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Metal-enhanced chemiluminescence of luminol in a microfluidic system

with vacuum-deposited silver nanoparticles
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Enhancement of luminol chemiluminescence in the presence of silver nanoparticles was studied in a microfluidic

chip specially developed for this purpose. The chip design provides intensive mixing of luminol with an oxidizer

and delivery of the mixture to nanoparticles that have a plasmon resonance in the luminol chemiluminescence

band. The dependence of the luminol chemiluminescence intensity on the sodium hypochlorite concentration was

established. Coating the bottom of the microfluidic chip with silver nanoparticles led to an increase in the luminol

chemiluminescence intensity in a neutral medium by an average of one and a half times.
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Introduction

Chemiluminescence — emission of light caused by chem-

ical reaction, has multiple various applications, including for

analysis of biological materials. Chemiluminescence may

most directly be used to detect and determine the degree of

body oxidative stress, which is a marker and sometimes a

cause for some diseases. Luminol and lucigenin emitting

when in contact with oxidants in the blue-green area

of the spectrum, are successfully used to record singlet

oxygen, hydrogen peroxide and other peroxides in alkaline

environment. In neutral media used to study biological

specimens, the intensity of chemiluminescence of both men-

tioned chemiluminophores drops drastically, which prevents

from recording of low oxidant concentrations. Under these

conditions the weakness of chemiluminescence is related to

both low probability of the molecule transition to electron-

excited state as such in process of reduction-oxidation

reaction, and to small quantum yield of chemiluminescence

due to competition of radiative and nonradiative channels

of deactivation of electron-excited product of chemical

reaction [1]. The last circumstance opens the possibility to

increase the intensity of chemiluminescence by increasing

its quantum yield due to the acceleration of the radiation

transition.

Dependence of speed of radiation transitions on di-

electric properties of the environment surrounding the

emitter is known as Purcell effect [2]. The action of

metal nanoparticles with localized plasmon resonance, in

particular, gold and silver ones, may be especially strong.

Metal nanoparticles made of silver and gold are widely used

in such biomedical applications as targeted drug delivery [3],
photothermal [4] and photodynamic [5] cancer therapy,

optical coherence tomography, immunoassay [6,7] and

biosensing [8–10]. The biological research already includes

papers dedicated to using plasmon amplification, for exam-

ple, to register mycotoxins [11]. The important feature of

metal nanoparticles is dependence of their optical properties

on the size and shape [12]. For the effective connection

between the emitting molecule and metal nanostructure, it

is necessary to provide for overlap of the chemiluminophore

emission spectrum and plasmon resonance band. The

first results for plasmon-amplified chemiluminescence were

obtained [13] on chemiluminophores that are not suitable

for biological use due to toxicity. The decisive role of

electrodynamic effect of radiation transition acceleration

compared to the potential catalytic action of silver at the

chemiluminescence intensity of luminol, which is suitable

for biological applications, was demonstrated in [9].

This paper reports use of the specially developed mi-

crofluid chip to study the amplification of luminol chemilu-

minescence in the oxidizing medium with neutral pH = 7

when in contact with silver nanoparticle. The assembly of

silver nanoparticles was received by vacuum deposition of

metal vapors on a glass substrate, which was integrated

into a microfluid chip. On the second wafer of the

microfluid chip made of polydimethyl siloxane (PDMS),
microchannels and functional elements were formed, which

are necessary to mix reagents and deliver them to the area

of emission registration. Intensity of luminol chemilumi-

nescence in presence of silver nanoparticles on average

increased 1.5 times.
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Figure 1. (a) Extinction spectrum of silver island film formed on bottom of microfluid channel, (b) chemiluminescence spectrum of

luminol in process of oxidation with sodium hypochlorite.

Formation of assembly of silver
nanoparticles

Silver nanoparticles were formed on a glass substrate

by thermal sputtering in vacuum chamber PVD-75 (Kurt

Lesker, USA). Equivalent thickness of granulated film varied

within the range from 8 to 10 nm according to the readings

of quartz microscale. After sputtering the film was annealed

in vacuum for 30min at 200 ◦C. Sputtering and annealing

processes are described in more detail in [14].

Fig. 1, a presents the extinction spectrum of island

silver film measured on spectrophotometer SF-56 (LOMO,

Russia), and fig. 1, b — the chemiluminescence spectrum

of luminol recorded in the process of oxidation with

sodium hypochlorite with multichannel photon analyzer

PMA-12 (Hamamatsu, Japan). Evident spectral proximity

of luminol chemiluminescence spectrum and absorption

band of granulated silver film makes it possible to rely on

effective interaction between the excited products of luminol

oxidation and collective electron excitations in nanoparticles

forming a silver film.

For use of the granulated silver film within the microfluid

chip it was necessary to provide for the possibility of tight

connection of the glass substrate carrying silver nanopar-

ticles with the wafer from PDMS, on which channels

and functional elements were created. Since the tested

technology suggested PDMS connection to glass, a metal

mask was created, which made it possible in the conditions

of vacuum silver sputtering leave the parts on the substrate

that are not coated with silver. Besides, it was checked that

treatment of the glass substrate with solvents and corona

discharge necessary to provide for reliable connection of

microfluid chip, insignificantly reduces extinction of the

granulates silver film [15] and has no effect on the spectral

position of the plasmon resonance.

Design and manufacturing of microfluid
chip

The designed microfluid chip consists of two tightly

connected wafers: the necessary functional elements were

created on one wafer formed from PDMS, and on the

second one — the glass one which usually only performs

the protective function [16], — a granulated silver film was

created, which was described above.

The key stage for the reaction is mixing of chemilu-

minophore and analyte that launches the oxidation reac-

tion and further results in appearance of excited reaction

products and light emission. For effective mixing of

reagents in microfluid devices, it is necessary to use special

mixers [17–19], since without those there is laminar flow

in the channels, which prevents mixing. The topology of

the single channel of microfluid chip is presented in fig. 2.

In the first part of the channel there are inputs for

chemiluminophore and analyte and a mixer, and in the

second one — the surface that could have been coated

with silver nanoparticles, and output for the spent mixture.

In the area of the microfluid mixer the depth of channels is

70µm, and in the area of location of silver nanoparticles and

registration of chemiluminescence — 10 µm. The scheme

of one channel to observe chemiluminescence is shown

in fig. 2.

inlet for luminol

silver nanoparticles

inlet for oxidizer
mixer

outlet

Figure 2. Principle diagram of one channel of microfluid chip

for chemiluminescent diagnostics of oxidative stress.
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Figure 3. Design and photograph of microfluid chip with seven independent channels used for study of chemiluminescence. Each

channel has two inputs to supply chemiluminophore and oxidant and one output for spent mix. The photograph shows a mixer in the

form of a snake, where intense mixing of chemiluminiphore and oxidant takes place.

For convenience of experiments on one substrate with

size of 25× 25mm 7 independent microfluid channels were

made, the scheme of location of which is shown in fig. 3, a.

Fig. 3, b presents the photograph of the manufactured

microfluid chip.

Measurement procedure

To measure chemiluminescence, the chip was placed into

a special jacket, which removed spurious lighting. The mi-

crofluid chip was fixed above active area of photomultiplier

tube H11890 (Hamamatsu), operating in the photon count

mode, to collect the maximum of the emitted light. After

that reagents were fed through a syringe pump with speed

of 10 µL/min along two silicon tubes: luminol and mix of

sodium hypochlorite with sodium hydroxide, concentrations

of which varied. Reagents were mixed in the channel of the

microfluid chip and then removed from the chip along the

third silicon tube. The signal of the photomultiplier tube

was displayed on the monitor screen. Since the time of

luminol and oxidant feed to the mixer is dozens of seconds,

during which the intensity of chemiluminescence increases,

was the stabilized value of the chemiluminescence intensity

was accepted as the measurement result.

Experimental results

First of all, the optimal concentration of the luminol

aqueous solution was determined. For this purpose

chemiluminescence was measured in the chip without

nanoparticles in the alkaline medium with pH = 12, at

which chemiluminescence is rather high enough for the

confident registration at low concentration of oxidant equal

to 100 µM. As the luminol concentration increases up

to 0.3mM, the chemiluminescence intensity grows. How-

ever, saturation, and then reduction of chemiluminescence

intensity is observed at high luminol concentrations. Further

experiments were carried out at luminol concentration of

0.3mM.

Amplification of luminol chemiluminescence under the

effect of silver nanoparticles is of greatest interest in neutral

conditions at pH = 7, when the radiation intensity without

nanoparticles at low concentration of oxidant drops down

to noise level. Fig. 4 presents the results of luminol

chemiluminescence intensity measurements in microfluid

channels without nanoparticles and with silver nanoparticles

produced by the above method. You can see that

despite the significant spread in the measurement results,

the chemiluminescence intensity in the chips with silver

nanoparticles is higher than in the chips without silver

nanoparticles.

Results and discussion

The enhancement of luminol chemiluminescence in

the chip with silver nanoparticles was on average 50%.

This value seems to be low at first, since if you follow the

theoretical calculations [20] and numerial modeling [21], at
the small distances from metal nanoparticles with plasmon

resonance in the emission band of excited luminol reaction

products, one could expect the acceleration of the radiation

transitions and corresponding increase in the intensity of

chemiluminescence dozens of times. According to [22], the
averaging of Purcell factor by orientation of the emitter

is equivalent to averaging by polarizations of incident

emission, so that the results [21] may be used to assess

the average Purcell factor. However, the geometry of the

microfluid chip is such that only a small share of excited

molecules is located at such distances from the metal

nanoparticles, which are comparable to their dimensions,

and when the emitter is removed from the nanoparticle, the

Purcell factor drops quickly. Indeed, the depth of channels
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Figure 4. Increase of luminol chemiluminescence intensity

in microfluid chips with the silver film applied on the channel

bottom. Chemiluminescence intensity in channels without silver

film is shown with small open squares, and intensity of chemilu-

minescence in the channels with silver film applied on the bottom

of the channel — with filled circles. Luminon concentration is

0.3mM, pH = 7.

of the manufactured microchips in the area of emission

recording was 10µm. Since the dimensions of the silver

nanoparticles and distances between them after annealing

are around 100 nm [14], approximately the hundredth share

of the emitting molecules is located at the optimal distance

from the surface coated with nanoparticles. Further reduc-

tion of the channel depth is limited by rising hydrodynamic

resistance, requring increase of fluid pressure, which, in

its turn, is limited to the yield strength of the microfluid

system parts connection. Reduction of the channel depth

is also limited by the precision of making a master die for

soft lithography, which was used to make a chip of PDMS.

Under the specified conditions the found value of luminol

chemiluminescence enhancement by an average of 50%

appears to be consistent with the observation conditions.

Conclusion

Use of the specially designed microfluid system made it

possible to observe the luminol chemiluminescence in the

controlled and reproducible conditions. The coating of the

bottom of microfluid channels with silver nanoparticles hav-

ing plasmon resonance in the luminol chemiluminescence

band caused increase in the luminescence intensity when

oxidized in the neutral medium with pH = 7, which is most

relevant for biomedical applications, on average by 50%.
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