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Progress in Thermal Lens Spectrometry and Its Applications
in Microscale Analytical Devices

Mingqiang Liu and Mladen Franko
Laboratory for Environmental Research, University of Nova Gorica, Nova Gorica, Slovenia

Development of thermal lens spectrometry (TLS) as a micro space-compatible photothermal
technique and its applications for analysis of different chemical compounds in micro space
and particularly in microfluidic systems are reviewed. Theoretical treatment of TLS in micro
space has evolved from simply following conventional theory and predictions in macro space
to employing a more accurate theory where impacts of the excitation source (Gaussian laser,
top-hat incoherent light source, beam divergence, power density), detection scheme (probe
beam waist, mode-mismatching degree), sample flow, and sample cell (top/bottom layers, side
wall) on the TL signal are included. Noise sources (light sources, sample status, detector) in
TLS systems have been analyzed, and optimum pinhole-to-beam radius ratio is suggested for
the maximum signal-to-noise ratio. With different excitation light sources from ultraviolet, to
visible, to near-infrared regions and coupled with microfluidic devices, these TLS instruments
with good temporal and spatial resolution have found many applications for highly sensitive
and/or high-throughput detection of chemical or biochemical analytes, for cell imaging or
single particle/molecule detection, and for characterization of molecular diffusion in single-
or two-phase systems. Prospects and challenges of TLS for future applications in
microchemical analysis are discussed.

Keywords Chemical/environmental applications, microfluidics, thermal lens spectrometry

INTRODUCTION

Research and development on downsizing and integration

of chemical systems on a chip, namely “lab-on-a-chip,” are

now the trend in chemistry and chemical analysis (Livak-Dahl

et al., 2011; Tian and Finhout, 2008). By integrating different

analytical processes for sequential operations like sampling,

sample pretreatment, separation, derivatization reactions, and

analyte detection in a microfluidic device (Kikutani et al.,

2005), a micro total analysis system (m-TAS) can be assem-

bled to realize automated and controllable manipulation or

detection of chemicals with very low reagent consumption and

short analysis time in comparison with conventional chemical

analysis. Microchips with simple or sophisticated channel net-

works for a wide variety of applications are commercially

available from different companies, such as Micronit, Dolo-

mite, microLIQUID, Microflexis, and Institute of Microchemi-

cal Technology.

In microfluidic devices, highly sensitive detectors are

required to detect analytes in a microchannel with dimensions

on the scale of several tens of micrometers. Detection methods

mainly used in microfluidics can be classified into three major

types: optical methods, electrochemical methods, and mass

spectrometric (MS) methods (Wu and Gu, 2011). Electro-

chemical methods are very sensitive and can be implemented

in field-portable devices, but they are suitable only for electro-

active analytes and are sensitive to variations of the experi-

mental conditions (such as temperature, flow rate of the liquid,

contamination) (Crevill�en et al., 2007; V�aradi et al., 1979).

MS is highly sensitive and requires only a small quantity of

sample. But on the other hand, MS needs ionization of analy-

tes and is not suitable for nonvolatile compounds (Lazar et al.,

2006). Among the optical methods, fluorescence-based detec-

tion, due to its high sensitivity and compatibility with micro

space, has found wide application in microfluidic device–

based chemical analysis of trace analytes or even detection of

single molecules (Okabare and Soper, 2009). However, this

method is limited to fluorescent samples or fluorophore-deriv-

atized nonfluorescent analytes. The majority of biologically

important chemicals, such as amino acids, nucleotides, pro-

teins, and hormones, are natively nonfluorescent and need to

be derivatized before detection, which can bring unexpected

interferences to the analysis or cause changes of the analyte.

In contrast to the luminescence-based methods, thermal lens

spectrometry (TLS) (Fang and Swoford, 1983), as one of the

Address correspondence to Mladen Franko, Laboratory for Envi-
ronmental Research, University of Nova Gorica, P.O. Box 301, SI-
5000 Nova Gorica, Slovenia. E-mail: mladen.franko@ung.si

Color versions of one or more of the figures in the article can be
found online at www.tandfonline.com/batc.

328

Critical Reviews in Analytical Chemistry, 44:328–353, 2014

Copyright � Taylor and Francis Group, LLC

ISSN: 1040-8347 print / 1547-6510 online

DOI: 10.1080/10408347.2013.869171

D
ow

nl
oa

de
d 

by
 [

19
3.

2.
12

0.
11

] 
at

 0
8:

31
 1

9 
M

ay
 2

01
4 



photothermal techniques, depends on nonradiative relaxation

processes and conversion of the absorbed energy into heat. In

principle, any substance absorbing the light can be detected by

TLS, even fluorescent compounds unless the fluorescence

quantum yield equals unity (no absorbed light is converted to

heat). TLS provides as high sensitivity as spectrofluorimetric

methods, which enable detection of absorbances down to 10�7

AU (absorbance units), and as a method of molecular absorp-

tion spectroscopy, can exploit all the features and advantages

of conventional spectrophotometry and cover a much larger

spectrum of substances than fluorescence methods.

Different theoretical descriptions of the TL effect under a

variety of experimental conditions and the applications of TLS

in different analytical fields have been reviewed extensively in

several books and review articles (Bialkowski, 1996; Dovichi,

1987; Fang and Swoford, 1983; Franko, 2008; Franko and

Tran, 1996; Gupta, 1988; Harris, 1986; Navas and Jim�enez,
2003; Proskurnin and Kononets, 2004). Besides its high sensi-

tivity, TLS is also capable of fast and small-volume detection,

which makes it suitable for coupling to an optical microscope

to construct the so-called thermal lens microscope (TLM)

(Harada et al., 1993). To make a clear distinction between

TLM and other TLS instruments, which are mainly used for

detection in long path length samples but also for detection in

micro space, the term TLM will be used only for cases where

the focusing of pump and probe beams onto the sample is

achieved by a single objective lens and the beam sizes in the

sample are � 1 mm.

With good temporal (� ms) and spatial (� mm) resolutions,

TLM has been developed into a promising detector for micro-

fluidic analysis. Due to lower occurrence of some interfering

or hindering substances and an increase in the degree of com-

pleteness of the analytical reaction in micro space, TLM has

better detection selectivity and/or sensitivity than the conven-

tional apparatus for the same sample path length in macro

space (Proskurnin and Kononets, 2004). As reviewed before

(Dudkoa et al., 2012; Ghaleb and Georges, 2004; Kitamori

et al., 2004; Tokeshi et al., 2003), different TLM instruments

have found many applications in chemical, biochemical/bio-

medical, and environmental fields for analysis of different

compounds, such as metal ions, antigens, amino acids, cate-

cholamines, cytochrome c, pharmaceuticals, and pesticides. In

recent years, some new variations of TLM have been devel-

oped for specific applications, such as circular dichroism TLM

in the UV region (UV-CD-TLM) for chiral analysis on a

microchip (Mawatari et al., 2008), polarization modulation

TLM (PM-TLM) for imaging the orientation of nonspherical

nanoparticles (Zhang et al., 2011), and differential interfer-

ence contrast TLM (DIC-TLM) in a microchannel or extended

nanochannel for background-free detection of nanoparticles

(Shimizu et al., 2009, 2010, 2011). With the development of a

more accurate TL theoretical model (Liu et al., 2012), the sig-

nal-generation mechanism in micro space was better under-

stood (Liu and Franko, 2013), incorporation of an incoherent

light source (ILS) into the TLM as the excitation source was

demonstrated as feasible (Liu and Franko, 2012), rapid detec-

tion of environmental samples was realized (Liu and Franko,

2014b), and molecular diffusion in a two-phase system in the

microchannel was investigated (Liu et al., 2013) as well.

This review aims to provide an overview of the recent prog-

ress in developing TLS (especially TLM) instruments and

their applications in micro space (especially in microfluidic

devices) for chemical analysis. First, a basic theoretical back-

ground on microfluidics and TLS is given. Then, we illustrate

instrument development and some typical applications, which

are followed by a table listing most of the applications of TLS

instruments in microfluidic devices. Finally, conclusions are

made and prospects of the TLS for future microfluidic chemi-

cal analysis are indicated.

THEORETICAL BACKGROUND

Downscaling of a chemical analysis system from macro- to

microscale not only brings much smaller reagent/sample con-

sumption and more precise and controllable manipulation of

fluids in a continuously flowing stream or in a localized com-

partment, but also much shorter reaction or incubation time. In

this section, basic theories of fluid and/or molecular dynamics

in micro space are briefly given and then the TLS models in a

flowing medium are introduced.

Microfluidic Chip

There are several characteristic features of micro space

contributing to short analysis time, for example, short diffu-

sion distance, high interface-to-volume ratio (specific interface

area between solid/liquid or liquid/liquid phases), and small

heat capacity. To control molecular transport in micro space,

the molecular transportation time and the specific interface

area must be considered. The molecular transportation time is

given by (Sato et al., 2003; Tokeshi et al., 2001a)

tm ¼ L2m=Dm ð1Þ

where tm, Lm, and Dm are the molecular transportation time,

diffusion distance, and diffusion coefficient, respectively. The

specific interface area, sm, can be expressed as

sm ¼ Sm=Vm / 1=Lm ð2Þ

where Sm and Vm are the interface area and the volume.

Figure 1 shows the dependences of the molecular transporta-

tion time and the specific interface area on the diffusion dis-

tance. When Dm is on the order of 10�5 cm2/s, as for most

molecules and ions, the transportation takes several hours to a

day when Lm is 1 cm, while only several tens of seconds is

needed when Lm is 100 mm.

Depending on the driving mode of the liquid through a

microchannel, different flow profiles in the cross section of the
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channel could appear. Two main flow types are electroosmotic

flow, such as in capillary electrophoresis (CE), where the flow

velocity in cross section is quasi-homogeneous, and laminar

flow, when the liquid is driven by a microsyringe or pressure

pump, for which the flow profile is parabolic. When there are

two phases of fluids in a microchannel, a mathematical model

including the convection and the diffusion terms should be

employed to describe the molecular transfer between the two

phases (�Znidar�si�c-Plazl and Plazl, 2007).

TLS in a Flowing Medium

In chemical analysis, especially in microfluidic devices,

analytes are usually detected in flowing mediums. In Figure 2,

schematic representations of collinear and crossed-beam TLS

configurations in both transversal and coaxial flow modes are

shown. Here, “collinear” and “crossed-beam” refer to the

optical beam configurations of TLS, while “transversal” and

“coaxial” express the azimuth between the flow direction of

the liquid and the propagating direction of the pump beam.

Obviously, configuration (d) is the best one from the point of

view of absolute TL signal sensitivity and resistivity to effects

of sample flow. However, for different sample cells or sample

channel structures, such as a circular cell in micro space, other

configurations have also found applications. The crossed-

beam TLS configuration is normally used in those cases where

the collinear configuration is difficult to realize or would bring

higher noises, such as in CE, where configuration (a) is usually

employed (Faubel et al., 2003). The transversal flow mode is

employed only when the coaxial mode is not possible or

inconvenient to perform, such as on a microchip, where con-

figuration (b) was used (Kim et al., 2003), while in an 8 mL

flowing cell, configuration (d) was implemented in a TLS sys-

tem (Poga�cnik and Franko, 2001).
For detection in TLS systems, it was already demonstrated

that when the sample flows, the TL signal amplitude is reduced

due to the displacement of TL outside the irradiated area. If the

sample is flowing at a linear velocity sufficiently high to

remove the heated element from the probe beam region on the

time scale of the thermal time constant (tc ¼ ae0
2/(4D), with

ae0 the pump beam waist radius and D the thermal diffusivity),

the TL signal will be substantially decreased (Nickolaisen and

Bialkowski, 1986; Weimer and Dovichi, 1985). This is more

obvious in configurations (a) and (b) in Figure 2 than the latter

two configurations of (c) and (d). It has been demonstrated for

continuous-wave (CW) excitation that the highest sensitivity

can be obtained by shifting the position of the probe beam

along the direction of the flow (Vyas and Gupta, 1988;

Weimer and Dovichi, 1985), while for the configurations (c)

and (d), this is not necessary. The loss of sensitivity is much

less pronounced in configuration (d). For example, in an 8 mL

1 cm path length cell, only 25% decrease in sensitivity was

observed at 1 mL/min flow rate (Dovichi and Harris, 1981).

This can be explained by more than one order of magnitude
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FIG. 1. Specific interface area and molecular transportation

time as a function of the diffusion distance (from Sato et al.,

2003a). � 2003 Elsevier B.V. Reproduced by permission of

Elsevier B.V. Permission to reuse must be obtained from the

rightsholder.

FIG. 2. Pump-probe beam configuration for crossed-beam ((a) and (c)) and collinear ((b) and (d)) TLS in transversal flow ((a)

and (b)) and coaxial flow ((c) and (d)) modes in a flowing medium.
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shorter TL time constants than the sample residence time. It

should be noted that the decrease of TL signal by sample flow

is also closely related to the modulation frequency of the

pump beam under CW laser excitation or the pulse duration

under pulsed laser excitation. In the case of pulsed excitation,

because of very fast rise time (10 ms) of the maximal TL sig-

nal, very little variation (few percentages) in TL signal was

observed for flow rates up to 10 mL/min even in the case of

transversal flows (Chanlon and Georges, 2002; Nickolaisen

and Bialkowski, 1986). Source noise limitations and subse-

quent poor precision are the main reasons why pulsed TLS is

not used for detection in liquid chromatography (LC) and flow

injection analysis (FIA), even though the sensitivity of the

technique is not affected by the flow of the sample.

Besides the experimental works, theoretical models for TL

signal in flowing medium have been developed (Liu et al.,

2012; Vyas and Gupta, 1988). To obtain an explicit solution

for the thermal diffusion equation, the flow of the sample was

assumed homogeneous, with flow velocity vx (Figure 3),

which is half of the central flow velocity of the laminar flow.

Under the parabolic approximation, the TL signal is expressed

as

SðtÞ ¼ z1

fxðtÞ þ
z1

fyðtÞ ð3Þ

where z1 is the distance from the probe beam waist to the

sample and fx(t) and fy(t) denote the focal lengths of the “ideal

thin lens” in x- and y-directions, respectively. To improve the

flow-induced sensitivity deterioration, the probe beam can be

displaced with respect to the pump beam in the x-direction by

a certain distance d, which is called pump-probe beam offset.

For the collinear TL configuration, such as presented in

Figure 3,

1

fxðtÞ ¼ � dn

dT
l
@2Tðx; y; tÞ

@x2

� �
x¼d

y¼0

;

1

fyðtÞ ¼ � dn

dT
l
@2Tðx; y; tÞ

@y2

� �
x¼d

y¼0

ð4Þ

and for the crossed-beam TLS,

1

fxðtÞ ¼ � dn

dT

Z 1

�1

@2Tðx; y; tÞ
@x2

� �
x¼d

dy;

1

fzðtÞ ¼ 0

ð5Þ

in which l denotes the effective sample length (or the thickness

of the TL element), and dn/dT is the temperature coefficient of

refractive index of the sample. Expressions for T(x, y, t) under

excitations of CW and pulsed lasers can be found in Vyas and

Gupta (1988), and that under top-hat beam excitation can be

found in Liu et al. (2012).

To more accurately describe the TL signal, the aberrant

nature of the TL element should be accounted for, and in this

case, the Fresnel diffraction theory, instead of the parabolic

approximation, was employed. The complex electric field dis-

tribution of the probe beam in the detection plane is expressed

as

E2ðx2; y2; d; z1 þ z2; tÞ ¼ jexpð�jkz2Þ
2lz2

Zþ1

�1

Zþ1

�1
E

0
1ðx; y; d; z1; tÞ

exp � jk

2z2
½ðx2 � xÞ2 þ ðy2 � yÞ2�

� �
dxdy

ð6Þ

in which λ and k ¼ 2p/λ are the wavelength and the wave num-

ber of the probe beam, respectively, z2 is the distance from the

sample to the detection plane, (x, y) and (x2, y2) are the coordi-

nates in the sample and detection plane, respectively, and

E’
1(x, y, d, z1, t) is the complex amplitude of the electric field

of the probe beam at the exit plane of the TL element, that is,

E
0
1ðx; y; d; z1; tÞ ¼ E1ðx; y; z1Þexp½�jDfðx� d; y; tÞ� ð7Þ

E1(�) and DF(�) are the electric field of the probe beam

before the TL element and the phase change induced by

the TL element, respectively. For a Gaussian probe beam

with TEM00 mode, E1(�) can be found in Liu et al. (2012).

FIG. 3. Schematic diagram of the optical configuration of a

TLM system in a microchannel (from Liu et al., 2013). �
2013 Springer. Reproduced by permission of Springer. Per-

mission to reuse must be obtained from the rightsholder.
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For the collinear TLS,

Dfðx� d; y; tÞ ¼ 2p
l
l
dn

dT
Tðx� d; y; tÞ ð8Þ

When using a photodiode placed behind a pinhole to measure

the axial intensity of the probe beam, the TL signal S can be

defined as

S ¼ Sac

Sdc
¼ jE2ðt ¼ n=f þ 1=ð2f ÞÞj2 � jE2ðt ¼ n=f Þj2

jE2ðt ¼ 0Þj2 ð9Þ

where Sac is the intensity change of the probe beam in a mod-

ulation cycle corresponding to the modulation frequency (f),

n is an arbitrary cycle in steady state, and Sdc is the central

intensity of the probe beam before excitation.

In the derivation above, only the impact of the sample flow

on the TL signal was considered. When the sample length is

much larger than the confocal distance of the pump laser (zce
¼ 2pae0

2/λe, with λe the wavelength of the pump beam), the

influence of the pump beam divergence should be included

(Liu and Franko, 2013). When the sample length is compara-

ble to or smaller than the confocal distance of the pump laser,

the impacts of the top/bottom layers of the sample cell on the

TL signal should be taken into account (Liu et al., 2012).

When z1 is comparable to or even smaller than the thickness

of the TL element (usually the case in laser-excited TLM),

there exist different z1s for different thin TL elements (if we

treat this “thick” TL element as a combination of many thin

TL elements), and a “finite TL element”-based model was

used to calculated the TL signal as the sum of TL signals of N

thin TL elements (Liu and Franko, 2013). When the pump

beam waist is comparable to the size of the sample cell, the

impact of sidewall on the TL signal should be considered

(Bialkowski and Chartier, 2001; Chartier and Bialkowski,

1997; Liu et al., 2012).

In addition, influences of some other factors should also be

considered where necessary, such as absorption saturation

(Georges et al., 1996; Harata, 2007; Ramis-Ramos et al.,

1994), transient absorption (Harata, 2007; Harata and Yama-

guchi, 2000; Harata et al., 2002), absorbance change during

chemical reactions (Franko and Tran, 1991a, 1991b;

Malacarne et al., 2011; Pedreira et al., 2006), matrix effects

(Georges, 2008), and Soret effect (Cabrera et al., 2009).

INSTRUMENT DEVELOPMENT AND APPLICATIONS

Although TLM has exclusive advantages of fast response,

micro space compatibility, and high temporal and spatial reso-

lution over TLS system, its sensitivity is still over 10 times

lower than that of the TLS due to the much shorter sample

length in the microchannel, such as 100 mm in contrast to

1 cm in a TLS system. Therefore, increasing the sensitivity of

TLM as well as lowering the instrumental noises is always one

of the most important tasks for instrument development. On

the other hand, to improve the general disadvantage of TLS

systems, namely its specificity, multiple laser lines from UV,

to visible to near-infrared (NIR) or even broadband incoherent

light sources were used as the excitation source. Furthermore,

to meet special detection requirements or applications, some

new TLM apparatuses (CD-TLM, PM-TLM, DIC-TLM) were

developed as well.

Improvements for Lower Limits of Detection

To obtain the lowest limit of detection (LOD), systematic

parameters including the optical configuration, sample solvent,

and noises were optimized.

Optical Parameters

One of the optical parameters closely related to the TL sig-

nal is the excitation power density, which is determined by the

pump beam power and beam radius in the sample. According

to the enhancement factor (u ¼ P(-@n/@T)/(kλ)), one direct way
to increase the sensitivity is to enhance the power of the pump

beam. However, at high powers, nonlinear absorption (Mar-

cano O. et al., 2011), convective noise (Georges, 1999)

(although it is not as pronounced in a microchannel as in an

ordinary cell; Proskurnin et al., 2003), optical saturation

(Georges et al., 1996; Ramis-Ramos et al., 1994), and multi-

photon processes (Bindhu et al., 1999; Taouri et al., 2009), or

light-induced damage to the analyte, especially for some bio-

logical molecules (Chen et al., 2002; Takeshita et al., 2003),

could occur. Alternatively, decreasing the pump beam radius

in the sample can also enhance the TL signal as in case of

TLM, but the possible nonlinear absorption or light damage to

the analyte should be considered as well. Furthermore, select-

ing a probe beam with shorter wavelength increases the sensi-

tivity. Increasing the probe beam power can enhance the

absolute TL signal amplitude and subsequently decrease the

LOD when the noise in the TLS system is mainly the shot

noise. In addition, increasing the effective sample length is

also a way to enhance sensitivity.

At given pump beam parameters (power, beam radius), the

second strategy is to optimize the optical configuration of the

pump and probe beams, including the arrangement of the

pump and probe beams (collinear, quasi-collinear, or crossed-

beam), the mode mismatching degree, the probe beam radius

at its waist, and the signal generation mechanism (by diffrac-

tion or interference).

As the typical optical configuration, collinear TLS has been

extensively developed in the past and is the only possible con-

figuration in TLM because of spatial constraints for relatively

large optical elements. As shown in Figure 4 (Liu et al.,

2013), the excitation beam, which can be derived from a laser

or other light sources, and the probe beam are tightly focused

onto the sample by an objective lens (OL). For the laser-exci-

tation case, the beam waist radius in the sample is usually
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�1 mm. Due to the chromatic aberration of the OL or by using

a beam expander (beam expander I, Figure 4) before the OL,

mode-mismatching between the pump and probe beams is

realized for high sensitivity. In the far-field detection scheme,

the TL signal is monitored by a photodiode.

In early-stage TLM instruments, it was believed that, as in

conventional TLS (Sheldon et al., 1982), the maximum TL

signal occurred at z1 ¼ �p
3zR (zR ¼ pw1

2/λ: Rayleigh range

of the probe beam, with w1 the beam waist radius of the probe

beam) and was generated mainly within the confocal distance

(zce ¼ 2zRe, with zRe ¼ pae0
2/λe) of the pump laser (Kitamori

et al., 2004). However, it was later found experimentally that

the signal-contributing volume was larger than the confocal

distance, such as in Proskurnin et al. (2003), where an effec-

tive path length of 13.5 mm at the pump beam waist radius of

0.68 mm was estimated in comparison with the confocal dis-

tance of 5.6 mm, while in Li et al. (2007), the entire cell length

of 100 mm contributed the TL signal in comparison with the

confocal distance of 9.3 mm at the pump beam waist radius of

1.2 mm. For the optimum distance of z1, although a reasonable

conclusion that the optimum optical scheme occurred when

the probe beam diameter fitted the diameter of the thermal

lens was obtained, the value of the mode-mismatching degree

m ( ¼ (ws/ae0)
2, with ws ¼ w1[1 þ (z1/zR)

2)]1/2 being the probe

beam radius in the sample plane) of 3 and the resulting z1 of

0.6zR were underestimated due to the use of an approximate

temperature model (Smirnova et al., 2008). In Li et al. (2007),

the optimum z1 was obtained at 5zR. To unify the above dis-

crepant conclusions, a more general and accurate theoretical

model was built on the basis of the Fresnel diffraction theory

(Liu et al., 2012), where the influences of the pump beam

divergence, sample flow, top/bottom layers, and sidewall of

the sample cell on the TL signal were taken into consideration.

For a TL element with thickness comparable to or larger than

z1, a refined TLS model was developed (Liu and Franko,

2013). In comparison with the model in Liu et al. (2012),

where the thickness of the TL element is treated as infinitesi-

mal, this model approximates the TL signal as the sum of TL

signals of N thin TL elements, which is expressed as

Stl ¼
XN
i¼1

jE2ðr2; z1ðiÞ þ z2; t ¼ n=f þ 1=ð2f ÞÞj2
� jE2ðr2; z1ðiÞ þ z2; t ¼ n=f Þj2
jE2ðr2; z1ðiÞ þ z2; t ¼ 0Þj2 ð10Þ

For the ith thin TL element, z1(i) ¼ �z0 þ zi, is the distance

from the probe beam waist to the center of the ith thin TL ele-

ment. In z1(i), z0 is the position of the probe beam waist rela-

tive to the first thin TL element and is negative when the probe

beam waist is located to the left of the first thin TL element, as

presented in Figure 5, and zi ¼ (2i-1)l/(2N). Both theoretical

simulations and experimental results showed that for a

100 mm deep microchannel (Hc ¼ 100 mm) at f ¼ 1 kHz, the

optimum z1 was obtained at around 105 mm for ae0 ¼ 2 mm

and at 75 mm for ae0 ¼ 0.7 mm, and the corresponding mode-

mismatching degrees were 100 and 400, respectively, and the

effective light path length (Leff) was 6zce (Leff ¼ 293 mm at

ae0 ¼ 2 mm and 35.9 mm at ¼ 0.7 mm, λe ¼ 514.5 nm) (Liu

and Franko, 2013). When Hc < Leff, l ¼ Hc, otherwise l ¼ Leff.

We need to note that the above values of z1 and l were

FIG. 4. Schematic diagram of a laser-excited TLM coupled with a microfluidic system. CH: mechanical chopper; DM: dichroic

mirror; F: interference filter at 632.8 nm; L1–L5: lenses; MC: microchip; OL: objective lens; P: linear polarizer; PD: photodi-

ode; W: λ/4 wave plate at 632.8 nm (from Liu et al., 2013).� 2013 Springer. Reproduced by permission of Springer. Permission

to reuse must be obtained from the rightsholder.
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obtained at given pump beam waist radius ae0 of 2 or 0.7 mm,

modulation frequency of 1 kHz, and sample length of

100 mm. If the pump beam waist radius is smaller and/or the

modulation frequency is higher and/or the sample length is

shorter, the optimum z1 and effective sample length will be

smaller. For a given microchannel depth, a conclusion, which

can be generalized to any TLS setup, is that the maximum TL

signal appears at an optimum beam size where the confocal

distance of the pump beam is approximately half of the micro-

channel depth or sample thickness, namely:

ae0 ¼
ffiffiffiffiffiffiffiffiffiffi
leHc

4p

r
ð11Þ

After optimization of the beam parameters for laser-excited

TLM the achieved LOD of 8.6 � 10�9 M for ferroin in a

100 mm microchannel at an excitation power of 4 mW is

2.3 times lower than that reported by Proskurnin et al. (2003),

where a LOD of 2 � 10�8 M was reached by using a 10 times

higher excitation power. The improvement in LOD can be

attributed partly to the optimization of the optical configura-

tion, and partly to the possible difference in the performance

of the components (such as stability of lasers, detector noise)

used in the two TLM systems.
For flowing samples, the collinear TLM discussed above

can be used without any change if the flow velocity is low

(such as less than 1 cm/min), otherwise one of the beams (usu-

ally the pump beam for convenience) should be displaced a

certain distance, as in TLS systems (discussed above), to com-

pensate for the change of the temperature distribution. For low

flow velocities, Li et al. (2007) developed a collinear-beam

TLM detector and introduced it into a high-performance liquid

chromatography (HPLC) system (mobile phase: 80% metha-

nol and 20% deionized water) to analyze a mixture of five

anthraquinone dyes and got LODs of 0.5–1.2 mg/L with a path

length of 200 mm at a pump power 28 mW. For the case of

higher flow velocities, the initial collinear arrangement of the

pump and probe beams has been to some extent misaligned on

purpose by displacing one of the beams to compensate for the

change of the temperature distribution, and we can call this

configuration quasi-collinear TLM. Through displacing the

beams to an optimum distance (dopt), which, for example, is

theoretically calculated to be 0.6ae0 at vx ¼ 5 cm/s and f ¼
1 kHz, the TL signal achieved maximum for every selected

flow velocity from 1 to 10 cm/s, and a better response linearity

of TLM was shown over three orders of magnitude of sample

concentration (Liu et al., 2013). To what extent the sample

flow influences the TL signal depends on how the heat is

moved away in a modulation cycle and how the temperature

distribution deteriorates, which is determined by the flow

velocity, the modulation frequency, and the pump beam

radius. For the excitation by a point-like pump beam (such as

the diffraction-limited pump beam under a high-numerical-

aperture OL) (Liu et al., 2012), the TL signal is slightly

changed by the sample flow when the translational distance Lf
of the fluid in an excitation or cooling duration (Lf ¼ vx/(2f)) is

smaller than the thermal diffusion length (Dth ¼ [D/(pf)]1/2)

and will decrease when Lf is larger than Dth. The higher the

flow velocity, the bigger the signal decrease will be. When the

pump beam waist radius is larger than Dth and/or when the

modulation frequency is low, sample flow below certain limit

(such as Lf < ae0) will increase the TL signal to a certain

extent because of the heat aggregation resulting from a cou-

pled effect of laser-induced heating, thermal diffusion, and

flow-induced heat translation at a certain area within the detec-

tion volume of the probe beam (Liu and Franko, 2014a; Liu

et al., 2012; Smirnova et al., 2008).

Besides the influence of the sample flow, photostability of

the sample also impacts the TL signal (Liu and Franko, 2014a,

2014b; Mawatari et al., 2008; Ragozina et al., 2002). Some

works have shown that for photolabile samples, the TL signal

will first increase with flow velocity and then decrease with

further increase of the flow velocity. The maximum signal

occurred at a certain flow velocity where a compromise is

made between the less photodegradation-resultant signal

improvement and the flow-induced signal decrease. As shown

in Liu and Franko (2014b), this flow rate occurred at about

10 mL/min (corresponding to 2 cm/s in a 200 mm wide �
50 mm deep microchannel) for Cr-DPC complexes (obtained

after reaction of hexavalent chromium (Cr) with diphenylcar-

bazide (DPC)) at an excitation power of 60 mW and pump

beam waist radius of 2 mm. The critical number of photons

absorbed by a single Cr-DPC complex, above which the mole-

cule will be photodegraded, was calculated to be about 4000.

Further increasing the carrier flow rate up to 20 mL/min

z
w1

-z0

1 Ni

l/N
(i-1)l/N

z2

r

l0

Probe beam Detection 
plane

r2

FIG. 5. Schematic diagram of the optical configuration of a

typical laser-excited TLM, where a probe beam is diffracted

by a finite TL element (represented by a series of N thin TL

elements) (from Liu and Franko, 2013). � 2013 Springer.

Reproduced by permission of Springer. Permission to reuse

must be obtained from the rightsholder.

334 M. LIU AND M. FRANKO

D
ow

nl
oa

de
d 

by
 [

19
3.

2.
12

0.
11

] 
at

 0
8:

31
 1

9 
M

ay
 2

01
4 



allowed recording analytical signals for 12 sample injections

in one minute although the TL signal decreased a little bit by

the liquid flow. This provides a solid basis for further realiza-

tion of high-sample-throughput analysis.

To realize precise positioning of the light beams with

respect to the microchannel, a portable TLM with a focusing

system was developed (Mawatari et al., 2005). The astigma-

tism of the reflected excitation beam from the microchip was

used for depth direction focusing, and the scattering effect of

the transmitted probe beam by a microchannel edge was used

for width direction focusing. The focusing system was evalu-

ated with a 250 mm wide � 50 mm deep microchannel. Focus-

ing resolutions for depth and width directions were 1 and

10 mm, respectively. The same authors then developed a

reflective portable TLM (Mawatari and Shimoide, 2006). An

aluminum mirror was deposited on the main plate of the

microchip to reflect the probe beam back to a detection unit.

One possible problem in this instrument is the background sig-

nal due to light absorption of the aluminum mirror, which was

reduced 60 times by spacing the microchannel and the mirror

by 600 mm. A quadrant photodiode was used to regulate the

tilt angle of the microchip within � 0.05�. The LOD was

60 nM for xylene cyanol solution, corresponding to an absor-

bance of 9.4 � 10�6 AU about 40 times lower than with a

spectrophotometer.

In addition, to meet special detection requirements or appli-

cations, some new TLM apparatuses were developed by chan–

ging the excitation mode or by miniaturization, which leads to

final commercialization.

To measure chiral samples, a circular dichroism TLM (CD-

TLM) was proposed (Yamauchi et al., 2006a), in which by

analogy to previous work on CD-TLS (Xu and Tran, 1990a,

1990b), the differential light absorption between left-circularly

polarized light (LCPL) and right-circularly polarized light

(RCPL), as shown in Figure 6, was detected as TL signal inten-

sity and phase. The LOD for enantiopure [(-)Co-(en)3]
3þI3

� was

6.3� 10�5 M (1.9� 10�7 AU), which was more than 250 times

lower than that in a CD spectrophotometer. Then, CD-TLM was

extended to the UV region to measure aqueous solutions of

optically active camphorsulfonic acids (CSA) (Mawatari

et al., 2008). Since the sample could be photochemically

decomposed by UV pulsed laser irradiation, a flow velocity

of 10 mm/s was selected for higher sensitivity. The LODs of

8.7 � 10�4 M (DA ¼ 5.2 � 10�6 AU) for (þ)-CSA and 8.4 �
10�4 M (DA¼ 5.0� 10�6 AU) for (�)-CSA were obtained.

Conventional laboratory-built TLM entails use of large-

scale lasers and many optical components, so it is still a large-

scale detection system, which lacks portability and requires

specialized operators. Yamauchi and coworkers (Tokeshi

et al., 2005; Yamauchi et al., 2006b) developed a miniaturized

TLM system for microchip chemistry. The system is com-

posed of laser diode modules, fiber-based optics combined

with an objective Selfoc microlens (a gradient index lens,

characteristics of which can be controlled arbitrarily by chang-

ing ion species, spatial distribution of implanted ions, and lens

height), as shown in Figure 7, and miniaturized detection units

for TL signals. In a microchip with channel depth of 200 mm,

the detection limits were 5.6 mg/L for Ni(II) phthalocyanine

tetrasulfonic acid at P ¼ 3.4 mW and 2.4 mg/L for cy5 (a fluo-

rescent dye from the cyanine dye family) at P ¼ 0.6 mW.

Recently, Mawatari et al. (2011b) constructed a TLM similar

to that of Yamauchi et al. (2006b), but they used a focusing

FIG. 6. The principle of a CD-TLM (from Yamauchi et al.,

2006a). � 2006 American Chemical Society. Reproduced by

permission of the American Chemical Society. Permission to

reuse must be obtained from the rightsholder.

FIG. 7. Miniaturized thermal lens system with Selfoc micro-

lens as the focusing lens (from Yamauchi et al., 2006b). �
2006 Elsevier. Reproduced by permission of Elsevier. Permis-

sion to reuse must be obtained from the rightsholder.
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lens (composed of a combination of three microlenses) as an

alternative to the Selfoc microlens, and employed a custom-

made lock-in amplifier to further minimize the device. The

LOD was 10 nM for nickel(II) phthalocyaninetetrasulfonic

acid tetrasodium salt solutions (corresponding to an absor-

bance of 9 � 10�6 AU). Though these systems are very small,

the detection limits cannot reach as low as in a conventional

TLM since optimization to the optical configuration, such as

the mode-mismatching degree, was limited by the chromatic

aberration of the focusing lens, the transmitted power was

attenuated by the fiber, and also the wavelength tunability of

these instruments is quite limited due to the use of fibers to

transmit both the pump and probe beams and the use of the

chromatic aberration of the focusing lens to realize a mode

mismatching.

A commercial desktop-size TLM (DT-TLM), the ITLM-10

(Institute of Microchemical Technology Co., Ltd.; http://

www.i-mt.co.jp/), as a compromise in detection limit, wave-

length tunability, and compactness between conventional and

fiber-based TLMs, has recently been developed by introducing

compact diode lasers and miniaturized opto-mechanical com-

ponents. As an improvement to ITLM-10, Smirnova et al.

(2012) proposed a near-field DT-TLM. Strictly speaking, the

use of “near field” is inaccurate in this case. In optics, the

detection point is in the “near field” when the Fresnel number

(Fn ¼ a2/(λz), with a the radius of the diffractive element and z

the distance from the element to the detection point) is above

1 or in the “far field” when Fn < 1 (Voelkel and Weible,

2008). All the present TLMs employ a far-field detection

scheme since the Fresnel number of the TLM system is much

smaller than 1. For example, Fn ¼ 0.002 for a 632.8 nm probe

beam diffracted by a 10 mm-size TL element at a detection

distance of 2 cm. Compared with the ITLM-10, the following

changes were made in the new DT-TLM: (1) instead of a

large-scale beam expander, a compact expander consisting of

two microlenses was mounted on the excitation laser head; (2)

a focus control was applied to the probe beam (a focusable

laser diode on which a long-focal-length plastic lens was

mounted), which made it suitable for long-distance and align-

ment applications; (3) a larger chopper blade was used, which

reduced frequency fluctuations from about 10% to 1%; (4) the

condenser lens in ITLM-10 was removed and the photodiode

was moved to a much closer detection site (3–4 cm from the

sample). The improved DT-TLM showed better response lin-

earity and a lower LOD of 3.5 � 10�7 AU for a 50 mm deep

microchannel at P ¼ 50 mW, representing a 20-fold improve-

ment over ITLM-10.

Though different types of collinear TLM systems have been

developed for detection in micro space as stated above,

another two types of TLS setups, namely differential TLS and

phase-conjugate TLS (Erskine and Bobbitt, 1989; Franko and

Bicanic, 1998; Plumb and Harris, 1992; Proskurnin and Vol-

kov, 2008), have still not been applied for detection in micro

space. Developing differential or phase-conjugate TLM in the

future could expand the application of TLS in micro space for

detection of analytes in high background absorption solvents

or of optically inhomogeneous samples. Besides detecting ana-

lyte, TLM can also be used for determining the reaction

parameters, such as stability constants, kinetic constants, and

acid dissociation constants, as with conventional TLS (Pros-

kurnin et al., 2005b).

The above-discussed collinear TLS is usually applied to

sample cells or microchips with flat sample cell walls, which

almost don’t change the beam profile of the probe beam and

subsequently facilitate the alignment/optimization of the opti-

cal configuration behind the OL. When the sample cell has a

round wall, such as in capillaries used in capillary electropho-

resis (CE), the alignment and optimization will become diffi-

cult if the pump and probe beams propagate through the same

OL since the round wall changes the fringe pattern of the

probe beam and an iterative procedure is required for the opti-

mization of the TL signal (Chanlon and Georges, 2002). Fur-

thermore, the sensitivity and reproducibility will be reduced

by the complicated refraction, reflection, and scattering of the

two laser beams on the capillary surface.

To solve this problem, one way is to introduce the com-

pounds separated by CE into an extended microchannel that

has flat surfaces (Otsuka, 2007; Uchiyama et al., 2003, 2005)

so that the collinear TLS can be used as usual. This method

necessitates fabricating an interface on a chip to connect the

capillary and the microchannel, which complicates the detec-

tion system and could introduce a dead volume posing poten-

tial adverse impacts (such as broadening of the CE peaks,

cross contamination between samples) on the measurement.

Another way is to use crossed-beam TLS, which is applica-

ble to small-volume detection. The optical configuration of the

crossed-beam TLS in a capillary is schematically depicted by

Figure 2(a). The sensitivity of this method is expected to be

independent of the path length and inversely proportional to

the excitation beam spot size. For short pulsed laser excitation

(such as �ns pulse duration), offsetting the pump and probe

beams is not necessary, and the peak signal is almost indepen-

dent of the flow rate since the signal rise is determined by the

acoustic transit time, which can be 1,000 times shorter than

the thermal time constant. In a capillary with an internal diam-

eter of 75 mm, a LOD of 5 � 10�7 AU was obtained for cobalt

nitrate in ethanol under excitation of a Nd-YAG laser operat-

ing at 532 nm with pulse energy of 200 mJ (Chanlon and

Georges, 2002). For continuous laser-excited TLS, Proskurnin

et al. (2005a) optimized a near-field crossed-beam TL system

for CE. Under the optimized instrumental parameters (ae0 ¼
3.88 mm, w1 ¼ 18.5 mm, m ¼ 93, f ¼ 70 Hz), the LODs for 2-

, 3-, and 4-nitrophenol were �10�6�10�7 M under excitation

of a multimode He-Cd laser working at 325 nm and 50 mW.

Dependence of the TL signal on the flow velocity was found

to be similar to the case of collinear TLS, namely, the TL sig-

nal first increases with flow velocity to a maximum value at

about 12 cm/min and then decreases with further increase of
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flow velocity. The same authors then investigated the influence

of organo-aqueous separation buffers on the TLS measurement

in CE separations (Bendrysheva et al., 2006). Taking into

account both the signal enhancement due to an improvement

in the thermo-optical properties of the separation buffer (70%

v/v acetonitrile) and the increase in baseline noise, LODs for

2-, 3-, and 4-nitrophenols were obtained as 1 � 10�6, 1 �
10�6, and 3 � 10�7 M, respectively, which were decreased by

a factor of six compared to TL detection in aqueous separation

buffers. A near-field TL system at 257 nm was used for detec-

tion of nitroaromatic compounds in contaminated water after

separation by micellar electrokinetic chromatography

(MEKC; Ragozina et al., 2002). The LODs for the compounds

were �0.1 mg/L, which showed 30-fold improvement over

conventional UV-photometric detection. By using optical

fibers to transmit the pump and probe beams, a more compact

TL detector for CE was constructed to detect amino acids with

LODs of �10�7 M (Seidel and Faubel, 1998).

To detect analytes with an absorption band outside the

emission line of the pump laser, an indirect TL system with a

325.0 nm He-Cd excitation laser was used in combination

with CE for detection of organic anions (Nedosekin et al.,

2007). Optimization was made for the selection of background

electrolyte (probe ion), probe ion concentration, and modula-

tion frequency. With 50 mM of Mordant Yellow 7 (an azo

dye) as probe ion, LODs for 1-heptane-, 1-pentane-, 1-butane-,

1-propane-sulfonic acids, and acetic acid at a level of 0.5–1.1

� 10�6 M were achieved.

The above discussed TLM systems employed the typical

TL signal generation mechanism, namely, a probe beam is dif-

fracted by a modulated or pulsed pump beam-induced TL ele-

ment and its axial intensity change is recorded by a

photodetector. These instruments are further referred to as

conventional TLMs. Conventional TLMs have offered the

possibility of determining a concentration corresponding to

0.4 molecules in a detection volume of 7 fL (Tokeshi et al.,

2001b) and counting individual metallic nanoparticles (Mawa-

tari et al., 1998). However, counting individual nonfluorescent

molecules is still a difficulty for conventional TLM due to its

relatively high LOD induced by the low frequency fluctuation

(around 1 kHz) of the probe beam intensity. This probe beam

background fluctuation affects the LOD to a greater extent

than the background signals originating from the solvent, fluo-

rescence, or other sources. To alleviate the background fluctu-

ation, a differential interference contrast (DIC) TLM was

developed (Shimizu et al., 2009). In DIC-TLM, as shown in

Figure 8, the probe beam is separated by a DIC prism into two

beams with perpendicular polarization, whereas the excitation

beam is not separated and it overlaps with one of the two probe

beams. Phase contrast appears between the two probe beams

due to the difference in refractive index. By optimizing the

shear value of the DIC prism to about 5 mm, the probe beam

collinear with the pump beam experiences TL-induced phase

change, while the other probe beam barely experience this

kind of phase change. Then, the probe beams are combined

again by another DIC prism, which results in a new polariza-

tion component. After removing the initial polarization

component using a polarization filter, background-free photo-

detection is achieved by detecting only this new component

with an avalanche photodiode. The background was reduced

to 1/100 by differential interference, and the signal-to-back-

ground ratio (S/B) was improved by one order of magnitude.

This DIC-TLM instrument can perform measurements in con-

centration determination mode and/or in particle/molecule

counting mode. Counting of individual gold nanoparticles

(5 nm) was demonstrated by this system. Later, the same

authors applied this instrument for determination of the

concentration of nonfluorescent species in an extended nano-

channel where a LOD of 2.4 mM of Sunset Yellow dye, corre-

sponding to 390 molecules in the detection volume of 0.25 fL,

was achieved in a 21 mm wide � 500 nm deep nanochannel

(Shimizu et al., 2010), and in extended nanochromatography

FIG. 8. (a) Principle of DIC-TLM; (b) configuration of beam

spots and thermal lens in the focal plane (from Shimizu et al.,

2009). � 2009 American Chemical Society. Reproduced by

permission of the American Chemical Society. Permission to

reuse must be obtained from the rightsholder.
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where the LOD was �10 mM, corresponding to �1000 mole-

cules in the detection volume of 0.25 fL (Shimizu et al., 2011).

Though much lower probe beam background noise was

observed, there is still no report of counting individual nonflu-

orescent molecules. This is most probably because the pre-

sented DIC-TLM didn’t achieve a LOD low enough to

enable it to detect a molecule with an absorption cross section

of �10�16 cm2 two orders of magnitude lower than that

(�10�14 cm2) of the gold nanoparticles. When performing

experiments with the DIC-TLM, we still need to note the fol-

lowing aspects: (1) The methodological sensitivity is low,

especially for analytes with low absorption cross sections and

corresponding molar extinction coefficients, and the response

linearity is not good (around one order of magnitude). An ava-

lanche photodiode, which is used to amplify the incident pho-

ton-generated photocurrent, is not just more expensive than

conventional photodetectors, but more importantly it introdu-

ces additional noises and the output linearity is also limited

due to the avalanche process (this further limits the response

linearity). (2) In contrast to conventional TLM, which is only

slightly influenced by light scattering background, the DIC-

TLM instrument is sensitive to any phase-changing factors.

Besides the analyte-induced TL, other factors such as some

alien particles and nonuniformity of solutions and/or surround-

ings with different thermophysical properties (Shimizu et al.,

2010) would introduce error to the detection or decrease detec-

tion sensitivity. (3) With more optical components (polarizers,

prisms, wave plates) and more complicated optical configura-

tion than conventional TLM, the alignment is very complex

and would be different for solutions with different thermo-

physical properties since the required optimum shear value of

the prism is different.

Selection of Solvent

As defined by the enhancement factor, TL signal is propor-

tional to the ratio (dn/dT)/k. Therefore, choosing an appropri-

ate solvent with larger dn/dT and smaller k will increase the

sensitivity of TL measurements. Organic solvents have much

higher dn/dT and lower k than water. Addition of water-mix-

able solvents such as acetonitrile to the eluent and postcolumn

reagent (30% and 60% v/v, respectively) enabled simultaneous

determination of Cr(VI) at 0.1 mg/L and of Cr(III) at 10 mg/L

levels by ion chromatography (IC) with TLS detector (�Sikovec
et al., 2001). The addition of acetonitrile provided 5.4 times

higher enhancement factor than an aqueous eluent. In CE,

LODs for 2-, 3-, and 4-nitrophenols in 70% v/v acetonitrile

separation buffers were decreased by a factor of six compared

to aqueous separation buffers (Bendrysheva et al., 2006). The

thermal conductivities of organo-aqueous mixtures km were

calculated by the Filippov equation:

km ¼ xaka þ xoko � 0:72jko � kajxaxo ð12Þ

where xa and xo are the mass fractions of water and organic

solvent, respectively. The (dn/dT)m values were calculated as

a linear combination of the molar fractions:

ðdn=dTÞm ¼ vaðdn=dTÞa þ voðdn=dTÞo ð13Þ

where va and vo are the molar fractions of water and organic

solvent, respectively.

The type and quantity of organic solvents added into sepa-

ration buffers or mobile phase in separation techniques

(HPLC, IC, CE) or carrier liquids and reagents in microfluidic

chips should be selected by considering not just a high

enhancement factor, but more importantly the impact of the

solvent on the analyte, separation efficiency, and baseline

noise (Bendrysheva et al., 2006; Nedosekin et al., 2007). It

was found that the reproducibility of measurement by a TLS

system in organic solvents was a few times worse than in water

(Proskurnin et al., 2004). Many bioanalytical assays cannot be

performed in organic solvents due to denaturation of biomole-

cules (Franko, 2009).

Room-temperature ionic liquids (RTILs) also provide a bet-

ter medium for TLS measurements than water. RTILs can

offer over 20 times higher sensitivity than water, and the

enhancement could even be adjusted by changing the cation

and/or the anion in the ILs (Tran et al., 2005). RTILs could

therefore be used in various analytical systems combined with

TLS detection to replace either water or volatile organic sol-

vents. However, ILs at concentrations of just 1% in aqueous

solution were shown to cause inhibition of acetylcholinester-

ase (AChE) and therefore cannot be used for sensitivity

enhancement when AChE or similar enzymes are used

(Bo�skin, 2008). It has, however, been shown for chloroperoxi-

dase that its activity is preserved in some ILs, even at 30%

addition of ionic liquid (Bo�skin et al., 2009).
For a given TLS system, the real analytical efficiency is pri-

marily determined by reaction conditions. Proskurnin et al.

(2011) pointed out that as green analytical solvents, aqueous

solutions modified with surfactants (such as water-soluble pol-

ymers) provide more efficient optimization of reaction condi-

tions than organo-aqueous solutions. They are commercially

available and inexpensive and can be used as both single-

phase and extraction two-phase systems. High photothermal

sensitivity in these solutions positions them as an alternative

to organic solvents for increasing TLS sensitivity in aqueous

media (Tran and Van Fleet, 1988).

Apart from the above methods, other possible ways for sen-

sitivity enhancement have also been developed, such as using

on-line sample preconcentration (Kitagawa et al., 2006;

Otsuka, 2007), reversed micelles (Tran, 1988), crown ethers

(Tran and Zhang, 1990), unique properties of water (Franko

and Tran, 1989), sample matrix absorption of the probe laser

beam (Grishko et al., 2002), and even the latest reported,

laser-induced precipitation (Nedosekin et al., 2009).
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Noises

In TLS systems, there are mainly two kinds of noise

sources.

One is light irradiation-induced detector noises or inherent

electronic noises of the detector and cables such as thermal

noise, shot noise, and flicker (1/f) noise, in which 1/f noise can

be reduced by performing TLS measurement at high modula-

tion frequency. Flicker noise is directly proportional to the

light intensity, while shot noise increases with the square root

of light intensity.

The other is noise caused by the fluctuation of the probe

beam intensity in the detection plane. On one hand, this may

be induced by the pump and probe lasers, such as fluctuation

of the pump laser power, which can be reduced by real-time

recording of the power change and accounting for it in the TL

signal; mode instability (especially for pulsed laser) and point-

ing noise of the pump laser; and the power fluctuation and

beam pointing instability of the probe laser. The impact from

beam pointing instability of the probe laser can be lessened by

employing a larger pinhole, and that from power fluctuation of

the probe laser can be corrected by employing differential

detection (Kachanov, 2008). On the other hand, the noise can

be caused by the convection or flow of the sample and/or indi-

rectly by the background absorption of the solution. Therefore,

in flowing mode, a stable pump should be used to assure a con-

stant flow. For solvents or samples with high background

absorption, the absolute noise increases proportionally. There-

fore, selection of appropriate blank or carrier solution, and/or

derivatization reagent if derivatization is necessary, is of par-

ticular importance to assure low noises. As demonstrated for

the determination of Fe(III) and Fe(II) ions by IC-TLS (Divjak

et al., 1998), colorless reagents, for example, 1,10-phenanthro-

line, were advantageous and provided two and four times

lower LODs than reagents with relatively high background

absorbance. In addition, contamination of the microchannel

will increase the background signal as well. With increased

surface-to-volume ratio in microfluidic devices, contamination

of the channel wall by heated or even burnt substances could

happen, especially when the excitation power density is high.

This could be alleviated by increasing the flow rate and/or

using an excitation beam with lower power or power density

around the channel wall.

For a TLM system equipped with good-quality lasers (with

power instability less than 1%), we investigated the noise and

signal-to-noise ratio (S/N) of the system for detecting 10 mM

ferroin aqueous solution at different modulation frequencies

and sample states, as shown in Figure 9. In a static sample

cell, we found that the change of the noise with different pin-

hole aperture-to-beam size ratios (dph/(2w2)) agreed with the

predictions of Erskine and Bobbitt (1988). At modulation fre-

quencies over 1 kHz (Figure 9(a)), the noise originated mainly

from the shot noise of the probe beam, while at low frequen-

cies, such as 5 Hz (Figure 9(b)), the TLM system is limited by

the flicker noise of the probe beam. The optimum dph/(2w2)

was found to be about 0.4 at high frequencies (e.g., 1 kHz)

and about 0.05 at low frequencies (e.g., 5 Hz). In microfluidic

chips, fluctuation of the liquid flow could disturb the

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0

4000

8000

12000

16000

Si
gn

al
-to

-n
oi

se
 ra

tio
 (a

.u
.)

St
an

da
rd

 d
ev

ia
tio

n 
of

 n
oi

se
 (

V)

d
ph

/(2w
2
)

(a) f=1.01 kHz  vx=0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.5

1.0

1.5

2.0

0

3000

6000

9000

12000

S
ig

na
l-t

o-
no

is
e 

ra
tio

 (a
.u

.)

St
an

da
rd

 d
ev

ia
tio

n 
of

 n
oi

se
 (

V)

dph/(2w2)

(b) f=5 Hz  vx=0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.0

0.1

0.2

0.3

0.4

1000

2000

3000

4000

5000

S
ig

na
l-t

o-
no

is
e 

ra
tio

 (a
.u

.)

St
an

da
rd

 d
ev

ia
tio

n 
of

 n
oi

se
 (

V
)

dph/(2w2)

(c) f=1.01 kHz  vx=4 cm/s

FIG. 9. Probe beam noise level and signal-to-noise ratio as a

function of dph/(2w2) for the TL system working at (a) f ¼
1.01 kHz and vx ¼ 0, (b) f ¼ 5 Hz and vx ¼ 0, and (c) f ¼
1.01 kHz and vx ¼ 4 cm/s. The pump beam waist radius is

2 mm and the excitation power is 60 mW.
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propagation of the probe beam through the microchannel and

consequently introduce additional noise. The flow-induced

noise behaves like the noise caused by the beam-pointing

instability of the light source (Liu et al., 2013). We demon-

strated that for water as the fluid, when the flow velocity was

less than 1 cm/s, there was little flow-induced noise, and when

the flow velocity was high (such as above 2 cm/s), the TLM

setup was limited by the flow-induced noise. The value of dph/

(2w2) could be selected between 0.1 and 0.4 for high signal-to-

noise ratio (Figure 9(c)). We also found that the solvent with

smaller density and/or viscosity would produce lower flow-

induced noise. For example, the noises (N) induced by several

commonly used solvents are in the order of N(acetone or ace-

tonitrile) < N(methanol) < N(ethanol) < N(trichloromethane).

Further and more detailed investigation of the flow-induced

noise by different solvents or mixtures at different modulation

frequencies is in progress.

Improvements of Specificity

In TLS instruments, one of the most important parts is the

excitation light source. A variety of lasers, ranging from CW

gas lasers (e.g., He-Ne (540 nm, 632.8 nm, 1.15 or 3.39 mm),

CO (1626–1910 cm�1), CO2 (880–1090 cm�1), He-Cd

(325 nm, 441.6 nm), Arþ (351.1–1092.3 nm), and Krþ
(406.7–676.4 nm)), dye (320–1200 nm), and semiconductor

lasers (380–1650 nm), to Nd:YAG lasers (1064 nm, and

higher harmonics 532, 355, and 266 nm), excimer lasers (KrF

248 nm; Qi et al., 1999), and spectrally tunable Ti-sapphire

(865 to 1050 nm; Tran and Grishko, 1994) and F-center lasers

(2.5 to 3.5 mm; Tran et al., 1994), as well as Er-doped fiber

amplifiers (1500 to 1570 nm; Baptista and Tran, 1997), were

used for excitation in TLS.

In the visible region, Tran and Simianu (1992) exploited six

wavelengths (457.9, 476.5, 488, 496.5, 501.7, and 514.5 nm)

emitted by an argon ion laser to periodically excite the sample

during a time period of 1.5 seconds. The LOD of such a TLS

system is comparable to that of other dual-beam TLS instru-

ments, and it can be used to analyze samples with up to six dif-

ferent components. For determination of various inorganic

species (heavy metals, inorganic anions) in the visible region,

coloring reagents and ligands such as 1,10-phenanthroline

(Divjak et al., 1998), pyridine-2,6-dicarboxylic acid (�Sikovec
et al., 1995, 2001), 1,5-diphenylcarbazide (Mad�zgalj et al.,

2008; �Sikovec et al., 1995, 2001), and 4-(2-pyridylazo) resor-

cinol (�Sikovec et al., 1996) were used for derivatization. How-

ever, derivatization is sometimes difficult to perform,

especially for small molecules. It might also introduce unex-

pected interference to the analysis or cause changes of the ana-

lyte, so lasers in other wavelength regions were also

employed.

In the UV region, a frequency-doubled Arþ laser was used

for detection of nitroaromatic compounds in contaminated

water by a crossed-beam TL system at 257 nm after separation

by micellar electrokinetic chromatography (Ragozina et al.,

2002), and for detection of neonicotinoids by a TLS system at

244 nm after separation by LC (Guzsv�any et al., 2007); the

third harmonics (261 nm) of a mode-locked Ti: sapphire laser

has been used in a TLM for imaging yeast fungus cells (Harata

et al., 2007), and the fourth harmonics (214 nm) was

employed in a crossed-beam TL system coupled with micro-

HPLC for direct detection of non-labeled amino acids (Katae

et al., 2010). Hiki et al. (2006) developed a UV-TLM using a

high-repetition-frequency (80 kHz) 266 nm UV pulsed laser

for detection of nonfluorescent molecules on a microchip.

Combined with LC, the UV-TLM enabled separation and

detection of fluorene and pyrene with 150 times higher sensi-

tivity than a spectrophotometric method. In the near- and mid-

dle-infrared (IR) region, an erbium-doped fiber amplifier

(EDFA) combined with an acousto-optic tunable filter

(AOTF), tunable from 1500 to 1570 nm, was used in a TLS

system for determination of nucleotides (Baptista and Tran,

1997) and a NIR diode laser was used in a TLS system for

determination of phosphorus in aqueous phase based on a het-

eropoly blue method (Nakanishi et al., 1985). In addition, IR

radiation between 4000 and 400 cm�1 has been utilized in

organic structure determination. With the 934.9 cm�1 emis-

sion line of a CW CO2 laser, free fatty acids (FFAs) were

determined by a TLS system at concentration levels below 1%

(Bicanic et al., 1996). At 1734 cm�1 of a CO laser (Bicanic

et al., 2006), a method combining a TLS system and HPLC

discriminated fatty acids from higher concentrations of co-

eluting noncarboxylic compounds such as longer chain alco-

hols (octanol, decanol), which show weak absorbance at the

excitation wavelength.

Though offering high sensitivity and low limits of detec-

tion, laser-excited TLS is still not used for routine chemical

analysis due to its low specificity caused by the limited emis-

sion lines of lasers available for excitation. It is, therefore, of

particular importance that this restriction be ameliorated. In

contrast to lasers, incoherent light sources (ILSs) with top-hat

beam intensity profile (Li et al., 2005) have become interest-

ing recently as another kind of light source since they usually

have a broad wavelength tuning range. ILSs include electric

discharge lamps (halogen-tungsten, xenon, and deuterium arc

lamps), light-emitting diodes (LED), among others. Due to the

incoherence and low power at a single wavelength, only a few

works employed this kind of light source in TLS. Bialkowski

and Chartier (Chartier and Bialkowski, 1997) introduced a

xenon lamp into a conventional 1 cm sample cell-based TLS

and achieved a detection limit of �10�5 AU for pseudo-iso-

cyanine dye in ethanol at irradiance of 7.5 � 103 W/m2. They

also introduced photothermal spectrometry in small channels,

where the TL element in a liquid is formed by thermal diffu-

sion from the irradiated sample volume through the sample

cell walls (Bialkowski and Chartier, 2001). The apparatus has

been found to work with cells designed to contain sample vol-

umes from 6 mL down to 24 nL. Marcano O. et al. (2006)
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described a white light TL setup for measuring the absorption

spectra of dye solutions. This setup used a xenon lamp as the

excitation source with a spectral resolution of 10 nm from 400

to 700 nm. A comparison of the TL and absorption spectra of

a fluorescent dye (Rhodamine B) showed a substantial differ-

ence, which revealed potentially important applications of the

device for characterization of fluorescent materials. For exam-

ple, the fluorescence quantum yield of a compound can be esti-

mated from the TL and absorption spectra at selected

wavelengths over the entire spectrum. This is directly related

to the population distributions within the first excited energy

level of the molecule at different excitation wavelengths. To

demonstrate the applicability of ordinary incoherent light sour-

ces in a micro space, Tamaki et al. (2003) proposed a laser

defocusing TL detection in a 100 mm microchannel, by utiliz-

ing a 250 mm excitation laser beam size in the sample. Excita-

tion with such a large excitation beam size resembles an ILS

excitation case. They achieved a LOD of 2 � 10�5 AU for

Sunset yellow dye in methanol at a power of 42 mW. They

then developed a tunable TL system for microchip analysis

(Tamaki et al., 2005). The system utilized a xenon lamp as an

excitation source. It could measure the absorption spectrum of

a turbid solution without interference from the light scattering

background.

We need to note that relatively low LODs (Chartier and

Bialkowski, 1997; Tamaki et al., 2003) were achieved in

organic solvents (with high dn/dT and low k), which resulted

in an enhancement factor of over 10 times higher than in

water. Unfortunately, many bioanalytical analyses cannot be

performed in organic solvents, which would induce denatur-

ation of biomolecules. This means that in the ILS-based TL

system very low sensitivity is expected if the biomolecule or

any other analyte is in water. Therefore, it is much desired to

improve the sensitivity of the ILS-based TL system. The most

commonly used approach is to increase the power or to

improve the thermal properties of the sample. But the possible

power enhancement of the ILS is very much limited. For

example, a maximum power of �10 mW for a 10 nm band-

width can be obtained for a xenon lamp between 250 and

1100 nm (Tunable Illuminator, OBB Corp.) after a grating.

On the other hand, the thermal properties of aqueous sample

solution can also be improved just to a certain limit, which is

governed by the achievable mixing ratios and corresponding

dilution factors. Therefore, it seems very difficult to improve

the sensitivity just from the viewpoint of the enhancement fac-

tor. As an alternative, we recently developed an ILS-excited

TL system based on a three-layer sample system, as shown in

Figure 10. Due to thermal diffusion from the sample layer to

the top/bottom layers in a modulation cycle, two additional TL

elements will be generated. If the dn/dTs of the top/bottom

layers have the same sign as that of the sample layer, namely,

all dn/dTs of the three layers are positive or negative, these

two additional TL elements will contribute additively to the

total TL signal. For a short sample length such as 100 mm,

sensitivity enhancement over 10 times can be achieved at

5 Hz if materials with favorable thermal properties are used

(Liu et al., 2012). Experimentally, octane was used as the

material of the top/bottom layers, and an ILS beam (from 350

to 620 nm) with power of 2.83 mW was used as the excitation

source. Compared to the case in a standard 100 mm cell, sensi-

tivity enhancements of 4.7 and 8.5 times were obtained for the

two- and three-layer systems, respectively (Liu and Franko,

2012). The LOD for 100 mm ferroin solution was calculated

to be 1.3 � 10�6 M (1.5 � 10�4 AU) without signal-enhance-

ment layers or 1.95 � 10�7 M (2.2 � 10�5 AU) with signal-

enhancement layers. If the sample is in organic solution, the

LOD could go down to �10�6 AU even without signal-

enhancement layers.

Though a relatively low LOD was obtained for a three-layer

sample system in the ILS-excited TL system, several disad-

vantages limited the application of this system to routine

chemical analysis in microchips: (1) low temporal resolution

(� s) at low modulation frequencies, which will disable the

analysis of a flowing sample; (2) large pump/probe beam size

(above 200 mm) in the sample plane, which is not compatible

with the microchannel; and (3) inconvenience of adding addi-

tional layers above or below a flowing sample in the micro-

channel. Therefore, a practical TLS setup with high

sensitivity, high temporal resolution, good compatibility with

FIG. 10. Schematic graph of the optical configuration of an

ILS-excited TL system in a three-layer sample well.
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microfluidics and lab-on-chip chemistry, and good specificity

is still the goal of the development of the TLS technique.

Applications

In combination with different techniques, such as continu-

ous-flow microanalysis, microchromatography, and separation

techniques, TLM or TL systems have been utilized in various

applications in the fields of analytical chemistry (immunoas-

says, CE, extraction processes, and enzymatic catalysis), syn-

thetic chemistry (study of transfer of substances across a

boundary surface, study of impacts of different factors on

chemical reactions and polymerization in microchips), and

biochemistry (detection of compounds within a cell). Most of

these applications have been described in original as well as

review articles (Dudkoa et al., 2012; Franko and Tran, 2011;

Ghaleb and Georges, 2004; Kitamori et al., 2004; Tokeshi

et al., 2003). Here, instead of repeated descriptions of these

applications, we summarize them in Table 1, in which they

are grouped into five categories of TLS: collinear TLM,

crossed-beam TLS, CD-TLM, PM-TLM, and DIC-TLM.

Though both CD-TLM and PM-TLM are actually collinear

TLMs, in the table they are listed separately from the general

collinear TLMs since their excitation modes are different: CD-

TLM uses left- and right-circularly polarized light beams for

alternate excitations, PM-TLM employs a linearly polarized

beam (whose polarization angle is sinusoidally modulated) for

excitation, while the general collinear TLM uses an intensity-

modulated beam for excitation. Basic characteristics of used

microchips, excitation lasers, and LODs are reported for each

analyte.

From the table we can see that most of the applications

are based on collinear TLMs, by which different analyte

molecules (dyes; amino acids; amines; proteins; antigens,

such as secretory immunoglobulin A (s-IgA), human leuko-

cyte antigen (HLA), and carcinoembryonic antigen;

enzymes; metal ions; pesticides; pharmaceuticals, such as

amphetamines, sedatives, and antibiotics; and nanoparticles,

among others) in chemical/physical (reaction, immunoassay,

separation, extraction) or biological processes (stimulation,

secretion) in one-phase or two-/three-phase systems (sepa-

rated by two immiscible [aqueous/organic] solvents, poly-

mer membranes, or biological membranes [cell membrane])

were detected. In addition, temperature control of chemical

reactions and light-induced precipitation for sensitivity

enhancement were investigated in collinear TLM as well.

Crossed-beam TL systems have been combined with CE,

MEKC, and HPLC for detection of amino acids, sulfonic/

acetic acids, nitrophenols, and nitroaromatic compounds,

and one application of measuring flow velocity in a micro-

channel was also reported. CD-TLM has been used for

detection of chiral compounds such as [Co(en)3]
3þI3- and

camphorsulfonic acids in visible and UV regions, respec-

tively. As newly emerging techniques, PM-TLM was used

for imaging the orientation of nonspherical nanoparticles,

and DIC-TLM was employed for nanoparticle counting or

analyte detection in extended nanochannels.

CONCLUSIONS AND PROSPECTS

Recent developments of TLS and its applications for chem-

ical analysis in micro space and particularly in microfluidic

devices are mainly focused on (1) detection sensitivity

enhancement (by optimizing optical parameters, such as pump

power/power density, modulation frequency, mode-mismatch-

ing between pump and probe beams, and pump-to-probe beam

offset for flowing samples and sample parameters, such as

flow velocity, and solvents), (2) noise reduction (by choosing

appropriate modulation frequency and pinhole-to-beam size

ratio at the detection plane and flow velocity, and/or by

employing proper detection mode when necessary, such as dif-

ferential detection), (3) specificity improvement (by employ-

ing available laser lines from UV to IR, and incoherent light

sources), and (4) system miniaturization (by incorporating

micro optical and mechanical components). Although TLM

has advanced considerably over 10 years of development, the

instrumentation still doesn’t reach the required maturity, and

the corresponding applications are limited to only certain com-

pounds or groups of compounds. Therefore, to develop TLS

into a regular technique for routine chemical analysis, much

more work is needed for successful implementation for analy-

sis of real samples. Two directions for the development of

TLS can be foreseen:

1. To develop more automated laser-excited TLS (especially

TLM) instruments and expand their applications for detect-

ing various compounds or monitoring more complicated

physical, chemical, and biochemical processes. For exam-

ple, TLM can be used for analysis of new emerging pollu-

tants in the environment (such as plasticizers in

foodstuffs), important biomarkers and substances in human

serum samples (such as neutrophil gelatinase-associated

lipocalin), and other real samples with complex matrices in

a physically or chemically modified microchannel on a

chip integrated with different micro unit operations (Kiku-

tani et al., 2004; Mawatari et al., 2011a; Yamasaki et al.,

2009). On the other hand, TLM could be used for studying

molecular diffusion, reaction kinetics, and organ modeling

(Tanaka et al., 2007) in single- or multiple-phase micro-

fluidic systems, and even in/around droplets in a micro-

channel. It is worth noting that performing chemical

analysis in droplets by TLM is quite promising since drop-

let microfluidics enables high-throughput screening in par-

ticularly small-volume compartments, in which sensitivity

could be enhanced by increasing the effective concentra-

tion of rare species and assay time could be further

decreased (Guo et al., 2012). To make TLM compatible

with the curved surface of the droplets, both the optical

configuration of TLM system should be improved and the
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shape of the droplets properly manipulated. In addition,

applying TLM to nanoscale space for detecting nanopar-

ticles or investigating some new phenomena in extended

nanochannels (Kitamori, 2007; Mawatari et al., 2010),

such as monitoring single-cell proteomics and metabolo-

mics by integrating immunoassay into extended nano space

(Sato et al., 2008), is also very interesting.

2. To construct practical TLS instruments characterized by

portability for in situ applications, low cost, and possibility

of performing parallel operations and for integration with

microchips. This requires that the TLS should not have just

high sensitivity and low detection limits in various sol-

vents, but also a compact size and as good specificity as

conventional transmission techniques. To achieve this,

developing a practical incoherent light source (especially

LED; Kuo et al., 2004)-excited TLS setup is a feasible

way. This work is already in progress in our lab.

To achieve more detailed and richer information about an

analyte (Baker et al., 2009), TLS could also be combined with

other detection techniques, such as fluorescence detection,

electrochemical analysis, MS, surface-enhanced Raman scat-

tering (qualitatively identifying analytes; Connaster et al.,

2008), and surface plasmon resonance (studying binding inter-

actions in biological assays without use of labels; Luo et al.,

2008).
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