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Microheterogeneous systems
of micelles and microemulsions

as reaction media in

chemiluminescent analysis

Jin-Ming Lin, Masaaki Yamada

The development of new or enhanced analytical methodologies based on
the use of microheterogeneous systems is a very active area of current
research. The use of organized surfactant molecular assemblies, such as
micelles, reversed micelles and microemulsions, in analytical solution
chemiluminescence is steadily increasing because it can change lumi-
nescent characteristics and result in a greatly improved analytical per-
formance, in terms of selectivity, sensitivity and experimental
convenience. This review focuses on how micelles, reversed micelles and
microemulsions may be used to improve the quality of chemiluminescent
analytical procedures and gives some applications of these micro-

heterogeneous chemiluminescent systems.
(© 2003 Published by Elsevier Science B.V.
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1. Introduction

Chemiluminescence (CL) is the emission
of light from chemical reactions at room
temperature and is observed in gas, liquid
and solid phases. Two primary require-
ments for such emission are: 1) the emis-
sion of energy released should be higher
than that of the electronically excited
product or intermediate molecule; and, 2)
the product must be a fluorescent mole-
cule so that the transformation of the
excited molecule to the ground state is
accompanied by visible light emission, or
thereaction mixture hastoincludeenergy
acceptor molecules with fluorescent
properties [1].

As a rule, CL appears during oxidation
reactions or free-radical recombination.
In most cases the quantum yield of CL,

@, which is the ratio of the number of
light quanta of emitted molecules to the
number of analyte molecules consumed,
does not exceed 0.1-0.001%, but for
some CL systems, e.g., the special sub-
stituted oxiamide or dioxetane inter-
mediate, it can reach as high as 30% [2].
There are also several special CL systems
in living cells with high quantum yields
from 1 to 100%, where luminescence
appears during the oxidation of the
highly specific substrate luciferin, cata-
lyzed by the enzyme luciferase. In biolu-
minescence having the correct reaction
medium and microenvironment is vital to
obtain a high quantum yield. This sug-
gests that it should be possible to improve
the quantum yield of CL if a special micro-
heterogeneous system could be developed
asthe CLreaction media.

The popularity of CL as a detection sys-
tem relates to its high sensitivity and the
simple instrumentation required. No
light source is required for CL as com-
pared to fluorimetry and absorption tech-
niques. CL has been widely used in
clinical chemistry, biochemistry, envir-
onmental chemistry, etc. Its rapid devel-
opment is reflected in the great numbers
of publications devoted entirely to the dis-
cussion of CL [3-10]. Despite being
highly sensitive the CL. method cannot be
used to determine most analytes directly.
Many analysts have made great efforts to
improve not only the CL intensity but also
the selectivity. Their efforts are reflected
in the many new homogeneous and

0165-9936/03/$ - see front matter (© 2003 Published by Elsevier Science B.V. doi:10.1016/S0165-9936(03)00203-6 99



Trends

heterogeneous CL systems reported. In the present
paper, micro-heterogeneous CL systems, including the
uses of micelles, reversed micelles and microemulsion of
surfactant aggregate are reviewed.

2. Principle of CL analysis

As described in the introduction section, the phenom-
enon of CL can be defined in simplistic terms: chemical
reactions that emit light. The chemical reaction pro-
duces energy in sufficient amount (approximately 300
kJ/mol for blue light emission and 150 kJ/mol for red
light emission) to induce the transition of an electron
from its ground state to an excited electronic state. This
electronic transition is often accompanied by vibra-
tional and rotational changes in the molecule. In
organic molecules, transitions from a © bonding to a ©*
anti-bonding orbital (t—=*) or from a non-bonding to
an anti-bonding orbital (n—n*) are most frequently
encountered. The return of the electron to the ground
state with emission of a photon is thus called CL. The
excited molecule can also lose energy by undergoing
chemical reaction, collisional deactivation, internal
conversion or inter-system crossing. These radiation-
less processes are undesirable from an analytical point
of view when they compete with CL. The chemical reac-
tion of the molecules A and B to form P*, an inter-
mediate or product in an electronically excited state, is
shown as the following scheme.

Chemical reaction(®g) Excitation(®gx) _
— — P

A+B

There are two possible pathways for CL emission,
either directly from the excited molecule (P*),

Dy
P* 3 P + hy(fluorescent emission from P*)

or indirectly where the energy is transferred from P* to
a fluorescent emitter.

When transferring the energy of the excited mole-
cule, P*, to another fluorescent compound, F, the emis-
sion can be amplified, F is therefore also called a CL
enhancer and the process is named enhancement of the
CLreaction.

Oy
P* +F = P + F*(energy transfer)

O .
F* — F + hv (fluorescence emission from F*)

For direct CL, the ratio of photons emitted to the
number of analyte molecules consumed is the quantum
yield, ®;, that is the product of three ratios concerned
with three different reaction processes:
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D¢y, = Qg - Ppx - Pyt (1)

where ®g is the fraction of reacting molecules giving an
excited molecule (product or intermediate) and
amounts to the yield of the chemical reaction; ®px is the
fraction of such molecules in an electronically excited
state and relates to the efficiency of the excitation; and,
®p\ is the fraction of these excited molecules that
return to the ground state by emitting a photon. The CL
intensity, I;, at time, t, is:

I} = —®crd[A]/d; (2)
and the total light emission, W, is given by:

W= JItdt = Og[Al, 3)

where [A], is the initial concentration of the analyte,
which means that, at the same concentrations of ana-
lyte and other reactants, the total light emission
depends on ®;. The CL intensity therefore depends on
both @, and the concentration of the analyte.

For indirect CL emission, the CL intensity can be
expressed similarly to Equation (2):

I = =@ d[C]/d; 4)
But here:
Dcp, = Og - Dpx - Ppr - Dy (5)

where @y is the quantum yield of the energy transfer
from the excited molecule, P*, to the enhancer F. ®y is
the fluorescent quantum yield of the excited molecule,
F*, and Cis the concentration of analyte.

Asshown in Fig. 1, when the CL reaction is first order,
the relationship of the CL intensity and the reaction
time can be expressed as the following equation:

It = (DCLkl[A] = CI)CLkl[A]OeXp(—klt)

where k; is the kinetic constant of CL reaction, and it is
usually decided by the slowest reaction step.

In flow-injection analysis, the detectable CL intensity
is often measured as the peak height, I;, especially the
maximum peak height, I,,... The reaction time in this
case will be the interval between mixing the sample
with the CL reagent and the emission of light in the flow
cell; this is usually very brief, so that:

[ = ®crkq[A]y

It = I;/D = ®¢rk[A]y/D, where D is the dispersion of
the sample in the flow injection manifold.
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In order to obtain a high sensitivity for the determina-
tion of A, both @, and k; are important. Many analysts
have made a great effort to improve the CL quantum
yield and the reaction velocity, e.g., to select the cata-
lyst, solvent, temperature, surfactant, etc. One of the
effective methods is to develop microheterogeneous sys-
tems. A great number of these systems have been repor-
ted in the last two decades This review summarizes
microheterogeneous systems of micelles and micro-
emulsions as CL reaction media.

It

t

Figure 1. A first order CL reaction.
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3. Effects of microheterogeneous media on CL
reactions

The term ‘‘microheterogeneous system’’ often refers to
a small aggregate system of molecules within the sol-
vent or other surrounding medium. Based on this defi-
nition, microheterogeneous systems can be either
organic or inorganic (Fig. 2) [11].

The former include surfactants or lipid molecules dis-
persed in aqueous solution with or without additional
surfactants: normal and reversed micelles; microemul-
sions; lipid bilayers; mono-layer and multi-layer assem-
blies; and, some compounds, e.g., cyclodextrins and
calixarenes, with a toroid or hollow truncated cone. Most
of these aggregates are self-assembling. The important
points to bear in mind are the presence of distinct
hydrophobic and hydrophilic microphases, associated
interfaces, and the dynamic nature of their aggregation.

Inorganic microheterogeneous systems include
colloidal dispersions of inorganic solids: metals; metal
oxides; clays; minerals; and, zeolites (but these are not
often used in CL).

This review focuses on microheterogeneous systems
based on surfactants, especially, normal micelles,
reversed micelles and microemulsions. These organized
assemblies may exhibit several peculiar properties as
reaction media [12—-14]. There are several potentially
significant advantages in using micellar systems as the
medium for analytical CL. measurements. First, the
solubilization introduces two new situations that can
influence the reaction rates: changes in the local dis-
tribution of solute (reactants); and, surface/interface

Microheterogeneous systems

Surfactant, lipid Co'l liodal c'hsp ersions
of inorganic solids
aggregatles
| | [ I |
Normal Reversed E_llpld Multlla){er Others
micelles micelles ! a.yer assc?rr}blles
vesicles of lipids
Microemulsions
| [ |
Metal, Semiconductor Clays, minerals
metal oxides clusters, colloids and Zeolites

Figure 2. Various microheterogeneous systems of interest.
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effects. Second, they confer the ability to alter the CL
reaction rate and/or excitation efficiency via manipu-
lation of the type and the concentration of surfactant
micelle present. This conveniently allows the analyst to
improve sensitivity and/or extend the range of the cali-
bration curves as required. Third, the use of micelles to
lower the pH required for efficient CL. may be very useful
in certain CL assays, particularly those based on enzy-
matic conversion of the analyte into a species that can
subsequently be determined via CL. The use of micelles
to control solubility, reactivity, sensitivity, and pH
requirements in CL assays provides a convenient alter-
native to methods currently employed to achieve these
same goals. However, the use of micellar enhanced CL
also has disadvantages, especially the imprecision
obtained with batch methods. With the development of
the flow-injection method, this deficiency can be over-
come. In view of the number and types of different
micellar systems available, it should be possible to find a
suitable micelle to provide enhanced CL measurement
of virtually any analyte of interest.

4. Microheterogeneous CL systems

4.1. Normal micelles
Normal micelles are assemblies of surfactants, or sur-
face-active agents, i.e., amphiphiles that have ionic or
polar head groups and hydrophobic residues that are
typically n-alkyl groups formed when a certain mini-
mum concentration (called the critical micelle concen-
tration, CMC) is reached. The competition between
hydrophobic and hydrophilic interactions in the
micelle systems are simple when compared to that in
biological membranes. Many thermodynamic, trans-
port, and spectroscopic properties show a distinct
change in behavior with concentration around the
CMC[15].

Aqueous micelles possess many unique and advanta-
geous properties, which should better facilitate analytical
CL measurements. They have been shown to:

1. solubilize, concentrate, and organize solutes/
reactants;

2. alter effective microenvironments (i.e., polarity,
viscosity, acidity) about solubilized species;

3. alter spectral parameters of solutes and the
quantum efficiencies of their reactions;

4. alter chemical and photophysical pathways and
rates; and,

5. be chemically stable, optically transparent, and
relatively nontoxic.

These micellar properties have been successfully

employed to enhance a variety of other analytical tech-
niques [13,14,16]. The early reports [17,18] dealing
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with the use of CL reactions in micellar medium were
not concerned with analysis; the CL reactions were
instead used as probes for the study of micellar struc-
ture and/or dynamics. CL generated from methylene
10-dodecylactidan and cypridina luciferin was not
detected in water, but observed in the presence of
surfactant micelles.

The first analytical application of a CL reaction in a
micellar medium was reported by Yamada and Suzuki
[19]. The copper-catalyzed CL of 1,10-phenanthroline
was highly enhanced in the presence of some cationic
surfactant micelles, and this reaction system was used
for the highly sensitive determination of copper(Il) by
flow-injection analysis. The CL seen, with an emission
maximum in the region of445-450 nm, results from the
oxidative destruction of 1,10-phenanthroline during
the catalytic decomposition of hydrogen peroxide by
the copper-1,10-phenanthroline complex and the
mechanism was developed as can be seen in Fig. 3.

A micelle formed from a cationic surfactant has a
hydrophobic center, but allows ionic interactions at the
outside surface. The 1,10-phenanthroline molecules
concentrated in the center of the micelles, and the
superoxide anionic radicals were attracted onto the
micellar surface, which made the interaction between
1,10-phenanthroline and the superoxide radical easy
and effective. The limit of the determination for
copper(IT) was 0.3 pg, and this method was developed
to determine trace amounts of copper in tap water [20],
rabbit’slenses[21] and seawater [22].

Fe(IIT) [23], Co(II) [24] and Zn(II) [25] also catalyzed
the 1,10-phenanthroline-H,0, reaction in micellar
solution, and the reaction was used to determine these
ions.

Another early application of micelles in CL was the
flavin mononucleotide-sensitized CL of sulfur dioxide
[26,27], which was found to be enhanced by some
cationic and nonionic surfactant molecules, respectively.

Hinze et al. have reported on the use of micelles to
improve the analytical characteristics of specific CL
assays based on the use of lophine, luminol, and luci-
genin [28]. They demonstrated the first comprehensive
analytical application of micelle-mediated CL analysis.
Several significant advantages of the new micelle-
enhanced technique were expounded, making CL an
even more attractive method.

The use of sub-micellar concentrations of sodium
dodecyl sulfate has been shown to eliminate precipita-
tion difficulties encountered in stopped-flow CL assays
using lucigenin [29].

The effects of halide ions, such as bromide and
chloride, on the CL intensity emitted from the lucigenin
CL reaction with adrenaline in cationic micellar
solutions were studied by Kamidate et al. [30,31]. The
CL intensity increased with an increase in the carbon
number of the alkyl group [30] when the surfactants
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were under the same concentration. However, the
degree of quenching by chloride ions was dependent on
the carbon number in the alkyl group of the surfactant
reagents used. This can related to their CMCs, which
are 1.3x103 M for hexadecyltrimethylammonium
chloride (CTAC), 4.5x103 M for tetradecyltrimethyl-
ammonium chloride (TTAC) and 2.0x1072 M for
dodecyltrimethylammonium chloride (DTAC), respec-
tively. Along with a decrease in carbon number of alkyl
group, the CMC and thus the concentration of surfac-
tant micelles increased. The concentration of chloride
ions increases simultaneously under these conditions.
Consequently, the degree of the quenching by chloride
ions may increase with a decrease in the carbon
number of the alkyl group of surfactant reagents. How-
ever, the maximum CL intensity in such C16 sur-
factants as hexadecyltrimethylammonium hydroxide
(CTAOH), CTAC, and hexadecyltrimethyl- ammonium
bromide (CTAB), were not affected by the counter-ions
of the surfactant reagents. This result may be inter-
preted by taking into account their CMCs. That is, the
CL intensity reached a maximum value without suffer-
ing from the quenching effect of halide ions on the CL
intensity, since the CMCs for CTAC and CTAB are well
below the concentrations required for quenching by
halide ions.

With CTAB or CTAC micelles, the inert chloride or
bromide counter-ion competes with and displaces reac-
tive counter-ions (such as the hydroxide ion) from the
micellar surface and reduces reaction rates [32]. For
example, the selectivity coefficients for hydroxide
exchange in cationic alkyltrimethylammonium surfac-
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tant micelles, Kop/x, are 0.02-0.22 and 0.023-0.08 for
X=Cl~ and Br~, respectively. Thus, for bimolecular
reactions involving the hydroxide ion and neutral sub-
strates, the rate enhancement (and CL intensity)
observed in CTAC or CTAB micelles is not as great as it
could be because of this competitive ion exchange.
Some of the CL systems carried out in micellar media
are summarized in Table 1, different aqueous micelles
have been used to improve lucigenin [28—-32,46], lumi-
nol [33,34,47] and peroxyoxalate [36,48] CL reac-
tions. These systems indicated that with the use of
micelles the sensitivity and selectivity of the CL analysis
were improved. This suggests the potential of these
systems for analytical applications will continue to be
studied.

4.2. Reversed micelles

In CL measurements, an interesting development of
analytical significance is the incorporation of reverse
micelles into the detection system. Results from differ-
ent CL studies indicate many advantages, including
sensitivity and improved selectivity in the reversed
micellar system [49].

The center of the reversed micellar core, which pro-
vides a unique, versatile reaction field, is referred to as a
microreactor [50]; it is filled with water molecules sur-
rounded by surfactant polar heads, while the hydro-
phobic chains are directed into the bulk non-polar
organic phase. Until 1987, almost all of the micelle-
enhanced analytical procedures reported had utilized
normal aqueous micelle systems. Consideration of
so-called reversed micelles in CL measurements or

/\/ Cuz+

Cu(Phen),?" 1,10-Phen
Cu(Phen),*

_02-

@

C

10, \C;b\\'cel

Figure 3. CL mechanism of 1,10-phenanthroline-Cu(ll) system in micellar medium.
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chemical analysis in general seemed to have been
overlooked. Hoshino and Hinze [51] first described
in the results of their comprehensive study of the effect
of a cationic reversed micellar system (i.e., CTAC in
6:5 (v/v) chloroform-cyclohexane containing specified
amounts of water) upon the spectral and physical
properties of the CL reagent, luminol, and its primary
emitter, 3-aminophthalic acid. Additionally, the use of
the CTAC reversed micellar system as a medium for the
luminol chemiluminescent assay for hydrogen peroxide
was evaluated and the analytical results were com-
pared and contrasted with those obtained in bulk water
alone. Such a reversed micellar solution has been used
to amplify the CL of luminol-hydrogen peroxide system
under mild pH (7.8-9.1) conditions [51,52]. The sig-
nificance of reverse micelles in CL analysis is considered
to result from their unique structure (size/shape) and
composition. Although not demonstrated, it is believed
that reversed micellar mediated CL reactions occur at
surfactant-water interfaces [14,49]. In addition to
the advantage of sensitivity, these microreactors can
transfer species of experimental interest quantitatively
into water [53-55].

Because of the catalytic behavior of different
metal ions and the effectiveness of reverse micelles in
CL reactions, Fujiwara et al. used reversed micellar
mediated CL reactions to develop new methods for

Trends in Analytical Chemistry, Vol. 22, No. 2, 2003

off/on-line trace-level quantification of gold(IIl) [56—
59], rhodium(III) [60], iron(III) [54,61], iron(II) [61],
vanadium(IV) [55,62], atropine [63] and iodide and/or
iodine [64].

Most probably via ion-pair formation in the extrac-
tion process, gold(Ill) was transferred as the tetra-
chloroaurate ion from aqueous solution into
chloroform-containing  tri-n-octylphosphine oxide
[57]. The post-extraction step was directly coupled
to a reversed micellar mediated CL reaction system,
and the resulting solvent extraction/reversed micellar
mediated CL hybrid method was then applied to the
determination of gold in industrial samples [57,58].

The combination of CL flow-injection methods with
reversed micelles has been used for the determinations
of primary amines and amino acids [65-67].

The Schiff bases derived from phenylacetadehyde in
methanol for amines and sodium bis(2-ethylhex-
yl)sulphosuccinate (AOT) reversed micellar solution for
amino acids were found to produce strong CL when oxi-
dized with iron(II) and hydrogen peroxide (Fenton's
reagent). The determination limits were 1.5x 103 M for
n-hexylamine and 1.4x10°7 M for alanine [65]. A
study of the mechanism indicated that the acceleration
of Schiff-base formation depended on both the water-to-
surfactant ratio in the reserved micellar solution and
the hydrophobicity of the amino acids [66,67].

Table 1. Summary of CL analysis using normal micelles as reaction media
Reaction medium CL reaction Analyte Detection limit Ref.
CTAB Luminol/peroxidase Clucose 1x108 M [33]
Triton X 100 Luminol/NO,/SO3~/OH~ NO, 3 ppb (v/v) [34]
CTAOH Lucigenin/H,0, Biological reductants 2.3 mg/l fructose [32]
CTAOH Lucigenin/NalO,/OH™ Adrenaline 1x108 M [31]
CTAOH Lucigenin/Adrenaline/OH™ Adrenaline [30]
SDS Lucigenin/glucuronic acid Clucuronic acid [29]
SDS Lucigenin/OH™ Ascorbic acid, etc. [28]
CTAHO Lucigenin/NalO, Epinephrine [35]
Arkopal N-300 TCPO/perylene/H,0, Perylene nM level [36]
CTAB 1,10-Phen/ H,0,/Cu?™ Cu?* 0.3 pg/20 ul [19,20]
CTAB 1,10-Phen/H,0,/Co?* /Nucleosides Nucleosides and their derivatives 68 pmol/10 pl [37]
TSAC 1,10-Phen/H,0,/Zn** Zn** 23x108 M [25]
CTAB 1,10-Phen/H,0,/Fe?**, Co*™ Fe2* 0.1 ppb [23]
Co?* 5 ppb [24]
Triton X-45 Rulbpy)3 * Codeine 8.3x107 M [38]
SDS (Triton X 100 CTAB) OS(bpy)3™ ECL study 139]
CTAB Dibromoalizarin violet/H,0,/Co?** Co?* 4 pg/ml [40]
CTAB CLPF/H,0,/Co*™ Co?* 0.07 ng/ml [41]
CTAB B-Nitrostyrene/Fluorescein/Cu?* B-Nitrostyrene 0.1 ng/20 pl [42]
TDBAC FMN/Cr(lll}/H,O, Cr(l) 5%10° M [43]
Cr(VI) 1x10° M
Tween 80 Rhodamin 6G/Oy/H™" Sulfite 0.03 mg/I [44]
Tween 85 FMN/KmnQO,/SO, SO, 3 ppb [26]
SDBS 107 /H,0, SDBS 8.3x108 g/ml [45]
CTAB: hexadecyltrimethylammonium bromide; CTAOH: hexadecyltrimethylammonium hydroxide; SDS: sodium dodecy! sulfate;
SDBS: Sodium dodecylbenzene sulfonate; TSAC: Trimethylstearylammonium chloride; CLPF: 2,6,7-Trihydroxy-9-(4’-chloropheny)-3-
fluorone; 1,10-Phen: 1,10-Phenanthroline; FMN: Flavin mononucleotide; TDBAC: Tetradecyldimethlbenzylammonium; TCPO: bis(2,4,6-tri-
chlorophenyljoxalate.
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The use of AOT reversed micelle as a medium for the
determination of fluorophors was reported [68]. Both
cationic CTAC and anionic AOT reversed micelles were
compared.

Table 2 lists some of the reported applications of
reversed micelle media in CL. It is surprising to find that
until now almost all these systems have been based on
CTAC reversed micelles formed in CHCl3-cyclohexane/
water solvent, with the exception of a few AOT/1-buta-
nol/cyclohexane systems. This perhaps results from the
use of organic solvents and the instability of reversed
micelles, making their use difficult in flow-injection
analysis. More effective reversed micellar systems and
further development of this method are required.

4.3. Microemulsion
A microemulsion is an isotropic, optically clear disper-
sion of oil-in-water (O/W) or water-in-oil (W/0), where
“0il”” is a hydrocarbon. The name ‘‘microemulsion’
derives from the fact that oil droplets in O/W systems or
water droplets in W/O systems are small (50-500A°).
Like micelles, microemulsions serve as unique compart-
mentalized environments for different kinds of reac-
tions, and both moderate and high-rate accelerating
effects have been observed [70-72]. In such media, the
interface between the water and oil possesses a physical
nature widely different from that of an aqueous or non-
aqueous continuum and has the power to significantly
influence the kinetic process, depending on the locations
of the interacting species in the compartment.
Compared to micelles, microemulsions are versatile
because the compartment sizes can be altered at will in
both the absence and the presence of additives. They
are thermodynamically stable colloidal dispersions of

Trends

surfactant molecules in either oil or water [73,74].
Surfactants facilitate emulsification by reducing inter-
facial tension and stabilization by introducing double-
layer forces and/or solvation forces between dispersed
particles.

Microemulsions have proved to be interesting as
reaction media for many different areas of chemistry or
biochemistry because of the presence of a local orga-
nized structure of aqueous and organic microdomains
within a perfectly macroscopically homogeneous, ther-
modynamically stable, isotropic solution. They provide
unique, variable reaction media depending on the W/0O
or the O/W ratios and have been used to study keratin
cystine reactivity [75], organic reactivity [76] and as
reaction media for the synthesis of surfactants [77-79]
as well as for analytical chemistry [80,81].

However, surprisingly, only very few reports have
been published on the use of microemulsions as media
for CL reactions [82-90], including five original papers
[82—86] and four patent reports [8 7-90].

The fast hydrolysis reactions that peroxalate esters
undergo in protic solution have been studied using a
microemulsion medium to dissolve the peroxyoxalate-
type reagents. It is well-known that peroxyoxalate CL
reactions, involving the oxidation of an oxalic acid deri-
vative by hydrogen peroxide in the presence of a
suitable fluorophor [5,91], have been used analytically
for the measurement of many substances [4—-10]. How-
ever, in many of these applications, some major prob-
lems are encountered. Most oxalic acid derivatives are
only soluble and effective in organic solvents, and that
causes irreproducible mixing when measured in
aqueous samples. Although water-soluble derivatives
have been reported, efficiencies are very low. In many

Table 2. Summary of CL analysis using reverse micelles as reaction media
Reaction medium CL system Analyte Detection limit Ref.
CTAC/Dichloromethane/cyclohexane Luminol/Tetrachloroaurate/ Atropine 1 ng/ml [62]
(1:1 v/v)/water (0.3 M Na,CO5) Atropinium

CTAC/CHCl;/cyclohexane/water Luminol/VO(acac), V(v) 0.05 ng/ml [62]
CTAC/CHCls/cyclohexane/water (pH 11.5) Luminol/2-iodosobenzoate lodide 0.02 ng/ml [64]
CTAC/CHCl3/cyclohexane/water (0.1 M NaOH) Luminol/H,O,/Felll) Fedlll) 5 ng/ml [61]
CTAC/CHCl;/cyclohexane/water (0.2 Na,CO3) Luminol/O,/Rh(lll) Rh(I1) 50 ng/ml [60]
CTAC/CHCls/cyclohexane/water (carbonate buffer) Luminol/AuCly Au(lln [58]
CTAC/CHCl;/cyclohexane/water (carbonate buffer) Luminol/Tetrachloroaurate/Aulll)  Au(lll) 10 pg/ml [56]
CTAC/CHCl3/cyclohexane/water (0.2 M Na,COs, pH 11.5)  Luminol/Fe(oxine);/H,O, Fe(lll) 0.4 ng/ml [54]
CTAC/CHCl;/cyclohexane/water (0.2 M Na,COs, pH 11.5)  Luminol/iodine lodine 50 pg/ml [53]
CTAC/CHCl3/cyclohexane/water (pH 7.8-9.1) Luminol/H,O, H,O, 6.4x107 M [51]

Glucose 1x10* M [52]
CTAC/CHCl;/water TCPO/perylene/H,O,/ Ascorbic acid  5x10% M [69]

ascorbic acid
AOT Phenylacetadehyde (PAA) N-Hexlamine ~ 1.5x10®% M [671]
AOT Phenylacetadehyde (PAA) Alanine 1.7%x107 M [65]
AOT(CTAC)/1-butanol/cyclohexane TCPO/H,0,/ANS (RhB) ANS 2x10% M (CTAC)  [68]
7x10% M (AOT)
RhB 1x10° M (CTAQ)
1x10° M (AOT)

ANS: 8-anilino-1-Tnaphthalenesulforic; RhB: Rhodamine B; AOT: Sodium bis(2-ethylhexyl)sulphosuccinate.
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cases, the rates of the CL reaction in an aqueous system
are very fast, resulting in imprecise measurements.

Thompson et al. [82] studied several microemulsion
systems that contained various fluorophores and oxa-
late esters. They showed that CL could be obtained in
microemulsions based on ionic and non-ionic surfac-
tants, that the emission was a pseudo-first-order pro-
cess, and that the light intensity was dependent on
microemulsion formation.

Using a phase diagram, Cohen and Magdassi [84]
studied the effect of the phase composition of the micro-
emulsion on CL, the phase comprising Triton X-100, 2-
butanol, toluene, and water. The CL intensity of light,
Iy, and t;,, were found to depend on both reactant con-
centrations and phase composition. The light intensity
is inversely proportional to t;,» when the amounts of
reactants are constant. The transition from W/0 emul-
sion to W/0 microemulsion is also reflected in CL inten-
sity and t;,; often CL intensity is stronger and CL
signals are sharper in the microemulsion systems.

A CL immunoassay in microemulsion was reported
by Kamyshny and Magdassi [85]. Dissolving the parti-
cles, which were formed from a special interaction of an
antibody with an antigen preadsorbed onto fluorescer
(perylene) microparticles in a microemulsion-forming
mixture containing TCPO in toluene (oil phase) and
H,0, in Triton X-100/2-butanol/water, leads to CL.

Recently, we reported [86] a surfactantless O/W
microemulsion medium, water/n-hexane/2-propanol,
that was evaluated for sensing free chlorine based on
luminol CL under basic and unbuffered conditions.
Under unbuffered conditions, free chlorine provided
strong light emission in the microemulsion medium.
Even under unbuffered conditions, the microemulsion
medium provides sample signals as high as those in
basic aqueous solution. Normal and reversed micellar
solutions were compared with the microemulsion, and
both micelle systems appeared to be useful media.

The CL reaction of luminol was carried out under
unbuffered conditions with transition metal ions, e.g.,
Cu?*, Fe?*, Co?* and Mn?*, not providing appreciable
signals in the microemulsion medium, the signals being
as low as those in water. This system was directly used
to determine free chlorine in tap water. However,
because the interface of microemulsion is affected by
many conditions, e.g., temperature, composition, pres-
sure, etc., it is difficult to control the formation of micro-
emulsion even under the same conditions. This is one of
the reasons for microemulsion not being generally used
in CL analysis.

5. Conclusions

This is the first review of the use of microheterogeneous
systems as media in CL analysis. The high sensitivity

106 http://www.elsevier.com/locate/trac

Trends in Analytical Chemistry, Vol. 22, No. 2, 2003

and the simple instrumentation required for CL deter-
minations mean that extensions of its applications are
continually being sought. New CL systems being repor-
ted are concerned with surfactants because the use of
micelles as the CL medium greatly improved the CL
intensity and selectivity. However, the applications of
micelles and microemulsions in CL are relatively few
because the mechanism for micelle formation is not
fully understood and it is difficult to obtain a suitable
micelle for a specific CLreaction. Further research into the
application of microheterogeneous media and interface
interactions will allow new CL analysis to be developed.
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