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New tools for rapid clinical and bioagent
diagnostics: microwaves and plasmonic
nanostructures
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In this timely review, we summarize recent work on ultra-fast and sensitive bioassays
based on microwave heating, and provide our current interpretation of the role of the
combined use of microwave energy and plasmonic nanostructures for applications in
rapid clinical and bioagent diagnostics. The incorporation of microwave heating into
plasmonic nanostructure-based bioassays brings new advancements to diagnostic tests.
A temperature gradient, created by the selective heating of water in the presence of
plasmonic nanostructures, results in an increased mass transfer of target biomolecules
towards the biorecognition partners placed on the plasmonic nanostructures, enabling
diagnostic tests to be completed in less than a minute, and in some cases only a few
seconds, by further microwave heating. The diagnostic tests can also be run in complex
biological samples, such as human serum and whole blood.

Introduction
Historically, diagnostics has been a very
competitive industry, where many companies and university research groups alike
are continuously developing new products
and techniques respectively, to meet the
ever growing demand for faster, simpler
and reduced cost diagnostic tests. For
any new product to be competitive in
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the plethora of diagnostic products in use
today, they need to meet or exceed several
criteria already achieved by the current
diagnostic tests: sensitivity, speciﬁcity, reproducibility and be relatively inexpensive.
In addition, the rapidity of the diagnostic
tests becomes an important issue in the
event of an outbreak of an infectious
disease or a biological terror attack that
has immediate impact on human health.
Rapid diagnostic tests are usually employed in Point-of-Care (POC) devices,1–5
where a qualitative visual assessment of
the presence of relevant protein/analyte,5,6
nucleic acids7,8 or cells9 is undertaken
in a very efﬁcient and simple ﬂow system (lateral-ﬂow or handheld assays).10–12

More elaborate commercially available
systems also incorporate microﬂuidic
technology; signiﬁcantly reducing the
sample volume and the assay time to as little as 5–10 min.13 However, these systems
also require a relatively expensive initial
investment on the equipment that is used
to perform and read the diagnostic tests.13
Diagnostic tests are undertaken in two
general formats: (1) ELISA (EnzymeLinked ImmunoSorbent Assay),14 and
(2) ﬂuorescence-based immunoassay.15 In
ELISA, an optical signal output is
achieved after an enzymatic breakdown
of a substrate and is read spectrophotometrically. Immunoassays (other than
enzymatic ones) employ a variety of tag
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molecules such as ﬂuorophores or in some
cases gold nanoparticles due to their intense color in the visible range. Ultimately,
a good rapid diagnostic test should have
the speed and the simplicity of lateralﬂow assays and the quantitative nature
of ELISAs or ﬂuorescence immunoassays.
In this regard, current research around
the world is focused on the amalgamation
of optical detectors and simpliﬁed assay
platforms, to develop new rapid diagnostic
tests.13
Our research laboratory, The Institute of Fluorescence, at the University of Maryland Biotechnology Institute
has recently both introduced and shown
applications of several new approaches
to rapid clinical diagnostic tests based
on the combined use of low-power microwave heating with plasmonic nanostructures. These new approaches include:
(1) solution-based aggregation assays;16
(2) ﬂuorescence-based surface assays17–24
and (3) chemiluminescence-based surface
assays25–28 for the detection of small
molecules, nucleic acids and/or proteins.
In this timely review article, we summarize
our previous work and present our current

interpretation of the role of employing
microwave heating in combination with
plasmonic nanostructures as a new tool
in rapid clinical and biodefense diagnostic
tests and compare these technologies to
current diagnostic challenges.

Microwave-accelerated
nanoparticle aggregation
assays (MA-AAs)
Plasmonic nanoparticles, especially gold
nanoparticles, are frequently used in aggregation assays due to their exceptional optical and electronic properties.29,30
When aggregated in solution, gold
nanoparticles show a color change from
an intense red color (for 20–40 nm and
which also depends on size) to purple,
indicative of surface plasmon coupling
between the nearby nanoparticles.29,30
This colorimetric response has been
shown to have practical utility in DNA
hybridization,31,32 immunoassays,33 small
molecule sensing29,34,35 and the monitoring of enzyme activity36 by many research groups. Gold nanoparticles are also
known to scatter light more efﬁciently

than latex beads,37,38 which has led to
their use in scattering-based assays.35,39
However, the rate-limiting step in the current nanoparticle aggregation assays is the
time of the biorecognition, which typically
takes as long as 30 min to complete.
In a recent paper,16 it has been demonstrated that the incorporation of microwave heating to a gold nanoparticle
aggregation protein assay can shorten
the aggregation assay run time to ca.
10 s. Fig. 1(a) shows the model protein–
nanoparticle aggregation assay, where
20 nm gold nanoparticles coated with
biotinylated-BSA are aggregated in solution with the addition of streptavidin.
Fig. 1(b) shows the absorption spectra
of gold nanoparticles, which were similar
after the addition of 20 nM streptavidin
that was incubated at room temperature
(no microwave heating – No Mw) for
20 min and microwave-heated for 10 s.
On the other hand, no aggregation of
nanoparticles was observed when the gold
nanoparticles coated with biotinylatedBSA and streptavidin were incubated for
1 min at room temperature [Fig. 1(c)]. In
addition, the gold nanoparticles did not

Fig. 1 Microwave-accelerated nanoparticle aggregation assays (MA-AAs) in solution. (a) Model protein–nanoparticle system used to
demonstrate MA-AA in solution; biotinylated-BSA-coated 20 nm gold nanoparticles cross-linked by streptavidin. (b) Change in absorbance
of biotinylated-BSA 20 nm gold nanoparticles cross-linked by 20 nM addition of streptavidin, both without (room temperature) and after
low-power microwave heating. (c) Change in absorbance at 650 nm for both the room-temperature-incubated and microwave-heated samples.
(d) Schematic representation of the aggregation process driven by a temperature gradient and kinetic energy of the nanoparticles. Mw –
microwave heating. (Adapted with permission from ref. 16. Copyright 2007, American Chemical Society.)
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aggregate when the biotin groups were
omitted from the surface of the gold
nanoparticles16 (data not shown here).
These results demonstrate that the aggregation assay was completed in ca. 10 s
with low-power microwave heating, as
compared to aggregation assays typically
run at room temperature.
We summarize our explanation for the
observations of faster aggregation times
in Fig. 1(d): since metallic nanoparticles
have high conductivity values, the electric
and magnetic ﬁelds (from the microwaves)
attenuate rapidly toward the interior of
the metal due to the so-called ‘skin effect’. This produces a force that pushes
the conducting electrons towards an area
adjacent to the boundary (skin depth),
focusing the electric ﬁelds around the
nanoparticles themselves. At 2.45 GHz
(the conventional microwave frequency),
the skin depth for gold nanoparticles lies
within the micron range.40 When the skin
depth is larger than the dimensions of
the metal particles themselves, the effect
is negligible. Thus, for gold nanoparticles,
the microwave heating is uniform throughout the dimensions of the nanoparticle
but low. It was previously calculated that
the temperature increase around the gold
nanoparticles due to microwave heating
is in the order of a few microKelvin.16,40
That is, gold nanoparticles remain at the
same temperature before the microwave
heating is initiated. On the other hand,
water is known to signiﬁcantly absorb
microwave energy at 2.45 GHz and is
subsequently heated more efﬁciently as
compared to gold nanoparticles.41 As a
result, a temperature gradient is created
between the water and the gold nanoparticles due to the selective heating of water.
The temperature gradient subsequently
drives the proteins (present in water) towards the colder gold nanoparticles whilst
under microwave heating, cf. Fig. 1(d).
In the mean time, the gold nanoparticles
dissipate the absorbed microwave energy
as kinetic energy (an increased velocity,
see the supporting information in ref. 16
for velocity calculations) and then, combined with the temperature gradient effect,
result in much faster aggregation times,
i.e. reduced assay run times. It is very
important to note that proteins are not
directly heated by the microwave energy,
as their dielectric absorption occurs in
the MHz frequency range41 and thus are
not denatured in the process. It is also

important to comment on the existence
of the temperature gradient in view that
the thermal conductivity for gold (317 W
m−1 K−1 ) is signiﬁcantly larger than that
of water (1.05 W m−1 K−1 ). After the onset
of microwave heating the average temperature of the bulk medium is increased by
ca. 5 ◦ C for 10 s of microwave heating.
For the duration of the microwave heating
(10 s), as heat is transferred from the bulk
water to gold, and the temperature on the
surface of the gold nanoparticles reaches
an equilibrium temperature lower than the
bulk, water molecules are continuously
circulated between the warmer and the
colder regions of the bulk medium.
In summary, this approach has some
signiﬁcant advantages for biosensing, including:
(1) bioassays can be kinetically completed within only a few seconds;
(2) the technology is applicable to all
current nanoparticle-based assays;
(3) the biological materials are not denatured by low-power microwave heating.

Microwave-accelerated
metal-enhanced fluorescence
(MAMEF)-based protein assays
on planar substrates
Most rapid clinical and bioagent diagnostic tests are run on a solid surface allowing
the subsequent separation of unwanted
assay components after the completion of
the relevant assay steps. In a recent surface assay technique, named microwaveaccelerated metal-enhanced ﬂuorescence
(MAMEF),17 the use of low-power microwave heating is combined with metalenhanced ﬂuorescence to both kinetically
accelerate the biorecognition events and to
simultaneously increase the ﬂuorescence
readout, i.e. enhance the analyte detection
limit.
The proof-of-principle of the MAMEF
technique was demonstrated with a
model protein–ﬂuorophore system,17 biotinylated-BSA and ﬂuorophore-labeled
streptavidin, as shown in Fig. 2(a). The
biotin–streptavidin biorecognition event
takes up to 30 min to complete at room
temperature on the assay surface (>95%),
while low-power microwave heating
reduces the assay run time to an attractive
20 s. The assay was constructed on a
glass microscope slide (other materials
such as paper,42 plastics,43 HTS wells,20
etc., can also be used) coated with silver
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nanoparticles, with an approximate 40%
surface coverage [Fig. 2(b)]. In this
surface conﬁguration, the use of silver
nanoparticles results in (1) enhancement
of ﬂuorescence as compared to a blank
glass surface (increased emission), and
(2) creation of a temperature gradient
between the bulk and the silver nanoparticles themselves. For 2 s of microwave
heating of water on a blank glass slide
and glass slides coated with silver
nanoparticles, the temperature increase
is [measured using a thermal camera,
Fig. 2(c)] 0.5 and 2 ◦ C, respectively.44
The temperature of water on a glass slide
coated with silver nanoparticles increases
by 5 ◦ C for a 20 s low-power microwave
heating17 (data not shown here).
Fig. 3(a) shows the schematic representation of a MAMEF-based surface
protein detection assay. In MAMEF, while
water is selectively heated with microwaves
the silver nanoparticles remain virtually
at the same temperature as they were
before the microwave heating is initiated.
The selective heating of these assay components creates a temperature gradient
between the water and the glass and
silver nanoparticles, which results in the
transfer of streptavidin molecules from
the warmer bulk to the colder surface
due to temperature-driven mass transfer.
Since the thermal conductivity of silver
(429 W m−1 K−1 ) is much larger than that
of glass (1.05 W m−1 K−1 ), the transfer
of streptavidin happens more efﬁciently
towards silver nanoparticles on glass than
to the unsilvered region of the glass. For
the duration of the microwave heating
(20 s), as heat is transferred from the bulk
to the surface, and the temperature on the
surface of the silver nanoparticles reaches
an equilibrium temperature lower than the
bulk, water molecules are continuously
circulated between the warmer and the
colder regions of the bulk medium.
It is also important to note that, in
this particular surface assay, there is also
a permanent concentration gradient (for
streptavidin molecules) between the bulk
and the glass surface: the concentration of
ﬂuorophore-labeled streptavidin is 10 lM
and is signiﬁcantly larger than the concentration of biotinylated-BSA on the glass
surface (estimated to be in the nanomolar
range). The concentration of streptavidin
molecules is still approximately micromolar even after the assay is completed. The
evidence for the processes described above
Analyst, 2008, 133, 1469–1480 | 1471

Fig. 2 MAMEF-based surface assays. (a) Model protein–ﬂuorophore system used to demonstrate MAMEF on glass substrates. (b) Atomic
Force Microscope (AFM) image of silver island ﬁlms (SIFs) deposited onto glass. (c) Real-time temperature distributions of water on a blank
and SIFs-deposited sapphire substrates captured using a thermal camera. The cartoon shows the arrangement of the surfaces in the experimental
setup. (Adapted with permission from refs 17 and 44. Copyright 2005, American Chemical Society; copyright 2007, Springer.)

can be seen from the ﬂuorescence emission
spectra in Fig. 3(b) and 3(c). Similar
ﬂuorescence emission spectra from the
ﬂuorophore (FITC)-labeled streptavidin
were measured after the surface assay
was completed at room temperature [RT;
30 min, Fig. 3(c)] or with microwave
heating [Fig. 3(b)]. Fig. 3(b) and 3(c) also
show that the assay run on the blank glass
slide with microwave heating did not go to
completion, since the emission intensity
is signiﬁcantly less than the assay run at
room temperature. This observation alone
shows the importance of silver nanoparticles, which provide the means for the
creation of the temperature gradient.
In the context of diagnostics, the
MAMEF technique is particularly attractive as it provides for (1) enhanced
ﬂuorescence signatures, i.e. lower analyte
concentration detectability due to metalenhanced ﬂuorescence (MEF);45 (2) very
rapid assay kinetics and (3) protection
against surface protein denaturation, as
the metalized surfaces are colder than
the bulk medium, and therefore protect
against thermal denaturation.
1472 | Analyst, 2008, 133, 1469–1480

Microwave-accelerated
metal-enhanced fluorescence
(MAMEF)-based DNA
hybridization assays on planar
substrates
Fluorescence is also one of the most
commonly used technologies in DNA hybridization assays. In DNA hybridization
assays performed on planar substrates,
an anchor probe that is attached to a
planar surface is hybridized with a target
oligonucleotide from a sample and a ﬂuorescent probe added into the hybridization
media. The ﬂuorescence readout is directly
related to the amount of target oligonucleotide present in the sample used. The
application of the MAMEF technique to
DNA hybridization assays has recently
been shown.21,22,24 One particular notable
application is a MAMEF-based threepiece DNA hybridization assay for the
detection of Bacillus anthracis (anthrax)24
[Fig. 4(a)]. In this assay, an anchor probe
with a speciﬁc oligonucleotide sequence
that recognizes target anthrax DNA is
attached to silver nanoparticles via a thiol

bond. The non-speciﬁc binding of DNA
to the assay platform silver nanoparticles and glass is modiﬁed with additional
surface-protective chemicals. A sample
containing the exosporium of anthrax and
the exosporium of its non-virulent close
relative Bacillus cereus is mixed with a
ﬂuorescent probe (also hybridizes along
a different region of anthrax DNA) and
is hybridized on the silvered surface with
low-power microwave heating for ca. 30 s.
Also, a control experiment where the
anchor probe is omitted from the silver
surface was also performed, with the results shown in Fig. 4(b–d). Fluorescence
emission intensity at 585 nm from this
control assay shows a constant emission
intensity while the regular assay shows
an increase in emission intensity over a
wide range of concentrations, indicating
that the MAMEF assay platform can
clearly detect the target anthrax exosporium DNA in the presence of DNA from
a non-virulent strain of anthrax. It is
important to note that each data point
was measured from a separate experiment
at the same collection times. While Fig. 4
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Fig. 3 A model MAMEF-based protein detection assay. (a) Schematic representation of the effect of microwave heating on the protein detection
surface assay: while water is selectively heated with microwaves, silver nanoparticles remain at the same temperature as before the microwave
heating is initiated. Emission spectra of a ﬂuorophore (FITC) for a model protein assay run: (b) with microwave heating for 20 s and (c) at
room temperature for 30 min. Real-color photographs taken through an emission ﬁlter are also shown as visual conformation of enhanced
ﬂuorescence observed due to the presence of silver nanoparticles. FITC – ﬂuorescein isothiocyanate; RT – room temperature; SIFs – silver
island ﬁlms. (Adapted with permission from ref. 17. Copyright 2005, American Chemical Society.)

and recent work has been focused at
anthrax detection,24 the approach clearly
demonstrates that the three-piece DNA
MAMEF assay concept could readily be
applied to the detection of virtually any
DNA target. Interestingly, this approach
has also been applied to the detection
of an RNA 500-mer,46 as an alternative
technology to the laborious Northern Blot
approaches.

Microwave-triggered
metal-enhanced
chemiluminescence (MT-MEC)
assay on planar substrates
Plasmonic nanoparticles have also been
shown to couple to the chemically excited
state of lumophores and subsequently enhance chemiluminescence emission, a phenomenon named metal-enhanced chemiluminescence (MEC) by Geddes and
co-workers.47,48 It has also been shown

that when exposed to microwave energy,
the reactions that result in chemiluminescence emission can be additionally
‘triggered’ and also driven to completion within seconds.25 This diagnostic
technology is named microwave-triggered
metal-enhanced chemiluminescence (MTMEC). In MT-MEC, while the silver
nanoparticles increase the chemiluminescence emission (plasmon enhancement),
microwave energy shortens the detection times of the chemiluminescence
emission (blue, green and red), even in
the absence of silver nanoparticles, by
rapidly accelerating the chemiluminescence kinetics.25
The proof-of-principle application of
the MT-MEC technique to protein detection assays has also been demonstrated27
[Fig. 5(a)]. In the MT-MEC protein detection scheme, biotinylated-BSA is incubated with horseradish peroxidase (HRP)labeled streptavidin on a glass microscope
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slide coated with silver nanoparticles. Half
of the glass support slide was left blank
(control sample) to investigate the effect
of the silver nanoparticles on chemiluminescence. Fig. 5(b) shows the chemiluminescence emission as a result of enzymatic
activity from the blank glass slide collected
over a 500 s time period. The sample is also
subjected to 30 s microwave pulses twice,
during which a signiﬁcant increase in
chemiluminescence emission is observed,
demonstrating the effect of microwave
heating on chemiluminescence reactions,
i.e. they are enhanced due to the accelerated diffusion of the reactants.27 When the
identical protein detection assay was run
on glass slides coated with silver nanoparticles, an increase in chemiluminescence
emission (ca. three-fold) was observed
[Fig. 5(c)]. When subjected to low-power
microwaves, the chemiluminescence emission from the silver nanoparticles is further enhanced for the microwave pulse
Analyst, 2008, 133, 1469–1480 | 1473

Fig. 4 MAMEF-based anthrax DNA hybridization assay on silvered glass substrates. (a) Experimental design, depicting the organization of
the DNA oligomers on SiFs used for the detection of B. anthracis. Emission spectra of ﬂuorophore (TAMRA)-labeled ssDNA as a function
of concentration: (b) of a mixture of samples containing B. anthracis and B. cereus after 30 s low-power microwave heating and (c) the
corresponding control experiment where the anchor probe is omitted from the surface. (d) Semi-logarithmic plot of the ﬂuorescence emission
intensity at 585 nm for the TAMRA-ssDNA [from (b) and (c) as a function of the target DNA concentration]. TAMRA – tetramethylrhodamine;
ss – single stranded; SIFs – silver island ﬁlms. (Adapted with permission from ref. 24.)

time intervals. These results show the ‘ondemand’ nature of microwave-triggered
chemiluminescence reactions, where one
can drive these reactions to completion
when desired, using microwave heating.
Fig. 5(d) shows a plot of photon ﬂux (overall counts collected over 500 s for each
data point) for different concentrations of
biotinylated-BSA from the MT-MEC assay run on both glass and silvered surfaces.
It is believed that the use of silver nanoparticles serves an important purpose in the
MT-MEC technique: chemiluminescence
emission is enhanced due to close proximity of these reactions to silver nanoparticles (MEC).48 The reader is referred
to the literature for further information
regarding the mechanism for MEC.47,48
We envision that the MT-MEC technique
can be implemented into standard protein
detection methodologies where ultra-fast,
sensitive and low-cost chemiluminescence
assays can be realized.
One particular advantage of the MTMEC technique lies in the fact that bursts
1474 | Analyst, 2008, 133, 1469–1480

of photons are triggered on demand.
While the collection of more photons
directly translates to a better assay sensitivity, the reduced chemiluminescence
glow times eliminate the long ‘slow-glow’
associated with chemiluminescence-based
diagnostics. For the ﬁrst time, chemiluminescence-based assays can now be
used as a rapid (<1 min) diagnostic tool.

Microwave-focused
chemiluminescence (MFC) for
the detection of proteins on
planar substrates
As described in the previous section, the
MT-MEC technique offers an alternative to chemiluminescence-based protein
assays run on planar surfaces. In MTMEC, the ‘trigger’ effect by microwaves
is limited to a small region in close
proximity to the plasmonic nanoparticles
where the enzymatic activity and plasmon
optical enhancement takes place. Thus, for
a detectable chemiluminescence readout,

a region (as small as 5 mm) on the
assay surface has to be coated with the
nanoparticles regardless of the method
of deposition (either random or in an
ordered fashion). It has been shown that
the enzyme-catalyzed chemiluminescence
reactions cannot be ‘triggered’ in solution
away (distal) from the silvered surface.27
Moreover, one has limited control over
the temperature of the assay bulk media.
The lack of spatial and temporal control
in MT-MEC subsequently limits the application of this technique only to surface
assays, within 100 nm of the nanoparticles.
However, a new technology was recently
introduced, named microwave-focused
chemiluminescence (MFC),49 to ‘trigger’ chemically- and enzyme-catalyzed
chemiluminescence reactions with spatial
and temporal control, directly addressing
some constraints of the MT-MEC technique. In MFC, the plasmonic nanoparticles are replaced with millimeter-sized aluminium structures (mini-antennas) which
focus the incident electric ﬁeld to the
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Fig. 5 Microwave-triggered metal-enhanced chemiluminescence (MT-MEC) assay on planar substrates. (a) Experimental design, depicting
the MT-MEC assay on both glass and silvered slides. Plots of acridan emission as a function of time: from (b) glass slides and (c) silver
nanoparticle-deposited glass slides with low-power microwave heating. (d) Photon ﬂux (in counts) for different concentrations of BSA-biotin
from both glass and silvered surfaces. Baselines (straight dashed and dotted lines) correspond to integrated photon ﬂux for glass and silvered
surfaces incubated with 1% BSA solution and streptavidin-HRP. HRP – horseradish peroxidase; SIFs – silver island ﬁlms. (Adapted with
permission from ref. 27. Copyright 2006, American Chemical Society.)

tip and/or the corners of the structures. One interesting mini-antenna design is the so-called disjointed ‘bow-tie’
design, where two equilateral aluminium
triangles are separated by a small gap
distance (up to several mm). Fig. 6(a)
shows the ﬁnite-difference time-domain
(FDTD)-based simulation of electric ﬁeld
distributions for two aluminium 12.3 mm
triangle structures in a 2.45 GHz microwave ﬁeld. These simulations are complex numerical simulations and solutions
to Maxwell’s equations for the propagation of electromagnetic ﬁelds on complex
structures. This conﬁguration, in theory,
short-circuits the propagation of the microwave ﬁeld TFSF (total-ﬁeld scatteredﬁeld) source across the metal surface in
such a way that electric charge builds on
the tips of the aluminium triangles adjacent to the gap and the electric ﬁeld between the aluminium structures is strongly
enhanced [Fig. 6(a)]. FDTD simulations

allow one to simulate the total electric
ﬁeld distributions for different gap sizes
[Fig. 6(b)]. A gap size of 0.05 mm can yield
up to a 50 000-fold increase in electric ﬁeld
intensity, which diminishes for larger gap
sizes, as compared to another point in the
geometry.
In order to demonstrate that regions
of maximum electric ﬁeld enhancements
predicted by FDTD simulations for ‘bowtie’ aluminium structures correlate well
with maximum chemiluminescence enhancements, studies were undertaken as
shown in Fig. 6(c)-top. In the experiment, a chemiluminescent solution was
placed in the gap between the aluminium
structures and exposed to short, lowpower microwave pulses. Fig. 6(c) shows
that the chemiluminescence intensity from
the material is increased ca. 500-fold by
microwaves, demonstrating that the simulated electric ﬁeld distributions can be
used as a predictive tool to spatially con-
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trol and map chemiluminescence-based
reactions. It was also shown that single
aluminium triangles focus the electric ﬁeld
around the tips.49 Fig. 6(d) shows the
acridan chemiluminescence emission as
a function of time from HRP-modiﬁed
glass coverslips coated with 1 lM BSAbiotin and 1 mM HRP-streptavidin and
positioned glass substrate geometries with
and without aluminium triangles, experimentally conﬁrming the predictions made
by FDTD simulations.
Since the enhanced electric ﬁeld predicted by FDTD simulations persists in
the z-direction (well into the bulk of a solution), one can also re-use the aluminium
structures by carrying out the surface
assays on a disposable glass slide (or
coverslip) placed on top of the aluminium
structures.49 Fig. 6(c)-bottom shows the
experimental conﬁgurations of the model
surface protein assay performed on a
disposable coverslip placed over various
Analyst, 2008, 133, 1469–1480 | 1475

Fig. 6 Microwave-focused chemiluminescence (MFC) for the detection of proteins. (a) Normalized FDTD simulation of ﬁeld intensity
distributions [I x (E y 2 ) + I y (E y 2 )] for equilateral aluminium triangles in a simulated 2.45 GHz transverse electric polarized total-ﬁeld scatteredﬁeld that propagates across the geometries from bottom to top (z-direction). (b) Maximum I [I x (E y 2 ) + I y (E y 2 )] pixel intensity versus gap
size for the equilateral triangle conﬁgurations. (c) Chemiluminescence measured both before (blue bar) and after (red bar) the application
of the low-power microwaves from glass substrates modiﬁed with vapor-deposited aluminium triangles; model BSA-biotin, HRP-streptavidin
chemiluminescent assay scheme. (d) Acridan chemiluminescence emission as a function of time from HRP-modiﬁed glass coverslips coated with
1 lM BSA-biotin and 10 ng HRP-streptavidin and positioned glass substrate geometries with and without aluminium triangles. (Adapted with
permission from ref. 27. Copyright 2006, American Chemical Society.)

structures: glass or aluminium. Without
microwave heating, ‘steady-glow’ from all
sample geometries can be seen (0–100 s)
[Fig. 6(d)]. After the initiation of microwave heating, ‘triggered’ chemiluminescence emission can only be observed
from sample geometries that employ
aluminium structures.49 In addition, the
chemiluminescence emission is depleted
using only the bow-tie sample geometry
within 100 s, demonstrating the effectiveness of these aluminium structures in
‘triggering’ chemiluminescence emission.
In terms of diagnostics, the MFC
technology has some signiﬁcant beneﬁts over current chemiluminescence-based
approaches:
(1) the enhanced chemiluminescence
signatures can be spatially modeled using
FDTD approaches;
(2) chemiluminescence enhancements
up to 50 000-fold have been demonstrated;49
1476 | Analyst, 2008, 133, 1469–1480

(3) the technology uses current chemiluminescence substrates;
(4) the chemiluminescence can be ‘triggered’ on demand with very high photon
ﬂuxes in a short period of time.

Microwave-accelerated surface
plasmon-coupled luminescence
(MA-SPCL) for protein and DNA
detection
Surface plasmon ﬂuorescence spectroscopy (SPFS), a technique that utilizes
the efﬁcient coupling of ﬂuorescence
emission with the surface plasmons of
metallic surfaces, was fully demonstrated
by Knoll50,51 in 1999. One can also
ﬁnd several observations describing the
metal–ﬂuorophore interactions.52–55 In
SPFS, ﬂuorophores chemically attached
to biomolecules placed in close proximity
to thin metal ﬁlms are exposed to strong
ﬁelds resulting in enhanced ﬂuorescence

that is highly polarized and directional.50
The emitted ﬂuorescence photons that
are dependent on the concentration of an
analyte on the surface can subsequently
be monitored. This mode of detection has
been shown to signiﬁcantly increase the
sensitivity of bioassays.51 However, one
does not have control over the assay run
time. In this regard, a recently introduced
technique named microwave-accelerated
surface plasmon-coupled luminescence
(MA-SPCL),23 that combines the use
of microwave heating and SPFS to
develop ultra-fast and sensitive bioassays,
signiﬁcantly alleviates this problem. In
the MA-SPCL technique, low-power
microwave heating affords for the kinetic
acceleration of biorecognition reactions
(even in complex biological media) and the
surface plasmon-coupled ﬂuorescence increases the optical sensitivity of the assays
undertaken. It is this unique combination
that makes the MA-SPCL technique a
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powerful alternative to current rapid
diagnostic tests.56
Since MA-SPCL employs thin plasmonic ﬁlms, FDTD simulation techniques
can again be used to predict the interactions of microwaves with the assay sample
geometry. Fig. 7(a) shows the FDTD
calculations for electric ﬁeld distributions
of a 2.45 GHz microwave ﬁeld incident
on a gold disk (5 mm in diameter and
50 nm thick). The scale bar (electric ﬁeld
distribution) represents the effectiveness
of heating the sample. The FDTD simulations predict that the assay media proximal to the edges of the rotating gold disk
in the microwave cavity will be effectively
heated. In addition, assay media above
the gold disk will be selectively heated
with microwaves, whereas the gold disk
will not be heated itself. The differences
in the extent of heating of the assay media
and the gold disk creates a temperature
gradient (warmer assay media, colder gold
assay surface), which affords for the kinetic acceleration of biorecognition events
in close proximity.
Fig. 7(b) shows the change in average
temperature (DT) of the sample captured
using a thermal imaging camera during
microwave heating of the sample. The
average temperature of the bulk solution
on a plain glass surface increases by 1 ◦ C
for a 2 s microwave pulse [Fig. 7(b)-top
left; Mw heating was turned ON and

OFF] and does not cool for the remainder
of the microwave heating process. This
implies that the temperature of the glass
surface and the bulk solution reaches
a thermal equilibrium (no temperature
gradient). On the other hand, the average
temperature of the bulk solution, only
above the gold disk, increases by 0.5 ◦ C
for a 2 s microwave pulse and then starts to
decrease immediately after the microwave
pulse is turned off, due to cooling. The
average temperature of the whole system
(glass, gold disk and bulk solution) shows
a similar heating/cooling trend to that of
a gold disk with a more apparent cooling
process. The observed cooling process,
which is attributed to the temperature
gradient created by the selective heating
of the bulk solution over the gold disk
(not heated with microwaves), indicates
that there is an associated mass transfer (of
biological materials in the bulk solution)
from the warmer regions to colder regions
of the assay surface.
In two recent papers,23,57 the application of the MA-SPCL technique for the
detection of proteins and DNA in human serum and whole blood has been
shown. Fig. 8(a) shows the optical setup
used for MA-SPCL-based bioassays. In
SPCL, a gold disk is attached to a hemispherical prism with an index-matching
ﬂuid and this combined sample assembly
is placed on a platform where the SPCL

measurements are performed. The sample
is excited from the sample side with a
laser of choice at an angle of 90◦ (to the
metal ﬁlm). In this sample geometry, the
ﬂuorescent species are excited from the air
side and the coupled ﬂuorescence emission
is then detected from the prism side. This
conﬁguration also allows the detection
of free-space emission from the air side.
The observation of the surface plasmoncoupled emission between the angles of
180 and 360◦ is performed from the prism
side. The gold disk affords for directional
emission at two speciﬁc angles (217 or
315◦ ) [Fig. 8(b)]. Owing to the imperfections in the experimental setup one notes
a slight difference in the angles of directional emission, which are expected to occur at the same angles symmetric to 270◦ .
Fig. 8(b) shows a similar angular distribution of surface plasmon-coupled emission
and free-space emission for a model protein (biotinylated-BSA/streptavidin) detection assay run both with microwave
heating and at room temperature.23 The
biotin–streptavidin assay that takes up
to 30 min at room temperature can be
completed within 1 min using microwave
heating, a 30-fold increase in assay
kinetics.
The beneﬁts of the MA-SPCL technique for assays run in complex media
such as human serum and whole blood
was also demonstrated by repeating the

Fig. 7 Microwave-accelerated surface plasmon-coupled luminescence (MA-SPCL). (a) Finite-difference time-domain (FDTD) calculations
for a gold disk of 5 mm diameter in a 2.45 GHz microwave ﬁeld depicting the electric ﬁeld distributions around the gold disk. (b) The change
in average temperature (DT) of the sample as captured using a thermal imaging camera during microwave heating. The insets show snapshots
of the thermal images of the sample geometry before (t = 0 s) and during (t = 7 s) microwave heating. (Adapted with permission from ref. 51.
Copyright 2000, Elsevier.)
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Fig. 8 Microwave-accelerated surface plasmon-coupled luminescence studies for the detection of proteins. (a) Optical setup for microwaveaccelerated surface plasmon-coupled luminescence (MA-SPCL) bioassays. The sample is excited directly in the reverse Kretschmann (RK)
conﬁguration. (b) Angular distribution of luminescence for 33 nM of quantum dots–streptavidin used in the MA-SPCL assay, both microwaveheated (Mw) and run at room temperature (RT). (c) The emission spectra for 33 nM quantum dots used in the MA-SPCL assay measured at
217◦ in different media. (d) The MA-SPCL assay (Mw, 1 min) and the SPCL assay at room temperature (RT, 20 min) performed in whole blood
measured at 217◦ . The angles are deﬁned against the metal ﬁlms. (Adapted with permission from ref. 23. Copyright 2007, Elsevier.)

model protein assay in buffer, serum and
whole blood with microwave heating and
at room temperature [Fig. 8(c) and 8(d)].
Fig. 8(c) shows the comparable intensity of surface plasmon-coupled emission
measured from buffer and serum. Interestingly, the MA-SPCL assay still yielded a
measurable signal (one-ﬁfth of that of the
buffer) with a signal-to-noise ratio of >3
(considered acceptable for ﬂuorescencebased assays). The real advantage of the
MA-SPCL technique for whole blood
assays becomes apparent when it is compared to the whole blood assay run at
room temperature [Fig. 8(d)]. While the
model protein assay run in whole blood
microwave accelerated yielded a measurable signal, the identical assay run at
room temperature did not yield any signal
due the coagulation of blood after several
1478 | Analyst, 2008, 133, 1469–1480

minutes. It is important to comment on
the spectral features seen in Fig. 8(c) and
8(d): in these experiments, the emission
peaks of commercially available quantum
dots at 655 nm are clearly observed as
compared to the background signal (no
quantum dots). The background spectrum
[Fig. 8(c)] displays several other peaks
at wavelengths other than 640–670 nm,
which were identical in all measurements.
Since the intensity of these peaks was
constant in all measurements, the emission peak observed at 655 nm is that
of the quantum dots. In the MA-SCPL
technique, microwave heating prevented
the entrapment of assay components
(especially ﬂuorophore-labeled biological materials) due to the rapid assay
run times (faster than the coagulation of
blood).

In another recent paper,57 the application of the MA-SPCL technique to DNA
hybridization assays has been demonstrated. Fig. 9(a) shows the experimental design depicting the organization of
Hepatitis C-speciﬁc oligomers on the assay surface as well as the sequence of
the oligomers themselves. The detection
of surface plasmon-coupled emission was
performed using the same experimental
setup as shown in Fig. 8(a). Fig. 9(b) and
9(c) show the concentration-dependent
emission intensity values for assays run
with microwave heating (1 min) and at
room temperature (4 h), respectively. Both
assays yield similar ﬁnal emission intensities for all the concentrations. In control
experiments undertaken with microwave
heating, where the anchor probe is omitted
from the surface, little or no detectable
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Fig. 9 Microwave-accelerated surface plasmon-coupled luminescence studies for DNA hybridization. (a) Experimental design depicting the
organization of the DNA oligomers on gold disks used for the detection of the model Hepatitis C (Hep C) assay. The Hep C-speciﬁc
oligonucleotide sequences are also given. The emission spectra of varying concentrations of TAMRA-labeled target DNA used in the
(b) MA-SPCL assay (buffer), (c) at room temperature (RT, buffer) and (d) MA-SPCL run in whole blood. (Adapted with permission from
ref. 51. Copyright 2000, Elsevier.)

signal was observed (not shown here),
indicating the effectiveness of microwave
heating in signiﬁcantly reducing the nonspeciﬁc binding events. The applicability
of the MA-SPCL technique to DNA hybridization assays run in whole blood was
also demonstrated by repeating the identical assay in Fig. 9(b) and 9(c). Fig. 9(d)
shows that the concentration-dependent
emission spectra measured from whole
blood samples are similar to those measured from samples in buffer. In the
control experiment, the emission intensity
from a sample containing a high concentration of oligonucleotide was measured
to be less than that of all the samples used
in the regular assay, once again providing
additional evidence for the effectiveness of
microwave heating for ultra-fast bioassays.
In the context of diagnostics, the MASPCL technique has much to offer:
(1) a metallic thin ﬁlm surface architecture, which is both easily fabricated and
inexpensive;

(2) the SPCL emission is highly directional from the back of the ﬁlms, affording
for sensitive analyte detection;
(3) the assays can be operated in both
a Kretschmann and reverse Kretschmann
conﬁguration. For whole blood samples,
the shallow penetration of the surface
evanescent ﬁeld58 affords for high sensitivity detection;
(4) the assays can be kinetically completed in <30 s;
(5) the gold disks are re-usable, although other metals can be used in different wavelength regions;
(6) the MA-SPCL approach uses moderately inexpensive and readily available
ﬂuorescence components and therefore
could be potentially amalgamated into
existing diagnostic devices.

Summary and future outlook
Current rapid clinical and bioagent diagnostic tests are available, either as hand-
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held devices (lateral-ﬂow assays) that are
designed to qualitatively indicate the presence of an analyte of interest within a
few minutes, or as part of a more complex system that allows the quantitative
assessment of samples using expensive optical instruments and other parts.56 While
handheld devices are simple and relatively
inexpensive, the fact that the ﬁnal readout
is qualitative, and in most cases not very
sensitive, then these devices are for the
most part limited as screening tests. Even
though the incorporation of ﬂuorophore
labels and subsequently the optical components for the ﬂuorescence readout to
handheld devices increases the overall cost
of the rapid diagnostic tests, the sensitivity
of the rapid diagnostic tests is signiﬁcantly
improved and the quantitative assessment
of the analyte present in a sample can be
made.
Ultimately, rapid diagnostic tests
should have the speed and the simplicity
of lateral-ﬂow assays and the quantitative
Analyst, 2008, 133, 1469–1480 | 1479

nature of ELISAs or ﬂuorescence-based
immunoassays. With this goal in sight,
we have reviewed the combined use
of microwave heating and plasmonic
nanostructures for their potential applicability to rapid clinical diagnostics.59
In this regard, we have reviewed several
new approaches to rapid clinical diagnostics ranging from solution-based
aggregation assays, to ﬂuorescence- and
chemiluminescence-based protein and
DNA hybridization assays on planar
sample geometries. In these approaches,
microwave heating is used to selectively
heat the water (in bulk solution) over
the plasmonic nanostructures, to create
a temperature gradient between the
bulk solution and the nanostructures
themselves. Target biomolecules present in
the warmer bulk solution migrate towards
the colder plasmonic nanostructures
that support the biorecognition partners,
where the biorecognition events occur,
resulting in a measurable optical signal.
We have shown that these techniques
allow bioassays to be run in human serum
and whole blood and can be completed in
less than a minute, providing exciting new
alternatives to current rapid clinical and
bioagent diagnostic tests.
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