) HRP assay enhancement as a ratio of maximum chemiluminescent emission to steady-state chemiluminescent emission before
application of Mw power HRP assays. Enhancements with (blue bars) and without affixed aluminum foil triangle (yellow bars) are shown.
Chemiluminescence signal intensity time traces for (B) 10 ng of HRP on NC membrane samples, whereby 100 µL of chemiluminescence solution
(acridan/peroxide) was added, and a train of three 5-s microwave pulses (Mw pulse) at 50-s time intervals were applied at low microwave power
to induce triggered increases in photon flux. Chemiluminescence signal was recorded for samples with a single affixed aluminum triangle (red
trace), no triangle (blue trace), and background signal (no HRP, yellow trace). Sample geometries for HRP immobilized on NC shown in legends
(blue squares, NC; gray triangle, Al foil 12.7-mm triangle; orange ring, imaging chamber; and box, glass substrate).

Figure 7. (A) Ratio of chemiluminescent intensities after Mw pulses
to intensity before Mw pulses for glass (blue bar), the center of the
square geometry (hatched red bar), and the corner (solid red bar).
(B) Chemiluminescence signal in a multiplexed format is approxi-
mately equivalent from all positions on the 8-mm square aluminum
foil structure (dashed box) before the application of low-power pulses
and (C) significantly enhanced after the application of low-power
microwave pulses.
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