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Abstract. Thermal lens microscopy (TLM) utilizes the effects, such as changes in the refractive
index, caused by heat generated in the sample for the detection of nonfluorescent analytes with at
least a hundred-fold enhancement in sensitivity compared with optical absorbance spectrometry.
Micro-/nanofluidic devices can provide specificity and sample manipulation capabilities. The
integration of these two technologies exposes the potential to attain the holy grail of continuous,
real-time, label-free, specific, and ultrasensitive detection, which find applications in environ-
mental monitoring, quality control of chemical manufacturing, single-cell analysis, and biome-
dicines. Here, we summarize the recent advances in the instrument development and innovative
applications, and suggest future directions of research of TLM. © The Authors. Published by SPIE
under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
.JOM.1.2.020901]
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1 Introduction

Thermal lens microscopy (TLM) is one of the photothermal techniques, which are extremely
sensitive, versatile, and robust, permitting the measurement of absorbance and photothermal
properties of the irradiated sample.1,2 Photothermal techniques measure the effect (in the form
of heat or vibration), resulting from the optical absorption in a sample rather than measuring
absorption directly. Therefore, much greater sensitivity can be attained because a signal from
a small or zero baseline is measured. In contrast, most techniques that measure absorbance, such
as ultraviolet-visible (UV/VIS) spectrophotometry, aim to discern small differences caused by
the dilute sample plus all the scattering losses in a large signal, in which sensitivity is limited by
the availability of a stable and noise-free reference signal.

Since the discovery of the thermal lens effect by Gordon et al.,3 photothermal techniques
have developed in analytical chemistry from the 1970s.4,5 In the '80s and '90s, high sensitivity
and ultrafast spectroscopy were especially highlighted, respectively, along with the progress of
laser light sources.6,7 In the late '90s, Uchiyama et al.8 has realized photothermal measurements
under a microscope for the first time and called it TLM. Then, TLM became established as a
detection technique for microfluidic chips from around the 2000s. The detailed history of photo-
thermal spectroscopy is described in another book.9 This review focuses on the TLM readout
for microfluidics and nanofluidics, and introduces the basic concept of the thermal lens spec-
troscopy for ultrahigh sensitive measurements of optical absorption in contrast to fluorescence
techniques that are widely used in microfluidic and nanofluidic applications.

Despite their excellent sensitivity, however, photothermal techniques are in general less user-
friendly due to the capital/maintenance cost, complexity in the optical setup, and vulnerability
to errors because of the fundamental dependence on a multitude of parameters involved. For
instance, the thermal conductivity of the solvent must be carefully evaluated for determining

*Address all correspondence to Chihchen Chen, chihchen@mx.nthu.edu.tw

REVIEW

Journal of Optical Microsystems 020901-1 Apr–Jun 2021 • Vol. 1(2)

https://orcid.org/0000-0002-2195-4802
https://orcid.org/0000-0002-8494-8901
https://doi.org/10.1117/1.JOM.1.2.020901
https://doi.org/10.1117/1.JOM.1.2.020901
https://doi.org/10.1117/1.JOM.1.2.020901
https://doi.org/10.1117/1.JOM.1.2.020901
https://doi.org/10.1117/1.JOM.1.2.020901
https://doi.org/10.1117/1.JOM.1.2.020901
mailto:chihchen@mx.nthu.edu.tw
mailto:chihchen@mx.nthu.edu.tw
mailto:chihchen@mx.nthu.edu.tw
mailto:chihchen@mx.nthu.edu.tw


the absorbance with high accuracy. As a result, the concentration of the analyte is often deter-
mined by establishing a calibration curve under the same experimental conditions, which is
cumbersome and sometimes infeasible. Clearly, for analytical purposes, the enhanced perfor-
mance of photothermal techniques is required to justify the increase in cost to compete with
alternative techniques, e.g., electrochemical detection, that might achieve a comparable detection
power.10–14 Compared with other photothermal techniques, such as optoacoustic spectroscopy,
thermal lens spectrometry (TLS), and interferometric techniques, TLM utilizes tightly focused
lasers and a microscopic observation system, which is indispensable for microfluidic applica-
tions. In addition, coaxially introduced lasers offer robust and simplified optics suitable for
miniaturization.15–19 The advantages of miniaturization include not only much-reduced instru-
ment cost, but also greater compatibility with micro-/nanofluidic devices that can equip the
ultrahigh sensitivity provided by TLM20,21 with functions such as sample pretreatment,22

fractionation,23 parallel processing,24,25 sequential fluid handling,26,27 and microenvironment
regulation.28 Hence, a highly sought system of high specificity, sensitivity, throughput with
enhanced temporal and spatial resolution may be formed by integrating TLM and micro-/
nanofluidics. Here, we highlight recent endeavors toward this goal and relevant emerging novel
applications, with the particulate focus on the detection of analytes in liquids. For applications
of TLM or TLS to gas or solid samples, we refer the reader to these excellent reviews.29,30

Other advances on photothermal microscopy such as imaging of nanoparticles and cells are
summarized in another recent review.31

2 TLM at Microscale

2.1 Photothermal Effect

Photothermal effect is relevant to optical absorption followed by nonradiative relaxation of mol-
ecules. The electronic transitions for absorption, fluorescence, and nonradiative relaxation are
illustrated in a Jablonski diagram shown in Fig. 1(a). An electron in the ground state is excited by
a photon and relaxes through radiative or nonradiative relaxation. The probability of the radiative
relaxation process is the so-called fluorescence quantum yield (ϕf). However, almost all kinds of
molecules have extremely low fluorescence quantum yields which are nearly zero. Even for
fluorescence molecules, the quantum yields are 0.5 or less except for some dye molecules such
as fluorescein and rhodamine. Therefore, all molecules practically experience non-radiative
relaxation following absorption, which guarantees the applicability of photothermal spectros-
copy equal to absorption spectrophotometry. Moreover, the sensitivity of photothermal spectros-
copy is easily amplified by increasing the intensity of light (e.g., using a focused laser) similar
to fluorescence measurements. This is a clear advantage of photothermal spectroscopy against
absorption spectrophotometry as shown in Fig. 1(b). Photothermal methods are also applicable
for strongly scattering samples, which is another advantage against absorption photometry. The
non-radiative relaxation process allows the molecules to release the energy of photon as heat and
the temperature rise is detected in diverse manners.32–35 Typically, the temperature change is
observed as a change in the refractive index through optical deflection, lensing, and various
interferometric techniques.36–38 In photoacoustic spectroscopy, a periodical change in density
of the surrounding air is also detected as a sound wave.39

2.2 Principle of TLM

The general principle of TLS/TLM has already been reviewed,40,41 so wewill limit the discussion
here to just some key points. The total sensitivity of the photothermal detection is augmented by
a dimensionless enhancement factor, E described as

EQ-TARGET;temp:intralink-;e001;116;127E ¼ Peðdn∕dTÞ∕λk; (1)

where Pe is the power of the excitation laser, λ is the wavelength of the excitation laser (or probe
laser in a dual-beam system), and k is the thermal conductivity of the solvent, containing the
molecular properties involved in the conduction of heat.
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Figure 2 shows optical schemes of single-beam and dual-beam thermal lens experiments.42,43

The single-beam instruments, when continuous-wave laser beam incident is used, require time-
consuming averaging and calculation of the thermal lens signal, which response can be quite
slow, on the order of a few seconds. It is challenging to measure the temperature-induced signal
precisely over this relatively long time scale in the presence of laser instability and fluid con-
vection. In addition, the slow response precludes its usage for continuous online detection.
Therefore, dual-beam (excitation and probe beams) thermal lens instruments, which are char-
acterized by their capability of using lock-in detection and providing a sufficiently fast response
with a high signal-to-noise ratio, have become widely adopted in analytical practice.

Fig. 2 Components of thermal lensing experiment. A single-beam setup. The excitation beam
generates a temperature-dependent refractive index profile in the sample that can act as a lens.
The transmitted light varies with the strength of the lens and is measured using a spatial filter and a
detector. (b) A dual-beam setup. Propagation of coaxial probe (dashed line) and excitation (solid
line) beams in the thermal lens experiment. The filter prevents the detection of the excitation beam.

Fig. 1 Absorption, fluorescence, and photothermal spectroscopy. (a) Jablonski diagram.
(b) Expression of the absorption coefficient, fluorescence intensity, and photothermal heat. In
absorption spectrophotometry, sensitivity is independent of I0, while the fluorescence intensity
and photothermal heat are proportional to I0. The sample is assumed to be free from scattering
and photochemical reactions.
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In the dual-beam TLS, the excitation beam is generally of high power and modulated for
increasing the signal-to-noise ratio, while the probe beam is of low power and unmodulated.
Ideally, the excitation beam should be absorbed strongly by the analyte to generate the temper-
ature gradient in the sample, while the probe beam has no absorption and is used to generate
signals induced by the temperature variation. However, not only the analyte but the solvent may
also absorb the energy provided by the lasers and generate a background signal. Hence it is
important to choose proper wavelengths for the laser beams and a solvent of desired thermal
fluid and optical properties. For instance, water has a v-shaped absorptivity in the VIS and near-
UV region with a minimum value of 6.2 × 10−5 cm−1 at λ ¼ 420 nm. The absorption becomes
more than 50 times stronger (3.31 × 10−3 cm−1) at λ ¼ 630 nm (Fig. 3).44,45

2.3 Instrumentation

The theory of the thermal lens effect applies to both TLS and TLM. However, compared with
TLS, the temperature rise in TLM is usually much smaller, partly due to the higher modulation
frequency (e.g., 1 kHz), the employment of the lower-power excitation laser diode, a shorter (and
narrower) optical path, and quicker heat dissipation in a miniaturized system. It is also challeng-
ing to conduct the alignment with high reproducibility. In the case of dual-beam (excitation/
probe) photothermal spectrometry, it is hard to overlap the beams without the help of a micro-
scopic alignment system. In addition, the offset between the excitation and probe beam waists is
often achieved by incorporating optical components such as beam expanders, which may incur
a trade-off between optimized detection sensitivity and instrument complexity. In this section,
we summarize recent developments of TLM instruments to tackle these challenges.

2.3.1 First TLM

Figure 4(a) shows a schematic of the first TLM system.46 The excitation beam is selected to be
absorbed by the analyte molecule (in this case, Sunset Yellow FCF, a nonfluorescent dye),
but not absorbed by the solvent (water). The probe beam is selected not to be absorbed by the
analyte. The excitation beam is chopped at a modulation frequency to generate a periodical

Fig. 3 Absorption spectra of pure water at 25°C.44 Reproduced with permission, courtesy of The
Optical Society.
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Fig. 4 Instrumentations of TLM. (a) Schematic of the first TLM.46 Reproduced with permission
from The Japan Society for Analytical Chemistry. (b) Desk-top TLM.47 Reproduced with permis-
sion from The Royal Society of Chemistry. (c) Miniaturized TL detection device16 and (d) the micro-
lens unit. Adapted with permission from The Royal Society of Chemistry.
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change of temperature in the liquid sample. Hence, when the probe beam is refracted (converged
or diverged) by the thermal lens, a periodical change of the probe intensity at the same frequency
is detected by the pinhole and the photodiode. The signal from the photodiode and the reference
signal from the light chopper are processed using the lock-in amplifier to recover the small AC
signal on the large DC probe intensity background. The modulation frequency is typically 1 to
2 kHz for liquid samples and chosen to give the best signal-to-noise ratio. The excitation and
probe beams are coaxially introduced into the microscope using a dichroic mirror and tightly
focused using an objective lens (10× to 40×). The offset between the excitation and probe beam
waists is introduced by exploiting the inherent chromatic aberrations of the objective lens. It is
worthy to note that chromatic aberrations of the most modern commercial objective lenses are
often too small for the sensitive measurement of the thermal lens. In this paper, a very old micro-
scope with an objective lens that has a large chromatic aberration was used and the offset was
nearly at the optimum value by chance.

2.3.2 Desk-top TLM

Figure 4(b) shows a desk-top TLM, in which optical components of the first TLM were sim-
plified and installed on the microscope. Here, the offset between the beam waists is achieved by
diverging and focusing the collimated excitation beam using the mounted beam expander.47 The
pinhole before the detector is omitted using a photodiode that has a small aperture. All the optical
elements and lasers are assembled on an upright microscope, making the desk-top TLM light-
weight and portable. However, laborious and accurate optical alignment between each microchip
is still required.

2.3.3 Thermal lens detection device

It was later developed by Mawatari et al.16 using a small holder consisting of micro-lenses and an
optical fiber to focus the collimated laser beams onto the microchip. Only simple attachment and
detachment of the optical fiber are needed between each microchip [Fig. 4(c)]. Figure 4(d) shows
the focusing of the excitation and probe beams using the micro-lens unit (SELFOC™).48 The
gradient of the refractive index allowed the beams to be focused on different spots with an opti-
mized chromatic aberration. The authors also assessed the robustness of the TL detection device
under flow conditions using nickel(II) phthalocyanine tetrasulfonic acid tetrasodium salt (NiPC)
aqueous solutions as a model sample. It was found the flow-induced error was <2% when the
average flow velocity was below 2 mm∕s and the excitation beam was modulated at 1.1 kHz.

2.4 Applications

TLM finds most of its applications in detecting dilute samples due to its superior sensitivity,
rapid time response, and remote sensing capability. However, TLM has been striving for low
detection limits of analytes in complex solutions, such as biological samples. Also, TLM detects
every molecule that has optical absorption at the excitation wavelength, in contrast to laser-
induced fluorescence microscopy. As such, additional degrees of specificity (chemical or
instrumental) has to been provided. For instance, TLM has been combined with several targeted
analyses [e.g., enzyme-linked immunosorbent assay (ELISA)]49–52 or separation methods (e.g.,
microchip extraction53–56 and liquid chromatography57,58), delivering instruments with both high
sensitivity and selectivity.

Another application of TLM is in the detection of nanoparticles. Current techniques for
characterizing nanoparticles include non-optical methods (electron microscopy, atomic force
microscopy, and impedance-based detection) and optical methods (nanoparticle tracking analy-
sis, dark-field microscopy, and flow cytometry). There are continuous efforts in achieving the
real-time, sensitive, and specific detection of nanoparticles. Most optical methods are either
scattering- or fluorescence-based, both of which signals decrease strongly for the small size
of nanoparticles.59 In contrast, TLM finds its niche in detecting nanoparticles, especially for
metallic nanoparticles.60–63 Imaging static biological samples have been performed using
TLM.64–66 TLM may have the potential to detect biological nanoparticles under flow conditions,
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as the detection principle is not directly linked to the size or refraction index of the analyte.
However, further improvements on the TLM are imperative to provide the desired sensitivity
to discern the small difference of photothermal properties between biological nanoparticles and
the surrounding aqueous solution.

3 TLM at Nanoscale

3.1 Principle of Photothermal Optical Phase Shift

Nanofluidic channels not only provide a further increased surface-to-volume ratio, a comparable
fluidic volume to that of a single cell, but also chemical and physical properties deviated from
macro- or micro-counterparts.67 For instance, the viscosity of water increases 1.4 to 4 times when
confined in nanochannels made in silica, which suppresses the diffusion of analytes.68 However,
as the fluidic channel is down to a submicron thickness, which is comparable to the wavelength
of light, the TLM signal level is reduced due to the short sample length and quicker heat
dissipation, and the diffraction theory of the thermal lens effect needs to be revisited.69,70

Phase-sensitive detections, such as photothermal optical phase shift (POPS) detection, have been
exploited to realize background-free detection and to increase the signal-to-background ratio.
POPS was first demonstrated as differential interference contrast thermal lens microscopy
(DIC-TLM) for the detection of single metallic nanoparticles in microchannels or capillaries,71,72

and later further developed for the detection of Sunset Yellow FCF, a nonfluorescent dye in the
aqueous solution in nanochannels.73 Recently, Maceiczyk et al.74 have demonstrated the detec-
tion limit of 1.4 μM for erythrosin dye in 100 pL droplets at frequencies >1 kHz using differ-
ential detection photothermal interferometry. In POPS shown as an example in Fig. 5, the probe
beam is divided into two beams with orthogonal polarizations; one of which is still coaxial with
the excitation laser beam, while the other is out of the thermal diffusion zone, providing the
reference signal. In this setup, the polarization planes of two probe beams are perpendicular
to each other. The thermal lens effect induced by the excitation beam creates the phase contrast
between the two probe beams, which can be detected as a new polarization component in the
recombined probe beam. Since this principle does not utilize the thermal lens effect, it seems to
be more appropriate to call this principle not DIC-TLM but POPS. The radius of the thermal
diffusion zone, μ, can be estimated as

Fig. 5 Principle of POPS.71 Reproduced with permission from The Royal Society of Chemistry.
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EQ-TARGET;temp:intralink-;e004;116;735μ ¼
ffiffiffiffiffiffiffi
DT

πf

s
; (4)

where f is the modulation frequency,DT ¼ k∕ρCp is the thermal diffusivity with k is the thermal
conductivity, ρ is the density, and Cp is the specific heat capacity of the solvent, respectively.
Under flow conditions, however, the thermal diffusion zone may no longer be symmetrical and
may be exploited to gain advantages.75,76 For instance, the reference probe beam should be
placed upstream to the actual probe beam to allow for a shorter distance between the two probe
beams and a cleaner reference signal. The flow rate may be optimized to minimize the heat
transfer from the solvent to the walls of the nanochannel, which can also be done by increasing
the modulation frequency at the expense of sensitivity.77 This is particularly important for
a system in which the temperature gradients (dn∕dT) of the solvent and chip material are of
the opposite polarity. For example, the dn∕dT of water is −9.1 × 10−5 K−1, while it is
þ9.8 × 10−6 K−1 for fused silica.

3.2 Instrumentation

The experimental setup of a POPS detector is shown in Fig. 6.78 In contrast to the setup shown in
Fig. 5, the excitation beam is switched from VIS to UV light to detect a wide range of molecules,
including proteins, peptides, amino acids, and nucleic acids. The UV excitation laser does not
pass through DIC prisms to avoid damaging prisms and to reduce the background signal. It also
needs to be considered which optical systems, asymmetric or symmetric, should be adopted. The
commercial DIC microscopes are asymmetric systems, which have different objective lens and
condenser units. On the illumination side, a Wollaston prism is installed in the condenser unit
while a Nomarski prism is used with the objective lens. To produce high contrast, the distance
between the two probe beams, which is called shear value, must be greater than the radius of the
thermal diffusion zone, μ. Typical DIC prisms designed for biological microscopes have small
shear values (∼0.5 μm) to obtain high-resolution images. Therefore, both the Wollaston and
Nomarski prisms must be designed and fabricated specially for TLM, which increases the cost.
On the other hand, some DIC prisms designed for metallographic microscopes have relatively
larger shear values (several μm). To use such DIC prisms, the symmetric optical system is suit-
able, such as the setup shown in Fig. 6.

Fig. 6 An instrument of POPS.78 Reproduced with permission from The Royal Society of
Chemistry.
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3.3 Applications

Chromatography is a promising application of TLM at the nanoscale. The extremely high
surface-to-volume ratio of nanofluidic channels allows for the rapid separation of molecules
by modifying the nanochannel surface.79 As well as the highly efficient separation, chemical,
and enzymatic reactions, precise liquid manipulation, and sample injection that are necessary for
proteomic analyses can be accomplished within several seconds.80

The small fluid volume confined in a nanochannel greatly reduces the dilution of the secre-
tome or molecular content of a small number of cells or even a single cell. By performing
an on-chip ELISA, interleukin (IL)-6 cytokines secreted by a single B cell were detected at
a sensitivity of five molecules.81 The utilization of the on-chip ELISA is advantageous since it
provides the necessary specificity and the versatility and nearly single-molecule sensitivity.82

The same enzymatic reaction can be applied for the detection of various analytes by changing
only the recognition molecule. Hence, the TLM system can be used directly without further
optimization or characterization, since the same enzymatic product is utilized as the readout.

4 Perspectives/Concluding Remarks

The last few decades have witnessed substantial progress in the field of TLM and micro/nano-
fluidic devices due to technical advances in micro/nanofabrication. Despite these advances,
many challenges remain. Currently, single-cell analyses have been the largest targets of applied
micro/nanofluidics.83 Especially, the high-speed generation and handling of microdroplets con-
tributed to high-throughput analyses including single cell RNA-seq. 84,85 In this regard, ultrafast
cytometry and next-generation sequencing have still been strongly anticipated.86,87 Apart from
analyses of nucleic acids, single-cell proteomics is clearly a challenge in the next decade.88 Since
current technologies used in these fields depend on fluorescence, nonlabeled techniques includ-
ing photothermal spectroscopy are highly expected to simplify the analytical procedures and to
reduce the total cost.89,90 In basic sciences, it will be important to understand the behavior of
molecules confined in nanospace, and the thorough thermal lens theory and simulation at the
nanoscale. For the instrument, an electro-optic Kerr cell may be placed in the POPS system to
compensate for the phase shift instead of detecting the magnitude of light, which is susceptible to
laser light instability. The quest for a widely tunable high-power light source with good beam
quality in the UV-VIS region goes on, however, and with such sources, a cheap, robust, and
reliable photothermal spectrophotometer applicable to microdevices can be envisaged.91

Imaging is also important for biomedical applications of TLM. Not only scanning techniques,
but also high-speed, super-resolution, and in vivo imaging should be tackled.92,93
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