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Thgre is an increasing deman_d for the use _of Ilght-producmg «m.-ﬂ o - i oo I
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especially with regard to chemiluminescence-based ligand-binding Bl == Gresngein
. . . . " al " reen.

assayd. The attractiveness of chemiluminescence as an analytical %E‘m- SiFs ;s;m ass A

tool lies primarily in the simplicity of detectidrsince most samples £ E m AR nLQ._Q__

have no unwanted background luminescence and no optical filters ] ) JANY
are required to separate the excitation wavelengths and statter. e m w m we W w w e e =
However, chemiluminescence-based detection is limited by the Wavelength [nm Wavelength /am
quantum efficiency of the chemiluminescence reaction or probe Fégtijlijeel' reC:rf?L‘gﬂg‘jﬁﬁi’:ﬁﬁjﬂﬂgggnstpr‘;g"ir(]it”tg(;i;y:siIf‘/re’iitirs"’l‘%émits)
.and the time '?Efore deple.tlon of the reacte@riﬁs.th@ regard, an glms (éing) (feft) and on glass surfaces (right) §Slt)efore and after 10 s
increased luminescence yield would clearly benefit overall detect- microwave (Mw) exposure. The insets show the spectra (before the Mw
ability and therefore, for bioassays, the sensitivity toward a exposure) and the real-color photographs of the chemiluminescent reagents
particular analyte. (before and after the Mw exposure).

Recently, the interactions of silver nanoparticles with chemilu- Fi 1sh the chemilumi . ¢ dth
minescent species, which resulted in an increase in the detectability lgure 1 Shows the chemiluminescence emission spectra and the
of chemiluminescent reactions/species, with an approximately 20- real-color photographs of the blue, green, and red chemiluminescent

fold increase in signal intensity, were reported by us and attributed :giagr;evrcltsv on XS'FS ranfd rgllgss surfat(ieswb:efor:]e andr ther ars;nlgle
to a plasmon-based luminescent enhancerhéintas shown that crowave exposure fo s (spectra were measured separately).

surface plasmons can be directly excited by chemically induced The chemilumipescence iqter?gity for all three r.eagents on S?FS and
electronically excited molecules. This phenomenon was named glass surfgces inhanced significantigiter the microwave heating,
metal-enhanced chemiluminescence (ME@).addition to their as also ?V'denced_ by the real-color photographs. The_ enhancement
utility in increasing chemiluminescence intensity, silver nanopar- of CI_‘ |n_ten5|ty IS dqe to. tWO. factors: .(l) heatlng_ of the
ticles, in combination with low power microwaves, were also shown chemiluminescent Species with fnicrowaves in bulk (MT) dIStfal from

to kinetically accelerate bioaffinity reactions for assaysd th_e metal, and (2) hea_tlng of the ch(_amllumlnescent species with
immunoassay3,which were monitored by fluorescence spectro- microwaves clpse o silver nanopartlc_les (MT'MEC)’ where the
scopy. The use of microwaves for the creation of chemically enha_m(_:ement is both due to the localized heating and due to the
induced electronically excited states in a gas-phase refctiuh proximity of surface plasmons. Enhancement values related to these

in an ultrasound cavifyhas also been previously reported. However, two factors are calculatédind summarized in Table 1.
the combined use of microwaves and metallic nanoparticles for the 7apje 1. Calculated Enhancement Values for CL Reagents Due
high sensitivity detection of chemiluminescence reactions has notto MT and MT-MEC
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hitherto been explored. blue green red

_ In. t'hIS paperthe proof-of-prln_upleof a n(_ew tec_hnlque, WhIF:h _ MT1, SiFslsrdMW)/Isms (N0 MW) 540 850 69.0
significantly enhances the luminescence intensity of chemilumi- vyt Glassgas{MW)/| giass(NO MWw) 220 75.0 63.0
nescence species and shortens the detection times by low power MT-MEC: IsigdMw)/lgiass(N0 Mw) 54.0 125 70.0

microwave heating in the presence of silver nanoparticles, called
Microwave-Triggered Metal-Enhanced Chemiluminescence (MT- . . . .
MEC), is presented. The applicability of the MT-MEC technique After a.smgle exposure to microwaves, the CL intensity due to
for multiple chemiluminescent species emitting at different wave- M1 Was increased, ranging from 22- (blue, on glass) to 85-fold
lengths is also shown, which could be extended to any chemilu- (green, on SiFs). The comparison of luminescence intensity on SiFs
minescent detection system currently in use today after the microwave exposure with the luminescence intensity on

The MT-MEC experiments were performed using blue, green, 9/ass before the microwave exposure (i.e., MT-MEC) shows that
and red emission chemiluminescent reagents with and without e microwave heating of the chemiluminescent species in the
microwave heating inside the microwave cavity on silver island presence of sﬂyer Increases the CL intensity 54- (blue) to 125-fold
films (SiFs) and on glass supports. For the proper comparison of (green) for a single microwave exposure.

the chemiluminescence (CL) data, the same initial CL emission _ | ° demonstrate the “on-demand” nature of the MT-MEC process,
intensity (150 s after initiating the CL reaction) for all the time-dependent chemiluminescent emission of the blue CL reagent

experiments was used on SiFs and glass surfaces, with multiple microwave exposures
(Figure 2) and without any microwave exposures (Figure 2, inset),

t University of Maryland Biotechnology Institute was recorded for 2000 s. The exposure of the blue CL reagent to
#University of Maryland School of Medicine. microwaves (multiple exposures, all 20% power setting) results in
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shown that the CL signature of lumirethydrogen peroxide system
is enhanced in the presence of gold nanoparticles. This was
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El - |3 ‘j explained as originating from the catalysis of gold nanopatrticles,
g 0 s || g el i — which facilitates the generation of radicals and the electron transfer
£ oo fll] 510 s £ B o | oM | processes on the surface of the gold nanoparticlesa separate
gl - 1 {1 - - .
L™ = ™ ISR study, it was shown that silver nanoparticles also enhance the
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luminescence intensity of CL species (MEC). MEC was hypoth-

Fiure 2. Time-d dent mi i d chemilumi . esized to be a distance-dependent phenoménamere the en-
gure 2. Ime-aependent microwave-triggered cnemiluminescence emis- . P

sion (intensity: arbitrary units) of blue chemiluminescent reagen(1)0 hancement of CL is thought OC(_:ur due to the n(_)nradlatl\{e energy

on silver island films (SiFs) (left) and on glass surfaces (right) before, during, transfer between the chemically induced electronically excited states

and after the Mw exposure. The initial intensities &t O s for both graphs of luminophores to the surface plasmons of the silver nanoparticles

are 120 au. The “triggered spikes” in the_ intensity indicate _the individual \yithin 20 nm of each other. The contribution of microwave heating
Mw exposure (10 s, 20% power). The inset shows the time-dependent in t | ith th f tial heati £ th i
emission (no Mw exposure) and the real-color photographs of the blue comes In 1o play wi epreterental healingo e siver

chemiluminescent reagent (before and after Mw exposure) on SiFs and glasglanoparticles that result in the accelerated chemiluminescence
surfaces. The area under each curve, that is, total photon flux, is given in reaction kinetics.
terms of photon counts (cs). The final intensities at 2000 s for Figure It should be noted that thieue MEC enhancement factor here
2 top and bottom are 30 and 25 au, respectively. . L

is much larger than 2. Considering the sample geometry used, where
an increase in the CL emission, which is observed as “triggered most of the CL species is in the bulk (the sample is 1 micron),
spikes” consistent with the rising edge of the microwave pulses in then only 2% of the sample is within the MEC region (20 nm);
the graph (microwave pulses not shown). The largest increase (120hence the true enhancement factor is approximately 50 times larger
to 3300 au on average) in CL intensity was observed during the (je  100-fold MEC). This is in addition to 75-fold enhancement
first five microwave exposures and diminished upon further sojelyobtained by microwave heating. The true combined enhance-
exposures, as chemiluminescent material is depleted. In all the ant factor for MT-MEC is actually-175-fold. Subsequently, MT-
experiments performed with low power microwaves, using both pec in essence providestmique platform technologtp rapidly

SiF_S and glass, ther_e was no evidence qf surface drying. This iScollect (within 10 s) plasmon-enhanced chemiluminescence signa-
attributed to the previously made observations that the temperature, .o \When employed to biodetection, MT-MEC will be a powerful

increase of the aql:eous SO'UEO” on the surfaces due to MICTOWaVE, ternative to Western Blotting for quantitative protein determination
heating is only~8 °C (to ~28 °C) for a 30uL aqueous sample.

leoti ion. In thi ki i
The number of photons detected from the blue CL reagent on or even nuc ?Ot'de detgchon n this r.egard, work is underway in
) . : . our laboratories and will be reported in due course.
the SiFs and glass surfaces after microwave exposures in 2000 s iS
351 x 1C® and 281 x 1C® counts, respectively, which are
significantly higher than those obtainadthout microwave expo-
sures, 143.5< 10° and 114.5x 1C® counts for SiFs and glass,

respectively. This corresponds to a 2.45-fold increase in photon

flux on bOth.SiFS and glass sgrfaces (using.SiFs yields 25% more  gypporting Information Available: The experimental conditions
flux than using glass) after microwave heating. These values alsofor the preparation of silver island films and the time-dependent
indicate that 50 and 70% of the total photon flux<( 0 to «) of chemiluminescence emission plots (without microwave heating) on SiFs

the blue CL reagent that luminesces 4oh (Figure S1, Supporting  and glass are provided. This material is available free of charge via
Information) could be utilized within 10 min on demand, that is, the Internet at http://pubs.acs.org.

triggered, on SiFs and glass surfaces, respectively, using microwave
heating.

It is important to note that a 2.45-fold increase in photon flux
represents thaverageincrease in the overall photon flux from the
ensemble of chemiluminescent species for 2000 s. One can complete
the CL reaction with a single microwave exposure for 10 s that
will yield similar photon flux for the CL reactions without
microwave heating. Considering the fact that the CL reactions
currently in use are usually completed within 5 min, MT-MEC
technique provides researchers with an increased detectability and

Time (s} Time (s)
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Supporting Information for the Manuscript:
“Multicolor Microwave-Triggered Metal-Enhanced Chemiluminescence” by Kadir
Adlan, Stuart N. Malyn, and Chris D. Geddes*.
E-mail: geddes@umbi.umd.edu
S.1. Materials

Silver nitrate (99.9%), sodium hydroxide (99.996%), ammonium hydroxide (30%),
trisodium citrate, D-glucose and Silane Prep™ glass slides (75x25 mm) were obtained
from Sigma-Aldrich. The blue, green and red chemiluminescent reagents used in this
study were obtained from commercial light glow-sticks. All chemicals were used as
received.
S.2. Methods
S.2.1. Formation of Silver Island Films (SiFs) on Silane Prep™ Glass Substrates

The SiFs were made according to previously published procedures employing the
chemical reduction of silver nitrate on glass microscope sides using sodium hydroxide,
ammonium hydroxide and glucose.*

SiFs-deposited glass slides were coated with black electrical tape, which is
attached to a self-sticking paper, containing three 5 mm wide (1 mm deep) circular holes
(referred to as a “black body”) on both the silvered and unsilvered glass surfaces, prior to
the chemiluminescence experiments.

S.2.2. Chemiluminescence Reagents

The commercially available glow-sticks contain the necessary 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 and a
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fluorescent probe, where the choice of dye simply determines the color of the
luminescence.? For the work undertaken here, this choice is arbitrary as long as the
luminophore emits in the visible spectral region, consistent with previous reports.®*
Inside the plastic tube lies a glass capsule containing the activating agent (hydrogen
peroxide). Activation of the chemicals is accomplished with a bend, snap, and a vigorous
shake of the plastic tube which breaks the glass capsule containing the peroxide and
mixes the chemicals to begin the chemiluminescence reaction. The hydrogen peroxide
oxidizes the phenyl oxalate ester to a peroxyacid ester and phenol. The unstable
peroxyacid ester decomposes to a peroxy compound and phenol, the process chemically
inducing an electronic excited state. Commercially available chemiluminescence
materials were purchased and used to demonstrate the utility of the Microwave-Triggered
Metal-Enhanced Chemiluminescence (MEC) approach for the “on-demand” optical
amplification of chemiluminescence signatures.
S.2.3. Chemiluminescence from Reagents on SiFs and Glass Surfaces

The chemiluminescence experiments were performed using blue, green and red
emission glow-sticks with and without microwave heating inside the microwave cavity
(0.7 cu ft, GE Compact Microwave Model: JES735BF, max power 700W). The power
setting was set to 2 (20% power) which corresponded to 140 W over the entire cavity. In
order to obtain the same initial chemiluminescence emission for all measurements,
approximately 10 pl of the glow-sticks fluid was placed inside the black body 150
seconds after the chemiluminescence initiation unless stated otherwise.

Chemiluminescence spectra were collected using an Ocean Optics spectrometer,

model SD 2000 (Dunedin, FL), connected to an Ocean Optics 1000 um diameter fiber
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with an NA of 0.22 (Dunedin, FL). The fiber was positioned vertically on top of the
dlides containing the chemiluminescent reagents inside the microwave cavity.
Chemiluminescent spectra and time-dependent emission intensity were collected with an
integration time of 100 milliseconds. The integration time was kept constant between the
control and silver island film sample measurements.

The real-color photographs of chemiluminescent reagent on SiFs and glass
surfaces were taken with an Olympus Digital camera (C-740, 3.2 Mega Pixd, 10x

Optical Zoom) without any optical filters.
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Supporting Information: Figure S1. Time-dependent chemiluminescence emission
(intengity: arbitrary units) of blue chemiluminescent reagent (10 ul) on silver island films
(SiFs) and glass surfaces without microwave heating. The value is the area under each
curve (total photon counts, cs).

S3



500

/\
| \ ——— Glass Sandwich
400 t | \ ——— SIF Sandwich
D
< 300+
*? SiFs Glass
7p]
c 200
g
< \ Strong Weak
100 \\ MEC MEC

0 | T
400 450 500 550 600 650 700

Wavelength / nm

Supporting Information: Figure S2: Chemiluminescence emission intensity from both
the glass and the silvered surface after 10 minutes of the chemiluminescence initiation-
Metal-Enhanced Chemiluminescence (No microwave heating). Insert — photographs of
the silvered and glass surfaces, chemiluminescence material is sandwiched between two
SiFs-coated (half is silvered) glass dlides.
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