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Abstract

We report a new approach to colorimetric Enzyme-Linked Immunosorbent Assay (ELISA) that reduces the total assay time to < 2 min
and the lower-detection-limit by 100-fold based on absorbance readout. The new approach combines the use of silver nanoparticles,
microwaves and split ring resonators (SRR). The SRR structure is comprised of a square frame of copper thin film (30 um thick, 1 mm
wide, overall length of ~9.4 mm on each side) with a single split on one side, which was deposited onto a circuit board (2x2 cm?). A
single micro-cuvette (10 pl volume capacity) was placed in the split of the SRR structures. Theoretical simulations predict that electric
fields are focused in and above the micro-cuvette without the accumulation of electrical charge that breaks down the copper film.
Subsequently, the walls and the bottom of the micro-cuvette were coated with silver nanoparticles using a modified Tollen’s reaction
scheme. The silver nanoparticles served as a mediator for the creation of thermal gradient between the bioassay medium and the silver
surface, where the bioassay is constructed. Upon exposure to low power microwave heating, the bioassay medium in the micro-cuvette
was rapidly and uniformly heated by the focused electric fields. In addition, the creation of thermal gradient resulted in the rapid
assembly of the proteins on the surface of silver nanoparticles without denaturing the proteins. The proof-of-principle of the new
approach to ELISA was demonstrated for the detection of a model protein (biotinylated-bovine serum albumin, b-BSA). In this regard,
the detection of b-BSA with bulk concentrations (1 uM to 1 pM) was carried out on commercially available 96-well high throughput
screening (HTS) plates and silver nanoparticle-deposited SRR structures at room temperature and with microwave heating,
respectively. While the room temperature bioassay (without microwave heating) took 70 min to complete, the identical bioassay took
< 2 min to complete using the SRR structures (with microwave heating). A lower detection limit of 0.01 nM for b-BSA (100-fold
lower than room temperature ELISA) was observed using the SRR structures.
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signal for colorimetric (absorbance-based detection)
and the inherent optical limitations of the detection
system. Although chemiluminescence-based detection
is more sensitive than the colorimetric detection [2],

1. Introduction

Currently two major limitations are encountered in
ELISA used for the detection of biomolecules: rapidity
of the bioassay and detection sensitivity. Rapidity is

limited by the chemical kinetics involved during the
binding of proteins, which typically takes several min
to hours for each step in ELISA [1]. Sensitivity is af-
fected by the quantum yield of chromophores for che-
miluminescence-based detection, the narrow-range of
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colorimetric ELISA is still in use due to simplicity of
the detection system [2-4]. That is, the absorbance val-
ues at fixed wavelength can be accurately measured by
relatively inexpensive detectors. Moreover, colorime-
tric sensing methodology can easily be adapted to port-
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able devices [4]. Since the absorbance values are linear
only between 0 and 1, one has to dilute the samples that
have absorbance values >1, or employ additional steps
to increase the signal for samples with low concentra-
tion of target molecule. Despite these efforts, the detec-
tion of low concentration of target molecule by colori-
metric ELISA is still problematic. In this regard, there
is a need to further improve the lower detection limit of
colorimetric ELISA.
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Figure 1. (A) Schematic depiction of copper split ring resonator
(SRR) structures printed on a circuit board. The dimensions of
the SRR structures are d =3 mm, t = 0.9 mmand w = 9.4 mm. A
single micro-cuvette (depth = 1 mm) is drilled in the split of the
SRR and has a 10 pl volume capacity. (B) Real-color photo-
graphs of SRR structures.

It was previously shown that the rapidity and sensi-
tivity of fluorescence-based bioassays can be improved
by the combined use of low-power microwave heating
and plasmon-resonant particles (PSPs, e.g., silver na-
noparticles) [5, 6]. The improvement in the sensitivity
of the bioassays is due the close-range interactions of
fluorescent species with PSPs, where an increase in
fluorescence signatures and a decrease in lifetimes of
fluorophores are observed [7]. The rapidity was im-
proved by low-power microwave heating of the bioas-
say components, where a thermal gradient between the
assay medium and PSPs result in the completion of
biorecognition events in less than 1 min [5]. Despite
the usefulness of low-power microwave heating with
PSPs for the construction of rapid bioassays, the issue
of control over the uniform heating of small volume
samples (< 10 pl) remains unresolved. One has to em-
ploy additional materials on the bioassay platform to
remove the excess microwave energy, which leads to
an increase in the duration of microwave heating and in
some cases evaporation of the small volume samples.
In this regard, one can alleviate these issues using fo-
cused microwaves.

Focusing of microwaves to a specific region of inter-
est, especially for small volume samples, can be ac-
complished by the use of metal-based mini-antennas
with dimensions smaller than the wavelength of inci-
dent electromagnetic energy [8]. The mini-antennas
focus the incident electric field to sharp edges of the
mini-antennas, where up to a ~40,000-fold enhance-
ment of the electric field is predicted [8]. Subsequently,
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the temperature of any solvent placed near the edges of
the mini-antennas can be increased in a controlled
manner. It was shown that one can extract biological
materials from Anthrax spores by breaking down the
walls of the spores by focused microwaves using alu-
minum mini-antennas fashioned into a “bow-tie” struc-
ture [9]. However, these mini-antennas were never em-
ployed in bioassays.

In the last decade, split ring resonator (SRR) struc-
tures have received a great amount of interest and were
widely studied for the construction of metamaterials
due to their unique interactions with electromagnetic
energy [10]. SRR structures consists of concentric rings
of a nonmagnetic metal (such as copper) separated by a
gap (split). SRR structures are resonant around the
magnetic plasma frequency [11-13] and magnetic field
induces rotating currents in the rings. As a result, the
rings produce their own flux, which enhances or dam-
pens the incident field depending on the SRRs reson-
ance properties [10]. SRR structures also exhibit an
electric resonance by the dipole-like charge distribution
along the incident electric field, which can be characte-
rized by a band gap in the transmission spectrum of
SRR. It is important to note that SRR structures that
can focus enhanced electric field to a desired location
can be designed using numerical simulations. There are
commercially available software to carryout numerical
simulations to study the properties of transmission
spectra [14-16], effective parameters [17-19], and the
magnetic resonances of SRRs [11, 20]. Several analyti-
cal models are reported for a better understanding of
SRRs’ resonance behavior [21-24]. The studies on
SRRs and metamaterials are mainly performed in the
gigahertz (GHz) frequency regime, but recently mag-
netic resonances of SRRs at terahertz (THz) frequen-
cies have been obtained both experimentally and theo-
retically [25, 26].

In this report, we report the results of a new bioassay
technique that significantly improves the total assay
time and the lower detection limit of colorimetric
ELISA. The new bioassay technique is based on 1) the
focusing of microwaves by SRR structures to a small
volume micro-cuvette for uniform heating, 2) the crea-
tion of a thermal gradient between the assay medium
and the silver nanoparticles for rapid completion of the
bioassay steps. The SRR structures are made of copper
thin films and have a single micro-cuvette (10 ul vo-
lume) in the split of the ring. Silver nanoparticles were
covalently attached to the walls and the bottom of the
micro-cuvette via amine groups of poly-L-lysine. The
proof-of-principle of the new technique was demon-
strated for a model protein, biotinylated-BSA. The
identical ELISA was also carried out on commercially
available HTS wells using room temperature incuba-
tion instead of microwave heating. While ELISA on
HTS wells using room temperature took 70 min to
complete, the identical ELISA was completed in < 2
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min using new the technique, eliminating the need for
longer incubation times. In addition, the lower detec-
tion limit of the colorimetric ELISA was improved
~100-fold by using SRR structures in combination with
microwave heating and silver nanoparticles.

2 Materials and methods
2.1 Materials

Silver nitrate (>%99), D-glucose, ammonium hy-
droxide, sodium hydroxide, poly-L-lysine, biotinami-
docaproyl-labeled bovine serum albumin (biotinylated-
BSA), BSA, horse radish peroxidase (HRP)-labeled
avidin, o-Phenylenediamine, hydrogen peroxide (%30),
sulfuric acid, glass microscope slides and 96-well high
throughput screening (HTS) plates with high protein
binding capacity were purchased from Sigma-Aldrich
Chemical Co. (Milwaukee, WI).

2.2 Methods-Construction and characterization of
split-ring resonator (SRR) structures

The SRR structures are patterned on FR4 substrates
(2x2 cm %) with a 30 um thick copper layer. FR4 (Na-
tional Electrical Manufacturers Association designation
for circuit boards) is made from woven fiberglass with
epoxy resin binder. The geometrical parameters of the
SRRared =3 mm, t=0.9 mmand w =94 mm as
shown in Figure 1A. The circuit board has a thickness
2.4 mm and dielectric constant of & = 3.85. A single
micro-cuvette with 10 pl volume capacity is drilled in
the split of the SRR. Figure 1B shows the real-color
photograph of a typical SRR structure.
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Figure 2.Schematic depiction of the Enzyme-Linked Immuno-
sorbent Assay (ELISA) for the detection of the model
protein (biotinylated-BSA) used in this study.

*Control experiments were carried out in a commercially availa-

ble 96-well high throughput screening (HTS) plates without SIFs.

SRR: Split ring resonator structures; SlIFs: Silver island films;
BSA: Bovine serum albumin; HRP: horse radish peroxidase;
OPD: o-Phenylenediamine; RT: Room temperature; MW: Low-
power microwave heating; A: Absorbance.

Numerical simulations of the transmission spectrum
of SRR structures were carried out to validate the use
of SRR structures at 2.45 GHz. Simulations are carried
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out using a commercially available fullware solver,
CST Microwave Studio® (Computer Simulation Tech-
nology AG), which employs finite integration method
[13]. In the simulation setup, the structure is subjected
to an incident plane wave. Open boundary conditions
are employed along the propagation direction (the inci-
dent field propagates along the x-direction, with E and
H along the y- and z-direction, respectively). The
transmission amplitudes are obtained by using the
fields at a distant point from the structures.
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Figure 3. (A) Simulated and experimental transmission spec-
trum for SRR structures. (B) Calculated charge distribution
along the SRR structures.

Transmission spectrum of the constructed SRR
structures was also experimentally measured according
to the previously published procedure [27]. In this re-
gard, first, the transmission spectrum in free space (i.e.
without the SRR) was measured using monopole an-
tennas and a HP-8510 C network analyzer. This spec-
trum was used to calibrate the network analyzer. The
transmission spectrum of the SRR structures was
measured by maintaining the distance between the
transmitter and receiver monopole antennas. The length
of the monopole antennas are A/2, arranged to work at
the frequency range covering the o, of the SRR struc-
tures.

2.3 Deposition of Silver Island Films (SIFs) inside the
micro-cuvette of SRR structures

The micro-cuvettes were incubated with hydrogen
peroxide for 5 min to oxidize the surface. Then, the
surfaces were functionalized with amine groups by in-
cubating a 10 ul aqueous solution of poly-lysine (5 %
w/v) inside the micro-cuvettes for 2 hours. Unbound
material was washed with deionized water. SIFs were
deposited inside the micro-cuvette (bottom and the
walls) using a modified version of the Tollen’s reaction
scheme. In this regard, first a solution of silver nitrate
(0.5 g in 60 ml of deionized water) was placed in a
clean 100-ml glass beaker. While stirring at the quick-
est speed, 200 L of freshly prepared 5 % (w/v) sodium
hydroxide solution is added, which results in the for-
mation of dark brown precipitates of silver particles.
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The precipitates were re-dissolved by ammonium hy-
droxide (2 ml). The resultant clear solution is cooled
down to 5 °C by placing the beaker in an ice bath. Af-
ter 2 min, a fresh solution of D-glucose (0.72 g in 15
ml of water) is added. Subsequently, a 10 pl portion of
this mixture was transferred to the micro-cuvettes and
the temperature of the mixture is then warmed to 40 °C
by placing the SRR structures into pre-warmed labora-
tory oven (ThermoFisher, Model 280A). As the color
of the mixture turns from yellow to green to green-
brown (in 20 min), the mixture is removed from the
micro-cuvettes. Subsequently, SIFs-deposited SRR
structures were rinsed with deionized water several
times and kept in air-tight dry containers until further
use.

2.4 Construction of colorimetric ELISA on SRR
structures and HTS plates with and without silver
nanoparticles at room temperature and using mi-
crowave heating

In order to compare the efficiency (in terms of assay
time and sensitivity) of SRR structures with the com-
mercially available HTS plates, identical ELISA test
for a model protein (b-BSA) was carried out on both
the SRR structures using microwaves and on HTS
plates at room temperature. In this regard, four differ-
ent ELISA was constructed on SRR structures and HTS
wells: 1) with SIFs and with microwave heating, 2)
without SIFs and with microwave heating, 3) with SIFs
and without microwave heating, 4) without SIFs and
without microwave heating. Silver nanoparticles were
deposited onto HTS wells using the previously pub-
lished procedure [28].

Figure 2 shows the schematic depiction of the
ELISA test used for b-BSA. In the first step, a solution
of b-BSA with a range of bulk concentrations (1 uM to
1 pM) was incubated on SRR structures (10 ul) and
HTS plates (100 pl) using low power microwave heat-
ing (Emerson Model no: MW8784SB, power input
1050W at 2.45 GHz, duty cycle = 3) for 10 seconds or
at room temperature for 20 min, respectively. Unbound
material was removed by rinsing with deionized water
several times. The surfaces were then treated with 5 %

(w/v) BSA to reduce the non-specific binding of avidin.

In the next step, a 1 mg/ml solution of HRP-labeled
avidin was incubated on SRR structures (10 seconds,
microwave heating, duty cycle: 3) and HTS plates (20
min, room temperature). After washing off the un-
bound material by rinsing the surface with deionized
water several times, a mixture of OPD and hydrogen
peroxide was incubated on SRR structures (10 seconds,
microwave heating, duty cycle: 3) and HTS plates (10
min, room temperature). The enzymatic reaction was
stopped by the addition of 0.1 M sulfuric acid at the
end of the indicated reaction times. Due to the intense
color of the mixture on SRR structures and to measure
the absorbance spectrum, this mixture was diluted and
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transferred to the HTS plates. The dilution of the mix-
ture was done to ensure that the absorbance reading of
all samples was less than 1. All experiments were re-
peated at least three times.

Scanning Electron Microscope (SEM) images of the
micro-cuvettes of the SRR structures were obtained at
the Core Imaging Facility of the University of Mary-
land Dental School.
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Figure 4. Simulated electric field enhancements for SRR struc-
tures (A) X-Y plane and (B) Z-plane. The scales displayed to the
right of the figures represent the magnitude of the electric field
intensity distribution in the respective dimensions.

3. Results and discussions

In order to employ SRR structures in biosensing ap-
plications using microwave heating, these structures
have to be designed to function at the desired micro-
wave frequency. Since most biosensing applications
are based on water and water can be efficiently heated
at 2.45 GHz using a conventional microwave oven, a
SRR structure was designed that functions at 2.45 GHz.
In this regard, first the SRR structures were characte-
rized based on their transmission properties. It is well
known that SRR structures have a strong response to
electromagnetic (EM) wave due to magnetic resonance,
which can be observed as a “dip” in the transmission
spectrum of the SRR structure [29, 30]. This can be
attributed to the resonant nature of the SRR structures.
Figure 3A shows the simulated and the experimental
transmission spectrum for the SRR structures. Numeri-
cal simulations predict a dip in the transmission spec-
trum at 2.45 GHz, which is also experimentally ob-
served, proving that the designed SRR structures func-
tion at 2.45 GHz. In addition, numerical calculations
predict that the exposure of the SRR structures to an
external magnetic field induces solenoidal current
along the split ring (Figure 3B). That is, the SRR struc-
ture can be considered as a resonant magnetic dipole.
The associated magnetic-field pattern from the SRR
was previously shown to be dipolar [19].

In addition, the SRR structures are predicted to con-
centrate the incident electric field within the split in the
ring. Figure 4 shows the simulated electric-field (total
field) distribution along X-Y (Figure 4A) and Z-planes
(Figure 4B) of the SRR structures. Figure 4A shows
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that electric fields are focused around the tips of the
split in the ring, which was also shown for other metal-
based mini-antennas [9]. This prediction can be ex-
plained in terms of short-circuiting the propagation of
the incident electric field across the metal surface, such
that charge builds up in the split of the ring, effectively
localizing the microwaves to the micro-cuvette. In ad-
dition, the enhancement of incident electric field along
the ring is also predicted, which is due to the excess
charge buildup in the ring. One can manipulate the
charge buildup by varying the magnitude and duration
of the incident field. It is important to note that the mi-
cro-cuvette has a depth of 1mm, and the enhanced inci-
dent electric field on the X-Y plane crosses the top of
micro-cuvette. That is, the incident electric field (in the
X-Y plane) will be localized to the top of the micro-
cuvette but not throughout the micro-cuvette. Subse-
quently, water placed in the micro-cuvette will not be
effectively heated by the localized electric fields in the
X-Y plane. Since the bioassays will be carried out only
in the micro-cuvette, which has a volume of 10 ul, the
electric field enhancement in the Z-plane is more rele-
vant to the rapid heating of the solution placed in the
micro-cuvette. As shown in Figure 4B, the electric field
enhancement in the Z-plane is predicted to occur un-
iformly throughout the micro-cuvette extending into
the entire micro-cuvette. Subsequently, the rapid and
uniform heating of the solution placed in the micro-
cuvette can be realized.
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Figure 5. Schematic depiction of the proposed mechanism for
the increased rapidity and sensitivity of ELISA using low-power
microwave heating and silver nanoparticles. Effectl: Upon ex-
posure to microwave heating, a thermal gradient between water
and silver nanoparticles is created due to the differences between
their thermal conductivity (k) values. Since k values for water
and FR4 substrate are similar, a thermal gradient is not expected
to occur in the samples without silver nanoparticles. Thermal
gradient between water and silver nanoparticles results in rapid
mass transfer of b-BSA from the bulk to the surface of silver and
subsequent rapid assembly of b-BSA on silver. Effect 2: micro-
wave heating accelerates the enzymatic conversion of o-
Phenylenediamine (OPD) to a colored product.

It is important to further comment on the nature of
the micro-cuvette. The SRR structures were designed
for bioassays that are required to process small volume
samples. In this regard, two parameters were consi-
dered during the design of the SRR structures: 1) a mi-
cro-cuvette with a small-volume capacity that will re-
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duce the assay time to a few seconds while yielding
measurable absorption signal after the completion of
the bioassays and 2) no loss of samples will occur due
to low power microwave heating. It is also important to
note that the walls and the bottom of the micro-cuvettes
are modified with silver nanoparticles to create a ther-
mal gradient between the solution and the surface of
the silver nanoparticles where the bioassays are con-
structed. It was previously shown that the metal nano-
particles do not interact with the incident electric field
due to their relatively small size (~80 nm) as compared
to the wavelength of the microwaves (12.2 cm at 2.45
GHz) [5, 31]. Subsequently, it is expected that the in-
clusion of non-continuous silver nanoparticles inside
the micro-cuvettes will not affect the electric field dis-
tribution, but play an important role in the creation of
the thermal gradient.

It is also important to discuss the effect of the ther-
mal gradient created between water and the silver na-
noparticles on the overall efficiency of ELISA run on
SRR structures. Figure 5 depicts the proposed mechan-
ism for the increased rapidity and sensitivity of ELISA
using low-power microwave heating and silver nano-
particles. In this regard, two distinct effects can be ob-
served: Effect 1: upon exposure to microwave heating,
a thermal gradient between water and silver nanopar-
ticles is created due to the differences between their
thermal conductivity (k) values. Since k values for wa-
ter and FR4 substrate (and HTS wells) are similar, a
thermal gradient is not expected to occur in the samples
without silver nanoparticles. Thermal gradient between
water and silver nanoparticles results in rapid mass
transfer of b-BSA from the bulk to the surface of silver
and subsequent rapid assembly of b-BSA on silver.
Since b-BSA has NH,-terminal groups and NH, groups
have strong affinity towards silver surfaces the rapidly
assembly process occurs preferentially on silver surface
as previously shown [5]. Similarly, in the second step
of ELISA, the rapid assembly of HRP-labeled on b-
BSA modified surfaces occurs as a result of the thermal
gradient and strong binding interactions between avidin
and biotin groups. It was also previously shown that the
non-specific interactions of avidin with the planar sur-
faces can be reduced when microwave heating is em-
ployed [5]. It is important to note that one BSA con-
tains ~9 covalently-linked biotin molecules (from Sig-
ma-Aldrich Corp.) and one BSA binds one avidin due
to similar sizes of these proteins [32]. Subsequently, it
is correct to assume that the extent of biotin molecules
on BSA does not affect the extent of biorecognition
events between avidin and b-BSA and the subsequent
absorbance readout.

In Effect 2, microwave heating of assay components
results in acceleration of the enzymatic conversion of
0-Phenylenediamine (OPD) to a colored product in ~5
seconds. The identical enzymatic reaction takes a min-
imum of ~5-10 min to complete at room temperature.
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The observed increase in speed of enzymatic reaction
using microwave heating is thought to be due to the
availability of additional energy (microwave) for the
conversion of OPD to the product. It was previously
shown that microwave heating increases the rate of
enzymatic reactions [33-35]. It was also shown that
when exposed to microwaves the conversion of the
non-luminescent organic substrates to luminescent
products by HRP can be significantly increased [8, 36].
In this regard, the use of low power microwaves in-
creases the sensitivity of ELISA, where larger absor-
bance (or chemiluminescence) signals are obtained
using microwave heating for the enzymatic conversion
of the organic substrates, as compared to room temper-
ature incubation.

Figure 6. Scanning Electron Microscope (SEM) images of the
micro-cuvettes of the SRR structures (A) before and (B) after the
deposition of SIFs. SIFs were deposited at the same time using
Tollen’s reaction scheme. SIFs were covalently linked to poly-
lysine groups inside the micro-cuvettes and did not detach from
the surface after the completion of the bioassays.

Figure 6-Insets show the real-color photographs and
SEM images of the SRR structures with and without
silver nanoparticles present in the micro-cuvettes. SRR
structures with mechanically drilled micro-cuvettes
before the deposition of silver nanoparticles have the
same color of the FR4 substrate, which is composed of
fiber glass and epoxy resin. After the deposition of sil-
ver nanoparticles, the color of the surface of micro-
cuvette was changed to the color of silver nanoparticles
(green-brown). The color of silver nanoparticles depo-
sited onto surfaces depends on the loading and the size
of the nanoparticles themselves. According to our pro-
cedure silver nanoparticles are allowed to grow for 20
min at 40 °C, which resulted in higher loading density
of silver nanoparticles as compared to a typical SIFs
surface used for other applications [5]. SEM images of
the SRR structures reveal the heterogeneous nature of
the micro-cuvette of the SRR structures with smooth
ridges and valleys (Figure 6A). After the deposition of
SIFs, the smooth surfaces of the micro-cuvette are cov-
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ered with individual and small aggregates of silver na-
noparticles (Figure 6B). A high-magnification SEM
image of the micro-cuvette reveals that size of the sil-
ver nanoparticles is ~150 nm. As expected, the size of
the SIFs in this study is larger than those used in other
applications due to the longer incubation times (20 min
vs 2 min) [5].
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Figure 7. Normalized absorbance at 450 nm for OPD after the
completion of ELISA for the detection of b-BSA using (A) SRR
structures (with SIFs) and microwaves and HTS wells (without
SIFs) at room temperature and (B) control experiments. The
absorbance values were normalized to the largest value observed:
108 M for ELISA denoted as “MW, SRR with SIFs, 2 min”. The
average absorbance values for 3 different runs are shown. In the
control experiment, b-BSA was omitted from the surface to de-
termine the detectable concentration range using both methods.

The criteria for the extent of loading of silver nano-
particles in the present study are: 1) retaining the split
in the ring (so that the circuit of the ring is not com-
pleted and 2) providing the largest amount of surface
area (of silver nanoparticles) for the construction of the
bioassays. In this regard, SIFs have to be deposited
inside the micro-cuvette of the SRR structures in a non-
continuous fashion. It should be noted that one can on-
ly control the extent of loading (i.e. inter-island spacing)
of the SIFs by changing the incubation time of reduced
silver nitrate solution due to the nature of Tollen’s
reaction scheme. Alternatively, spherical silver nano-
particles (prepared separately) can be deposited inside
the micro-cuvette of the SRR structures by simple in-
cubation. The disadvantages of the latter method are:
longer incubation times and multiple incubations are
required to obtain the desired loading of silver nanopar-
ticles. Moreover, the deposition of thin metal films
(continuous surface) inside the micro-cuvette would
complete the circuit and the SRR structures would be
unusable for biosensing applications. It is important to
note that ELISA based on absorbance-readout is inves-
tigated in the present study. Subsequently, the effect of
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silver nanoparticles on the absorbance is not sought as
one would do in metal-enhanced fluorescence based
biosensing scheme [5].

A series of experiments were carried out to investi-
gate the effect of using SRR structures, microwaves
and silver nanoparticles on ELISA tests. Commercially
available 96-well HTS plates (referred to as HTS wells)
were employed to directly compare the efficiency of
new SRR structures in terms of total assay time and
sensitivity with the *“gold standard” for ELISA tests,
which are HTS wells. In this regard, ELISA tests using
SRR structures and HTS wells were carried out in four
different categories: SRR structures and HTS wells 1)
with SIFs and with microwave heating, 2) without SIFs
and with microwave heating, 3) with SIFs and without
microwave heating, 4) without SIFs and without mi-
crowave heating.

Figure 7 shows the results of these experiments and
control experiments, where the normalized absorbance
at 450 nm for OPD (to the largest value observed: 10
M for ELISA denoted as “MW, SRR with SIFs, 2 min™)
was plotted against concentration of b-BSA in solution.
In control experiments, where b-BSA is omitted from
the surface, the background signal (horizontal lines) is
measured to determine the lower detection limit for
ELISA using both the SRR structures and HTS wells.
Figure 7A shows the direct comparison of the results of
ELISA for b-BSA run using “gold standard” HTS wells
with and without silver nanoparticles, using low-power
microwave heating and at room temperature. In ELISA
carried out on HTS wells with SIFs at room tempera-
ture, which took 70 min to complete, the detectable
concentration range for b-BSA was ~1 nM - 0.1 uM. A
similar detectable concentration range for b-BSA is
observed when SIFs were omitted from the HTS wells,
which implies that the use of SIFs alone in ELISA run
at room temperature have no or little effect on the sen-
sitivity of ELISA. It was previously shown that the
incorporation of microwave heating into fluorescence-
based bioassays run on HTS wells with SIFs, results in
significant reduction in assay time [28]. In this regard,
the identical ELISA on HTS wells with SIFs was re-
peated using microwave heating instead of room tem-
perature incubation steps. The total assay time was re-
duced to 2 min using microwave heating and the assay
sensitivity was similar to ELISA run at room tempera-
ture (Figure 7A-“MW, HTS with SIFs, 2 min”). That is,
one can employ microwave heating and silver nanopar-
ticles in absorbance-based ELISA to complete the as-
say in a fraction of the time for conventional ELISA
using the same HTS wells with the addition of silver
deposition step. The deposition of silver nanoparticles
onto HTS wells was shown to be highly reproducible
[28]. On the other hand, the incorporation of micro-
wave heating to conventional ELISA without silver
nanoparticles results in poor sensitivity (Figure 7A-
“MW, HTS without SIFs, 2 min”). These observations
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provide direct evidence that the incorporation of mi-
crowave heating into incubation steps results in rapid
assembly of proteins (Effect 1 in Figure 5).

(A) HTS wells (B) SRR structures
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Figure 8. The comparison of normalized absorbance measured
from ELISA (10 M b-BSA) run on (A) HTS wells and (B) SRR
structures with and without SIFs using microwave heating (MW).

Figure 7B shows the direct comparison of the results
of ELISA for b-BSA run using the new SRR structures
with and without silver nanoparticles, using low-power
microwave heating and at room temperature. Using
SRR structures with low-power microwaves heating
and with silver nanoparticles (Figure 7B-“MW, SRR
with SIFs, 2 min”), the identical ELISA run at room
temperature was completed in 2 min and the lower de-
tection limit for b-BSA is improved by 100-fold (0.01
nM). That is, the lower detection limit for the absor-
bance-based ELISA is now approaching the sensitivity
of ELISA based on chemiluminescence detection
scheme, which is a significant improvement of the cur-
rent absorbance-based bioassays. Subsequently, the
effect of concomitant use of microwave heating and
silver nanoparticles in ELISA run SRR structures was
also investigated. First, silver nanoparticles were omit-
ted from the SRR structures and the identical ELISA
was completed using microwave heating (Figure 7B-
“MW, SRR without SIFs, 2 min”). A significant de-
crease in absorbance values for the concentration range
for b-BSA was observed, which was similar to those
observed for HTS wells (Figure 7A-“MW, HTS with-
out SIFs, 2 min™). These observations can be attributed
to the absence of the thermal gradient on SRR struc-
tures and HTS wells without silver nanoparticles
(thermal conductivity of water and the SRR structures
and HTS wells are similar), where a high thermal con-
ductivity material is required for the creation of the
thermal gradient. While only silver nanoparticles are
employed in this study, it is important to note that other
metal nanoparticles with high thermal conductivity can
also be employed. In this regard, one has to ensure the
reproducible deposition of the metal nanoparticles onto
the SRR structures. Next, ELISA was run on SRR with
and without silver nanoparticles (Figure 7B-“RT, SRR
with/without SIFs, 70 min”), where the incubation
steps were carried out at room temperature instead of
microwave heating. A 40 % decrease in absorbance
values for the concentration range for b-BSA as com-
pared to ELISA run on SRR with microwave heating



nanobe.org

and silver nanoparticles was observed. These observa-
tions provide indirect evidence that microwave heating
increases the efficiency of enzymatic reactions (Effect
2 in Figure 5).

Figure 8 shows the comparison of normalized absor-
bance measured from ELISA (10° M b-BSA) run on
HTS wells and SRR structures with and without SIFs
using microwave heating. One can infer the following
from Figures 7 and 8:

1) Absorbance values for ELISA run on HTS wells
with or without silver nanoparticles at room tempera-
ture are similar. That is, the incorporation of silver na-
noparticles into absorbance-based ELISA run at room
temperature has no or little effect on the sensitivity of
ELISA (Figure 8A). This also implies that the addition
of silver nanoparticles to the surfaces do not increase
the loading of the proteins on the surfaces.

2) The incorporation of microwave heating steps into
ELISA run on HTS wells with and without silver na-
noparticles does not improve the sensitivity of ELISA.
One can complete the absorbance-based ELISA on
HTS wells in 2 min using silver nanoparticles and mi-
crowave heating, while slightly sacrificing assay sensi-
tivity (Figure 8A).

2.1) Faster assay time on HTS wells with silver na-
noparticles is attributed to the rapid assembly of pro-
teins by due to the thermal gradient created by the in-
corporation of microwave heating into incubation steps
(Effect 1 in Figure 5).

2.2) Although the absorbance values for microwave
heating-based ELISA on HTS wells with and without
silver nanoparticles are lower than ELISA run at room
temperature, one cannot rule out the effect of micro-
wave heating on the efficiency of enzymatic reactions
in HTS wells. Due to the complexity of these experi-
ments, the effect of microwave heating on the efficien-
cy of enzymatic reactions in HTS wells was not in-
ferred from the results. One major factor is the size and
shape of the HTS wells: HTS wells are significantly
large in size (comparable to the wavelength of micro-
wave energy at 2.45 GHz (12.2 cm) and have sharp
edges, which can result in inefficient heating of sam-
ples.

3) ELISA run on SRR structures with silver nanopar-
ticles and microwave heating yields larger absorbance
values than those from HTS wells (Figure 8B). This is
attributed to the focusing of microwave energy to a
small volume micro-cuvette by SRR structures, which
increases the efficiency of enzymatic reactions (Effect
2 in Figure 5). In addition, ELISA can be completed in
2 min due to the presence of thermal gradient resulting
in the rapid assembly of proteins (Effect 1 in Figure 5).

4) ELISA run on SRR structures without silver na-
noparticles and with microwave heating yields signifi-
cantly lower absorbance values (Figure 8B), due to the
absence of the thermal gradient as also observed with
the HTS wells.
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5) ELISA run on SRR structures with and without
silver nanoparticles at room temperature yields lower
absorbance values (Figure 8B), partially proving the
point that microwave heating increases the efficiency
of enzymatic reactions (Effect 2 in Figure 5).

It is also important to comment on the nature of the
biotin-avidin interactions used in this study. Biotin-
avidin interactions are one of the strongest biological
interactions in nature [32], and are typically employed
in proof-of-principle demonstration of new assay tech-
niques [5, 37, 38]. The biotin-avidin interactions typi-
cally reach >95% completion in 10-20 min for all con-
centrations [39] and subsequently we did not seek
longer incubation times. The idea of using microwave
heating with silver nanoparticles for lower-affinity bio-
logical interactions such as antigen-antibody [40] and
DNA hybridization assays [41, 42] were demonstrated
previously. In this regard, the authors believe that the
use of SRR structures with silver nanoparticles and
microwave heating for immunoassays that employs
low-affinity biological interactions are also expected to
work as efficiently as the bioassay tested in the present
study. Indeed, we are currently working on increasing
the number of samples that can be tested at once by
designing new SRR-structures containing multiple mi-
cro-cuvettes for immunoassays. These results will be
reported in due course.

4. Conclusions

In this paper, we have reported a new approach to
commercially available colorimetric ELISA demon-
strating that the total assay time and lower detection
limit of ELISA can be significantly improved. The new
approach included the design and use of electrically
small SRR structures to focus low-power microwaves
to a small volume micro-cuvette containing silver na-
noparticles, where the bioassay was constructed. The
design of the SRR structures was carried out by numer-
ical simulations to show these structures can function at
the frequency of a common microwave oven (2.45
GHz), which were also confirmed by experimental
transmission studies. Silver nanoparticles were cova-
lently attached to the bottom and the walls of the mi-
cro-cuvette in a way that the presence of silver nano-
particles did not result in completion of the circuit in
the SRR structures. Silver nanoparticles were used to
create a thermal gradient between the water and their
surfaces, effectively driving the HRP-labeled avidin in
the relatively warmer water to the surface of silver na-
noparticles containing b-BSA. While the bioassay for
the detection of b-BSA took 70 min to complete on
HTS wells at room temperature, the identical bioassay
was completed within 2 min using low-power micro-
wave heating and the silver nanoparticle-modified SRR
structures. The importance of shorter assay times lies in
the fact that researchers can now run ELISA *“on-
demand” without having to wait for the completion of



on steps. The detectable concentration range
-BSA was ~1 nM - 0.1 uM and ~0.01 nM - 0.1

uM for ELISA run at room temperature (HTS plates)
and with microwave heating (SRR structures), respec-
tively. A 100-fold improvement of the lower detection
limit for b-BSA using SRR structures over HTS plates
is observed.
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