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Abstract In this article, the historical development of thermal lens spectrometry
(TLS) is briefly reviewed as an introduction. In continuation, the emphasis is on the
recent progresses of TLS for measurements in ensembled sample cells and in microflu-
idic flow injection systems. Novel theories, instrumentation and their applications for
high sample throughput for environmental, chemical and biomedical analysis, as well
as thermal characterization and imaging, particularly in microspace, are presented.
Discussion is given on the limitations of present TLS systems that open new horizons
for future progress of this technique, which has already found place among routine
techniques for chemical analysis. In the final section, proposals for the future devel-
opment of TLS towards advanced applications in new research fields are presented.
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1 Introduction

Since its emergence in 1965, thermal lens spectrometry (TLS) [1] has been extensively
investigated and subsequently applied for thermophysical or chemical characterization
[2,3] of various materials. TLS relies on probing a refractive index change induced by
nonradiative relaxation of the energy absorbed in a sample irradiated by a laser beam.
As such, TLS was mainly used for detecting nonfluorescent analytes, although it was
also applied to fluorescent compounds with fluorescence quantum yield smaller than
one.

From the 1960s to 1980s, TLS was developed from the initial single-beam scheme
to a dual-beam configuration [4], which enhanced the system’s flexibility and detection
sensitivity. In the 1980s, different TLS theoretical models (under parabolic approxi-
mation or considering the aberrant nature of thermal lens) were developed for static
or flowing samples, excited by a modulated continuous-wave (CW) laser or by a
pulsed laser [5]. Through these theoretical achievements and experimental optimiza-
tion, TLS has reached ultra-high sensitivity (capable of detecting an absorbance of
10−7 AU or less), low detection volume (sub μL) capability, and was regarded as
one of the promising spectrochemical techniques on the horizon [6]. However, TLS
instruments at that time were still bulky and their selectivity was poor due to limited
available laser emission lines.

Between the 1990s and early 2000s, on one hand, researchers were trying to
improve the TLS [5,7,8] for (i) better sensitivity by optimizing experimental systems
through more rigorous theoretical modelling (such as mode-mismatched dual-beam
TLS for cw laser excitation), (ii) detecting a wider range of analytes in a larger variety
of samples through new TLS schemes (e.g. differential TLS for sample with high
background absorbance, phase-conjugate TLS for optically inhomogeneous samples,
and circular dichroism-TLS for optically active samples), (iii) multiwavelength or
broadband detection by using multiline/broadband light sources or by extending into
infrared/ultraviolet spectral regions, (iv) improved selectivity by coupling to separation
techniques (liquid chromatography, capillary electrophoresis, etc.) or bioanalytical
methods (enzymatic reactions or immunoassays). On the other hand, miniaturized
TLS instrumentation, namely a thermal lens microscope (TLM), such as developed
by Kitamori et al. [9] for chemical analysis in microspace, especially when microflu-
idic chips opened new research opportunities. TLM offered a very low mass detection
limit (down to 0.4 molecules in a detection volume of a few fL). Advantages of TLM
over TLS, such as high spatial and temporal resolutions as well as compactness and
portability, enabled TLM to become a very promising optical probing technique in
lab-on-a-chip technologies. However, its concentration detection sensitivity was still
not as high as in conventional TLS due to its limitation of over 100 times shorter an
optical pathlength in a microchip in comparison with a 1 cm sample cuvette as it is
usually the case for TLS.

Over the past decade, TLS refined theoretical methods (by including the Soret
effect [10,11], molecular heat convection [12] and photochemical reactions [13,14],
or effects as in the case of nanoparticle ensembles [15]) and in optical schemes (such
as collimated probe beam TLS [16,17]), which has resulted in various applications.
These include studying processes such as phase transitions [18,19] (or conversely,
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over 10-fold enhancement of the photothermal signal by exploitation of the thermo-
tropic phase transitions [20,21]) or characterization of different materials (biodiesels
[22,23], metallic colloids [24,25], nanocomposites (carbon nanomaterials) [26–28]
and chemical or biological compounds [29,30]) or by imaging of chromophores in
biological cells [31]. On the other hand, rapid developments in theories and instru-
ments were also observed for TLM, which found extensive applications for chemical
and biological/biomedical analysis by coupling with microscale analytical devices
(especially microfluidic chips). In theory, different models considering impacts of the
sample’s surroundings on the TLM signal [32], or employing a confocal scheme for
higher spatial resolution [33], or based on the exact generalized Lorenz-Mie theory
(GLMT) for detection of a single nanoparticle (NP) [34] were developed. Corre-
spondingly, TLM instruments with adjustable beam parameters [35,36], integrated on
a microchip [37], with optical near-field detection for nonabsorbing molecules [38]
or with highly focused pump-probe beams [34] were developed. Other instrumental
schemes (circular dichroism TLM [39], polarization modulation TLM [40], differential
interference contrast TLM [41]), were designed for chemical analysis when coupled
to a micro-HPLC [42]. For high sample throughput analysis of environmental [43] and
biological/clinical samples [44], TLM was combined with microfluidic flow injection
analysis. Biological (cellular) imaging [45,46], in-chip investigations of multiphase
molecular diffusion [47], detection of trace amounts of analytes in extended nanoflu-
idic channels [48], or characterization of single molecule or nanoparticles [49,50]
were also reported.

With these achievements, it appears that TLS and TLM have reached substantial
level of maturity, which make them ready for routine chemical analysis, as have been
outlined in several recent articles [8,51–54]. There are, however, still many research
areas deserving our attention in order to advance TLS/TLM for chemical analysis and
many new applications. In this paper, we will give an overview of the quite recent
developments in TLS/TLM, which are not discussed or only briefly mentioned in
already published review articles.

2 Development of TLS Theoretical Models and Instruments

In this section, we first introduce the progress in theoretical models and instruments
used for analysis of an ensemble of analyte, in which the TL signal can be described by
Fresnel diffraction theory only if the analyte molecule is much smaller than the probe
beam size in the sample. Then, those developments for single nanoparticle detection
will be described, where usually GLMT was used for photothermal signal analysis.

2.1 TLS for Detection in an Ensembled Sample or Sample Cell

When TLS is applied for detection in microspace, the sample surroundings or sam-
ple’s physical state could have a significant influence on the TLS detection. In our
recent research, we have theoretically and experimentally analysed the impacts of
the surroundings [32,35,36], as well as the flow of the sample [55,56]. It is obvi-
ously necessary to consider the impact of the surroundings if this would alter the TL
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effect on the sample itself. Such interference could be positive or negative, which
means amplifying or decreasing the TL effect. Therefore, by investigating the impacts
at given experimental conditions, we could have a better understanding of the heat
generation, diffusion and TL effect in microspace, based on which, new ways for
enhancing the TL signal and consequently the detection sensitivity could be found.
For example, we studied the case of detecting an aqueous sample in a conventional
microfluidic chip with 100 μm deep and 200 μm wide channel, and we conclude that
the following:

(1) Qualitatively speaking, when the thermal diffusion length around the signal
generation volume is smaller than the dimension of the sample compartment, the
impact of the surroundings can be neglected, otherwise they should be considered.
When a laser is used for excitation, high focusing of the objective lens (OL) keeps
the laser spot in the sample quite small (∼1 μm or less), and the thermal diffusion
length Dth = (D/π f )1/2 is 6.7 μm at f = 1 kHz . For the microchannel mentioned
above, impacts from the channel walls on the TL signal can be neglected. However,
when an incoherent light source is employed as the excitation beam, the channel wall
has a significant effect on the TL signal amplitude, since the ILS beam can hardly be
focused to a very small point if we want to keep a relatively high excitation power.
For example, for an ILS beam with a beam size of 230 μm (and a “Rayleigh range”
of 450 μm, which was defined similar to that of a laser beam [32]) in the sample,
and a thermal diffusion length of 48 μm at f = 20 Hz, the heat diffuses into the
surrounding layers and behaves as an additional positive or negative thermal lens
element, depending on whether the sign of the thermo-optical parameter (dn/dT) of
the surroundings is the same or opposite to that of the sample (Fig. 1a). The TL signal
for an octane/sample/octane ensembled system is about seven times higher than that of
a fused silica/sample/fused silica system, as shown in Fig. 1b. Further decreasing the
modulation frequency will enlarge the difference. In experimentation, we obtained a
signal enhancement of about nine-fold at f = 5 Hz by using octane as the surrounding
layers. However, in practical applications, especially in a closed microchannel, it is
difficult to use organic solvents as an additional signal enhancement layer, and instead,
a material with good thermo-optical properties (high dn/dT and low k), good physical
and chemical stability and easiness of deposition on channel walls should be chosen
as the additional layer.

(2) When the sample flows, the TL element can be distorted depending on whether
the flow distance in one excitation cycle is of similar dimension to the TL element or
larger. For example, at f = 1 kHz for a laser excitation, the flow velocity is 30 mm/s
when the flow distance is equal to the size of the TL element (here, defined as 2Dth). As
shown in Fig. 1c, at vx = 30 mm/s , the signal decrease, induced by the sample flow, is
quite apparent. The difference between the theoretical and experimental values comes
from the theoretical assumption of homogeneous flow of the liquid in the channel,
which is half of the maximum flow velocity for a real (laminar) flow. By offsetting the
pump and probe beams in the flow direction to compensate for the flow-induced TL
element distortion, the signal decrease can be avoided to some extent, and the response
linearity of the system is also improved [55].

(3) When the pump beam is highly focused (usually the case in TLM) and the
sample length along the optical axis is much larger than the Rayleigh range of the
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Fig. 1 (a) Axial (z-direction) temperature distribution in three-layer systems. Both l and ae are 100 μm
and the modulation frequency is 20 Hz. (b) Frequency-dependent TL signals. (c) TL signal as a function of
flow velocity in the microchannel for two-pump beam profiles at two beam offsets (d)
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laser, the effect of beam divergence in the pump beam on the TL element formation
and probe beam detection should be considered [35]. At f = 1 kHz , the effective
TL element thickness was found to be 6zce (with zce the confocal distance of the
excitation beam). This thickness is usually much larger than the confocal distance
of the probe beam (about 5 μm for w1 = 1 μm), which necessitates considering a
“finite TL element” for the optimization of on-axis relative distance of the probe
and pump waists for the highest sensitivity. In addition, we found that for a rela-
tively large sample length (e.g. >100 μm), the optimum pump beam waist radius was
[λel/(4π)]1/2. At optimum pump beam waist, the sensitivity achieves maximum at a
much lower power density (1/10) than that for the diffraction-limited excitation in the
sample.

(4) To achieve a low limit of detection (LOD), not only the detection sensitivity
should be maximized but also the system noise should be minimized. Through inves-
tigation of TLS noise at different modulation frequencies, detection pinholes and flow
velocities [56], it was found that in the static sample, the instrumental noise comes
mainly from the shot noise of the probe beam when the chopper frequency is over 1
kHz or from the flicker noise of the probe beam at low frequencies. In the flowing
sample, the flow-induced noise becomes dominant when the flow rate is high. The
optimal range of the pinhole aperture to beam size ratio in the detection plane, which
gave the minimum noise and thus lowest LOD, was found to be from 0.2 to 0.5 for
high-modulation frequencies and from 0.05 to 0.2 for low-modulation frequencies.
With the increase of the pinhole aperture to beam size ratio, the optimum on-axis
pump to probe beam waist distance will decrease.

Above, we summarized the impacts of the surroundings, sample flow, beam diver-
gence and detection pinhole aperture on the sensitivity or LOD of the system. It
should be emphasized that some of the conclusions were typical for given system or
sample parameters (such as modulation frequency, channel depth, beam radius and
thermophysical properties of the sample and surroundings) and are only valid in that
particular case. For other specific situations, new calculations or theoretical models
may be required. Particularly, when the channel depth decreases to a few micrometers
or even into the extended nanospace (10 nm–1 μm), the impacts of the surroundings
must be considered even for the laser excitation case. Recently, Le et al. [57] proposed
a new channel structure by depositing a TiO2 layer on the bottom wall of an extended
nanochannel, and thus obtained about a four-fold sensitivity enhancement for a 50
nm sample length, corresponding to a detection limit of 800 molecules in a detection
volume of only 25 aL. The signal enhancement mechanism is the same as that we
employed for ILS-TLM [36]. In this extended nanospace, a more detailed theoreti-
cal analysis of TL generation and detection in different channel structures should be
made, which can provide a guidance to the fabrication of a specific nanochannel for
the detection of a certain analyte. In addition, the beam divergence of the excitation
laser can be neglected for such a thin channel but the impact of sample flow should
be studied.

Contrary to conventional linear absorption-based TLMs, in which the excita-
tion light wavelength is usually chosen in a spectral region where the analyte has
maximum optical absorbance, an optical near-field (ONF) excited TLM [Fig. 2]
was proposed [38], which is similar to (multiphoton) nonlinear absorption-based
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Fig. 2 Principle of an optical near-field excited TLM. Reprinted with permission from Ref. [38]. Copyright
(2013) by the Chemical and Biological Microsystems Society

TLS, and employs an excitation laser whose wavelength is beyond the absorp-
tion spectral region of the analyte. Excitation of analytes is realized by the optical
near-field generated on nanostructures of nonmetal materials (conceptually differ-
ent from the plasmonic field enhancement on metal nanoparticles), which allows
electronic excitation of molecules even though the energy of incident light is lower
than the absorption energy of the molecules. Detection of UV-absorbing molecules
was realized with visible excitation. This result could expand applications of vis-
ible light-based TLM in detection of biomolecules with absorption usually in UV
range.

2.2 TLS for a Single Nanoparticle Detection

In recent years, TL-based photothermal microscopy was developed for the charac-
terization of single nanoparticles (NPs). For instance, the photothermal technique is
capable of detecting gold NPs with sizes down to 1.4 nm [58] or even a quencher-DNA
construct (BHQ1-10T-BHQ1) with an absorption cross section of 4 angstroms2 [49].
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For small NPs, Rayleigh scattering decreases as the sixth power of diameter, and the
minimum particle size to be detected in a cell or in a scattering tissue is well above
40 nm, while light absorption of a single NP decreases as only the third power of the
diameter of the particle. Absorption will prevail over scattering below a certain particle
size. For metal NPs, when they are excited near their plasmon resonance, they will
show a relatively large absorption cross section (∼6 × 10−14cm2 for a 5 nm diameter
gold NP) and exhibit a fast electron-phonon relaxation time in the picoseconds range.
The subsequent thermal relaxation of the heated NP to the surroundings will create
a nanolens around the particle. In theory, interference of the nanolens on the probe
beam was taken as the interference between the scattered field by the nanolens and
the incident probe field.

To theoretically describe the nanolens-induced photothermal signal, on one hand,
some researchers employed a direct way under certain approximations [59]: namely,
the nanolens is treated as a local susceptibility fluctuation �χ (Fig. 3a), and the inter-
action of the incident field with �χ gives rise to a polarization P, and then expression
of the scattered field at a point M is derived by introducing the Hertz potential. In
the far field where the detector is located, the scattered field varies as 1/R and the
probe field’s wavefront is assumed to be spherical, and the beat note power arriv-
ing on the detector can be expressed as the interference between the scattered and
probe fields. Recently, a more rigorous theoretical model based on GLMT was used
for describing the photothermal signal of a single NP [34]. In this model, the heated
NP-generated photothermal nanolens was regarded as a superposition of N layers,
each of which has its own refractive index, as shown in Fig. 3b. By applying GLMT
to this discretized nanolens, the near or far field light intensity distributions can be
calculated, and correspondingly, the photothermal signal can be achieved. Through
analysis, Selmeke et al. found that the following: (1) the photothermal signal varies
approximately linear with the axial particle position z p within a range of 200 nm
around the inflection point. This yields some perspectives for measuring small ampli-
tude motions or even small particle displacements, such as in biological samples. (2)
The sharp separation of the two lobes extended the photothermal correlation spec-
troscopy techniques [50], in which both the autocorrelation of the signal magnitude
and the cross-correlations of positive and negative signals become accessible and
allow for the detection of anisotropic and directed motion. (3) The measured signal
strongly depends on the shape of the refractive index profile even if the absorption
cross section of the object is the same. A calibration will hence only give reason-
able results when a comparative signal comes from the same type of spatial refractive
index shape (i.e. inverse distance dependencies). With some exciting achievements,
the analysis is, however, incomplete since it is based on a simple case (a steady-
state temperature profile and a nonlocalized surrounding environment). Therefore,
a more detailed investigation of the photothermal signal behaviour under different
experimental conditions (including the NP size/material, surrounding environment
size/material, laser parameters (modulation frequency, cw or pulsed excitation) and
relative position of the NP to the pump/probe beams) is desirable, which would
provide great value for specific applications or even pave the way for new devel-
opments.

123



Int J Thermophys  (2016) 37:67 Page 9 of 16  67 

Fig. 3 (a) Schematic representation of the interaction of the probe beam and a nanolens (treated as a local
susceptibility). Reprinted with permission from Ref. [59]. Copyright (2006) by the American Physical Soci-
ety. (b) Illustration of the temperature profile T (r), the refractive index profile n(r), and the discretization of
the latter. Reprinted with permission from Ref. [34]. Copyright (2012) by the American Chemical Society
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3 Applications of TLS and TLM

3.1 Chemical, Biomedical and Environmental Analysis

Although TLM has many advantages over TLS in terms of spatial and temporal res-
olutions, portability and applicability to microscale analytical devices, TLS is still
commonly used for detection of analytes when the detection sensitivity or time-
resolved TLS signal is of concern.

TLS was applied for the characterization of new (heterogeneous) materials, such as
fullerenes and nanodiamond dispersions, which are promising materials in the produc-
tion of composites and catalysts for biomedicine and biotechnology. However, their
applications remain limited because their dispersions are not fully characterized and
consequently difficult to regulate. To obtain information regarding the concentration
of fullerenes and nanodiamonds in solutions and the size of individual colloidal par-
ticles, aggregates and clusters, Proskurnin et al. [26–28] recently employed TLS for
characterization of their optical and colloidal properties. They showed the distinction
between aqueous fullerene dispersions (AFDs) in comparison with organic solutions
of fullerenes caused by the formation of large clusters, and measured the kinetics
of coagulation of AFDs using strong acids and increasing ionic strength at various
concentration levels. Thermophysical parameters (thermal diffusivity, thermal con-
ductivity, and thermal effusivity) of AFDs were measured by the time-resolved curves.
The LODs for C60 and C70 fullerenes are approximately 100ng · mL−1, which are
20-fold lower when compared to conventional spectrophotometry. Estimation of the
size of AFDs by TLS is in good concordance with dynamic light scattering and small-
angle neutron scattering data. Unfortunately, the theory, which binds the size and the
nature of the disperse particles and the behaviour of the transient curve is still not fully
developed, and only an estimation of the range of the particle/aggregate/cluster size
can be made. Further work should be focused on the improvement of the theoretical
models and their use for characterizing the dispersions.

In order to improve the selectivity, TLS is often combined with separation
techniques, such as chromatographic techniques, electrophoretic techniques and bio-
analytical techniques (immunoassay or enzymatic reaction-based analysis). Recently,
direct analysis of free bilirubin in human and animal blood serum samples was real-
ized by HPLC-TLS [30]. This hyphenated method enabled a baseline separation of
all three structural isomers of bilirubin (XIII-α, IX-α and III-α) and the respective
degradation products in isocratic mode in less than seven minutes. The method excels
in ultra-high sensitivity with LOD and limit of quantitation (LOQ) of 90 pM and
250 pM, respectively, 20 times lower than those obtained with HPLC-DAD. The high
sensitivity enabled to simplify streamline sample preparation to just one serum ultra-
filtration step, which made qualitative evaluation of sample preparation possible for
the first time. Furthermore, free bilirubin was for the first time detected in human
vascular endothelial cells and its intracellular antioxidant activity was demonstrated
in nM range [60].

In microspace, a combined microfluidic flow injection analysis-TLM (μFIA-
TLM) was applied for the determination of neutrophil gelatinase-associated lipocalin
(NGAL)—a biomarker of acute kidney injury [44]. At an excitation power of 100mW,
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the μFIA-TLM provided about seven times lower LOD (1.5pg ·mL−1) in comparison
to a conventional ELISA test, and a sample throughput of six samples per minute,
which compares favourably with sample throughput of the microtiter plate reader.
Comparison of NGAL dynamics in patients undergoing coronary angiography mea-
sured with transmission mode spectrometry on a microtiter plate reader and with
μFIA-TLM showed good agreement. Quite recently, ELISA of NGAL was trans-
ferred into a microfluidic chip [61], where NGAL antibodies were immobilized onto
magnetic nanobeads retained in the microchannel by magnets. In-chip ELISA was
successfully realized for NGAL analysis with a detection limit of 5 pg/mL and a total
analysis time of 35 min, which is much shorter than that of four hours in a microtiter
plate well-based ELISA.

For the applications in environmental and food safety analysis, which were reviewed
recently [62], the μFIA-TLM system was applied for rapid and sensitive detection of
Cr(VI) [62,63] based on colorimetric reaction with diphenylcarbazide which yields
chromium-diphenylcarbazone (Cr-DPCO) complexes absorbing at 540 nm. Compared
to the conventional FIA-TLS [64], detection of Cr(VI) in μFIA-TLM reduces the
sample/reagent consumption over 100 times to submicroliter volumes and the time
for one sample injection over 10 times to only a few seconds. However, like most
metal-DPCO complexes, Cr-DPCO is also photolabile [13,65], and when the average
number of absorbed photons per each Cr-DPCO complex was above the threshold of
around 1600, photodegradation of the Cr-DPCO complex could be clearly observed
also in μFIA-TLM. For high-power excitations, increasing the flow rate can alleviate
photodegradation of the complex to some extent (about 8 % when increasing the flow
rate from 20 to 50 μL/min). Concurrently, this decreased the diffusion broadening of
the μFIA-TLM peaks and enabled up to 20 injections of sample per minute, which is
a substantial improvement compared to over 30 seconds needed for one injection in
FIA-TLS [64]. The LOD for Cr(VI) in a 50 μm deep microchannel was estimated at
ng/mL concentration level.

In addition, based on the previous FIA-TLS results [62], protein phosphatase inhi-
bition assay (PPIA) of microcystin-LR—the most toxic microcystin in the family of
cyanotoxin—was developed in a μFIA-TLM system [43]. For the protein phosphatase-
substrate reaction, the product generation rate in a microfluidic chip was over eight
times faster than in an eppendorf tube, corresponding to reduction of the analysis time
from about 30 min in a microtiter plate well to a few min in a microchip. The LOD is
80 ng/L (over 10 times lower than the maximal contaminant level set for microcystin
by WHO), which is over three times lower than that obtained by a microtiter plate
PPIA kit (Abraxis) or 1.3 times lower than that by a commercial ELISA kit (Enzo).
The linearity range for the μFIA-TLM PPIA is 0.08-1 μg/L.

In practical applications of TLM in lab-on-a-chip devices, one critical problem,
which would disable a repeatable and accurate measurement over a long period of
time, is the contamination of the microchannel wall, especially when a high-power
laser is used for heating the sample. This problem is power density (especially near
the channel wall) and sample dependent. For regular measurement in a microchan-
nel, where different analytes could be the detection target, the pump laser should be
focused to the diffraction limit and this diffraction-limited spot should be positioned
in the middle of the channel in order to minimize contamination to the channel wall,
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even though there is an optimum pump beam waist radius from the point of view of
sensitivity enhancement for relatively thick microchannels as we discussed above [35].
For ultra-thin channels (a few micrometers or submicrometer), in order to alleviate
this problem, we should use lower laser power, avoid use of sticky compounds or those
compounds liable to accumulate on the wall under laser heating, and if possible, per-
form the detection in flowing mode. Once pollution occurs, the measurement should
be suspended and a cleaning procedure should be performed by flushing the channel
with solvents such as acetone, relatively strong acids or bases.

3.2 Single Nanoparticle-Based Photothermal Microscopy, Imaging and
Subnanosecond Time-Resolved Microscopy

The nanoparticle-based photothermal microscopy (PTM) can not only be used for char-
acterizing the properties (absorption, dynamic behaviour) of the nanoparticle itself in
different environments, but also be widely applied for imaging of (biological) struc-
tures when they are labelled with metal nanoparticles or organic molecules (melanin,
heme proteins and chlorophyll) [54].

One of the applications of the PTM is to perform absorption spectroscopy of individ-
ual nanostructures, such as studying plasmon resonance and its intrinsic broadening of
individual metallic nanoparticles [66], extracting biexciton and trion binding energies
of individual semiconductor nanocrystals [67], or determining the absorption of single-
wall carbon nanotubes [68], although the results would not highly accurate, since the
photothermal signal is dependent on the parameters of both the NP and the surround-
ings (as stated in Sect. 2.2). For investigation of dynamic processes of molecules/NPs,
photothermal correlation spectroscopy was used for quantitative determination of the
diffusion constant of nanoparticles and measurement of the hydrodynamic diameter
of functionalized nanoparticles [69,70].

Photothermal microscopy can be used for imaging or single particle tracking in
micro-environments. A 5 nm gold nanoparticle functionalized with a green fluores-
cence protein (GFP) nanobody (with a final size of less than 10 nm), was used to label
surface and intracellular GFP-proteins in environments such as adhesion sites and
cytoskeletal structures [71], which allows long-time observation of small nanometer-
sized labels. To achieve fast imaging of moving objects, which cannot be resolved
during a raster scan, Lasne et al. designed a triangulation-based tracking scheme in
order to record the trajectories of single membrane proteins in live cells at a video
rate [72], allowing to record the full history of proteins in cells including intermediate
states due to the high photothermal signal stability.

For fast wide-field imaging using a CCD camera, PTM with optical lock-in detection
was used. Pache et al. developed a photothermal lock-in optical coherence microscopy
(poli-OCM) for the detection of single 40 nm gold particles with a 0.5μm lateral and
2μm axial resolutions over a 50 μm depth of field [73]. Both the intensity of the
heating beam and the phase of the reference beam were modulated by acousto-optic
modulators, and the interference between the reference and the back-scattered fields
gives a poli-OCM signal Ipoli (interference between Er and Epoli) and a dark-field
OCM signal Idf (interference between Er and Edf ). By setting the integration time of
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Fig. 4 (a) Schematic representation of the experimental setup of a dual-wavelength photothermal micro-
scope using intensity-modulated lasers and (b) its principle: the pump beam intensities are modulated at ω1
and ω2, and the probe beam intensity is modulated at ω3. Beat signals are generated by the photothermal
effect at the sample position. Reprinted with permission from Ref. [82]. Copyright (2015) by the Optical
Society of America

the line camera to an integer multiple m of periods of the modulation frequency, the
integrated background was eliminated and the tomogram S(z) was derived from the
Fourier transform of the integrated poli-OCM signal 〈Ipoli〉. Compared with previ-
ous photothermal optical coherence tomography (OCT) setups, which required the
acquisition of multiple axial profiles at the same lateral position [74,75], this scheme
maintained the speed advantage of OCT. However, in a lateral direction, this method
still employed a raster-scanning mode. In order to realize fast wide-field imaging in
lateral direction, Eldridge developed a photothermal setup allowing for co-registered
quantitative phase imaging (QPI) in an off-axis holography scheme [76]. An S/N ratio
of 103 was obtained for NP-tagging of an epidermal growth factor receptor (EGFR)
in live cells with a three second acquisition.

The laser sources used in PTM are mostly CW lasers, while in the time-resolved
[77] and nonlinear PTM [78] nanosecond solid-state lasers were used as the source of
the pump beam. Kobayashi et al. presented a scheme for time-resolved pump-probe
microscopy based on intensity-modulated laser diodes or picosecond pulses spectrally
filtered from a compact supercontinuum fibre laser source [79–82]. By modulating the
pump and probe beams (up to 500 MHz with fixed frequency detuning typically at
∼10 kHz) (Fig. 4), frequency response of the beat-frequency signal is recorded, which
can be used for characterizing nanosecond to picosecond photo-excitation processes of
sample species (such as dynamics of photoexcited carriers, reaction intermediates and
triplet state molecules) without the need of a high-speed detector or a high-frequency
lock-in amplifier. However, it is difficult to resolve sub-picosecond dynamics, which
can be readily measured using mode-locked pulse lasers. Moreover, the time-resolved
pump-probe photothermal microscopy provides better spatial resolution than the con-
ventional diffraction-limited optical microscopes since the pump-probe signal is based
on the nonlinear interaction between the two laser beams and the sample. The reported
spatial resolution of such nonlinear photothermal microscopy is ∼188 nm. This is
∼23 % better than for commonly utilized linear photothermal microscopy as achieved
experimentally and ∼43 % better than theoretically predicted for conventional optical
microscopy. In addition, the imaging system is much less affected by thermal blurring
than photothermal microscopes with CW light sources.
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4 Conclusions

There are a few drawbacks in the present TLS/TLM, which open opportunities for
further progress: (1) the instruments are not user-friendly, because professionals
are needed especially when the system is misaligned or the system configuration
needs to be changed for some specific analysis; (2) the instruments lack tunabil-
ity/versatility since they are usually working at one or a few laser lines only; (3)
in extended nanospace, more theoretical and experimental research is required in
order to enable sensitive detection in such ultra-small space. Correspondingly, in the
future, we should focus on following research activities: (1) development of automated
TLS/TLM instruments, in which beam alignment and system optimization could be
made automatically; (2) development of broadband TLS/TLM, in which an incoher-
ent light source or supercontinuum light source can be incorporated; (3) development
of theoretical models for TLM or photothermal microscopy in complex ultra-small
(extended nano) space, and undertake a detailed investigation of photothermal signals
under different systematic parameters in order to find some solutions for sensitivity
enhancement in such a small space, or to a further step, development of new TLMs
based on new physical effects in nanospace (such as optical near fields).

Along with the development of TLS/TLM instruments, more applications of the
photothermal lens technique in different fields should be explored. For example, the
performance-enhanced photothermal microscopy can be used for high-throughput
sample detection in microfluidic chip (micro-HPLC or micro-ELISA), for thermophys-
ical property characterization of new materials (mesoporous materials, soft matters,
super thin, nanostructured and precious metal-doped nanocomposite semiconductors),
or for monitoring physical, chemical or biological processes, such as local phase tran-
sitions (which occur on length scales of a few nanometres and typically involve strong
refractive index changes). By combining with nanothermometer (such as nitrogen
vacancy-based nanoscale thermometer [83]), photothermal lens microscopy can be
used for localized heating or to regulate temperature change in biological cells, which
is important for studying the impact of temperature on the biological activities in cells
or other temperature-sensitive phenomena.
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