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Abstract: The dynamic activities of mitochondria and lysosomes, which play important roles
in maintaining cellular homeostasis, were observed without labeling by using highly sensitive
photothermal (PT) microscopy. This imaging modality allows for the direct observation of
cellular organelles that contain endogenous chromophores, with high temporal and spatial
resolution. We identified mitochondria and lysosomes inside living mammalian cells via
simultaneous dual-color imaging. Moreover, dynamic imaging revealed that the lysosomes make
contact with mitochondria and move between sites within the dynamic mitochondrial network.
Since mitochondrial and lysosomal functions are intricately connected, PT microscopy should
provide in-depth understanding of cellular functions associated with mitochondria–lysosome
communication as well as insights into various human diseases caused by dysfunction of these
organelles.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical microscopy is indispensable for visualizing intracellular structures in biomedical research
and medical diagnosis. Since optical methods are non-invasive, they are particularly useful for
revealing the structure and dynamics of organelles in living cells and organs. Fluorescence
microscopy is currently one of the most popular methods for cell imaging owing to the
unprecedented sensitivity of its background-free detection. Fluorescent molecules such as
fluorescent proteins, organic dyes, and semiconductor nanocrystals are used to label specific
targets. However, it is possible that the label–target complex may have different behavior from
the native target. Furthermore, this imaging modality is limited to observations of targets that
can be readily labeled. Photobleaching of fluorescence signals is also a significant problem in
fluorescence microscopy, especially in time-course imaging where fluorescent molecules are
exposed to successive light irradiation.
Photothermal (PT) microscopy can visualize non-fluorescent chromophores with high sen-

sitivity and high spatial resolution [1–3]. In PT microscopy, two laser beams with different
wavelengths are usually used for pumping and probing: the pump beam increases the temperature,
∆T, around the focal point of the optically absorbing sample, which results in variations in the
local refractive index (typically ∆n ≈ 10−4 for ∆T = 1 K in water); the refractive index change
is detected with the probe beam. This technique has been applied to the visualization of the
distributions of endogenous chromophores in biological specimens, such as hemoproteins in
mitochondria [4–6], red blood cells in microvascular networks [7], and melanin pigments in skin
cancers [8–10]. Non-fluorescent molecules are usually less affected by photobleaching compared
to fluorescence molecules, and hence make better PT imaging contrasts.
So far, several label-free PT imaging studies of live cells or organs have been made [4–7,9].

However, little has been reported on the dynamic imaging of cellular processes because of
the slow imaging speed of the PT microscopy modality. Image acquisition time in previous
realizations of PT microscopy typically ranged from several to several tens of minutes [1]. Cell
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structure, organelles, and macromolecules inside the cell are dynamic entities, responding both to
the internal state of the cell and external stimuli. Dynamic time-resolved imaging or time-course
analysis is essential for providing sufficient information to explain complex biological events.
Furthermore, time-resolved imaging is needed to thoroughly examine which organelles or species
can be visualized in PT microscopy, as the origin of the PT signal from live cells is not yet clear
[4].
Improvements in signal-to-noise ratio (SNR) are critical for the successful application of PT

microscopy to dynamic cellular imaging. Improved SNR is crucial for cellular imaging, not
only because it facilitates measurement times to be decreased, but also because it allows the
minimization of irradiation and thermal damage to live cells. In previous work, we developed a
highly-sensitive laser scanning PT microscope by implementing a new detection scheme (space-
divided balanced detection), using a low-noise balanced detector [11–13]. The detection limit for
the temperature increase was evaluated experimentally to be 0.1-0.2 K for an integration time per
pixel of 10 µs [12]. This system allows image acquisition with a temporal resolution of several
seconds while maintaining a temperature-rise of a few degrees. Furthermore, simultaneous
multi-wavelength PT imaging has been demonstrated using several laser diodes (LDs) with
different wavelengths, via frequency-division multiplexing [14]. Multi-wavelength imaging is
a straightforward approach for differentiating or identifying multiple species within a sample
that takes advantage of the fact that each PT signal is proportional to the molecular absorption
coefficient. PT spectral imaging has also been achieved, using a wavelength-tunable laser as a
pump beam, by switching the laser wavelength and making repeated scans [5,9]. However, the
simultaneous measurement of multiple wavelengths is crucial for imaging moving objects such
as living cells, to minimalize image displacement between the images acquired using different
wavelengths.

In this study, we performed dynamic imaging of live cells by using highly sensitive, simultaneous
dual-pump PT microscopy. We observed filamentous and punctate structures inside living cells,
which were attributed to mitochondria and lysosomes, respectively. Moreover, time-course PT
imaging revealed distinctive lysosome motion and a transformation of mitochondrial morphology
in response to external stimuli.

2. Experimental

2.1. Experimental setup

Figure 1 shows the PTmicroscopy experimental setup used in this study. The optical configuration
is largely the same as that reported in our previous publications [11,12]. A 780-nm single-
frequency laser diode (LD) was used for probing. For two-color imaging, 520 and 640-nm LDs
were used as pumps, with their intensities modulated at different frequencies (300 and 400 kHz,
respectively) for the simultaneous lock-in detection. Variable neutral-density filters were used to
control the pump-beam powers. The two pump beams were combined using a dichroic mirror and
collimated using a single-mode fiber and an off-axis parabolic mirror for spatial-mode filtering.
The combined pump and probe beams were directed to the sample via a galvo-scanner. An
objective lens with a numerical aperture of 1.25 (Olympus UPLSAPO40XS) was used to focus the
beams on a sample. The focused laser beams were scanned, point-by-point, sequentially, and the
pixel information was assembled into an image. Transmitted beams were collected by a collection
lens (Olympus U-AAC) whose front aperture was directly immersed in the culture solution.
Improvement in the SNR is crucial for the dynamics imaging because SNR is proportional to
the square root of the measurement time in the shot noise limited PT microscopy. To improve
the signal-to-noise ratio, a spatially divided balanced detection scheme was implemented using
a custom-made fiber bundle [11,13,15]. The fiber bundle separated the central and peripheral
parts of the transmitted probe beams. A home-built balanced photodetector was used to detect
the separated probe beams with shot-noise-limited sensitivity [12]. The PT signals at the two
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frequencies were simultaneously demodulated by frequency-division multiplexing [14] using a
dual-frequency lock-in amplifier (NF LI5660), for which the time constants tc were set to 10 µs.
The sample position was controlled in the axial direction using a positioning stage driven by a
piezo actuator to acquire a set of images focused on adjacent parallel planes within the sample (a
z-stack) [8]. A confocal fluorescence detection scheme was also set up, in which a photomultiplier
tube (Hamamatsu H5784-04) detected the fluorescence signal from the sample through a pinhole
[11]. More details of the experimental setup have been presented in our previous publications
[8,11–15]

Fig. 1. (a) Schematic of the experimental setup. LD, laser diode; SMF, single-mode fiber;
PBS, polarizing beam splitter; CF, color filter; PH, pinhole; PMT, photomultiplier tube;
FM, flip mirror; OL, objective lens; CL; collection lens; BFB, bifurcated fiber bundle;
BD, balanced detector; LIA, lock-in amplifier. (b) PT image of 5-nm gold nanoparticles
dispersed in polyvinyl alcohol film. Green and red colors indicate signal intensities at the
pump wavelength of 520 and 640 nm, respectively. Pump-beam powers incident on the
sample were 0.3 and 0.9 mW at 520 and 640 nm, respectively. The probe beam power was
7 mW. The image size is 500 × 500 pixels with the pixel size of 8 nm. Scale bar: 1 µm.
(c) Intensity profiles along the dotted line in (b). (d) Point spread function along the axial
direction.

The spatial resolution of the PT microscope was evaluated by measuring individual 5-nm gold
nanoparticles (Sigma Aldrich) dispersed in polyvinyl alcohol film [Fig. 1(b-d)]. The full width at
half maximum (FWHM) values for the lateral intensity profiles were measured to be 0.29 and
0.32 µm when the wavelength of the pump beam was 520 and 640 nm, respectively. The spatial
displacement between the two-color image was within 20 nm. Figure 1(d) shows the axial point
spread function (PSF), which was obtained by acquiring a stack of 50 images, shifting the sample
position in the axial direction by 0.05 µm between each acquisition; the FWHMs of the axial
PSFs are 0.86 and 0.89 µm for 520 and 640 nm, respectively, and the spatial displacement in the
axial direction is 0.1 µm.
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2.2. Materials

HeLa and COS-7 cells were provided by the RIKEN BRC through the National BioResource
Project of the MEXT/AMED, Japan. Both cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with streptomycin (100 µg/mL), penicillin (100 U/mL),
and 10% bovine serum, in an incubator at 5% CO2 and 37 °C. Phenol red solution, which is
commonly used for pH testing, was not added to the medium because it absorbs visible light and
would cause temperature increases during the measurements. For the live-cell imaging, cells
were cultured in a glass-bottomed dish. Live-cell imaging was conducted at room temperature
(22 °C) within 1 hour of the culture dish being taken from the incubator. For the fluorescence
imaging of lysosomes, a transfection reagent (Invitrogen Lysosome-RFP) was used to express red
fluorescence proteins (RFP), specifically labeling lysosomes with RFP. For the measurements of
fixed cells, cells were cultured on a coverslip, which was then washed with distilled water and
air-dried before being mounted on a glass slide using a drop of mounting solution (Matsunami
MGK-S).

3. Results and discussion

Figure 2 shows bright-field (a) and PT images (b-e) of live HeLa cells. The bright-field image
was acquired using a CMOS camera with a LED backlight. PT images at the pump wavelengths
of 520 and 640 nm are shown in Fig. 2(b) and Fig. 2(c), respectively. The images consist
of 2000 × 2000 pixels, and the acquisition time was 44 s. The two different PT images are
merged in Fig. 2(d), where the green and red colors represent the signal intensity at the 520-
and 640-nm wavelengths, respectively. Figure 2(e) is a magnified view of Fig. 2(d). The pump
powers incident on the sample were 2.9 and 12 mW at 520 and 640 nm, respectively. PT
microscopy provides high-contrast images of organelles inside cells. In these images, filamentous
and punctate structures are observed around the cell nucleus that appears as a circular dark
shadow. The filamentous structures can be associated with mitochondria, from their characteristic
shape and localization [4,16]. Mitochondria are organelles in cells that supply energy in the
form of adenosine triphosphate (ATP). The contrast agent of the PT signal is assumed to be
the cytochrome c contained in the intermembrane space of the mitochondria [4–6]. Because
cytochrome c has an absorption peak at a wavelength of ∼530 nm, the 520-nm pump produces a
large PT signal. The ratio of the signal intensity at 520 nm to that at 640 nm is ∼1.4. Thus, the
mitochondria appear green in the merged images. In contrast, the PT signal from the punctate
structures, observed using the 640-nm pump, appear more intense than the same features seen at
520 nm by a factor of ∼1.5. Thus, they appear orange or yellow in the merged images. It should
be noted that most of the punctate structures are found within the mitochondrial network. The
diameters of the punctate structures are in the range of 0.5-0.7 µm.

We also conducted PT imaging of fixed HeLa cells on a glass slip and acquired images showing
very similar subcellular features to those seen in the live-cell images [ Fig. 3(a)]. This result
indicates that it is possible to acquire PT images even for fixed cells, as long as the cell structure
and organelle distribution are maintained during the fixing process. In addition to HeLa cells,
we conducted PT imaging of live COS-7 cells [Fig. 3(b)] and found that both filamentous and
punctate structures are again visualized around the cell nucleus in these cells. In the HeLa cells,
the punctate structures are widely scattered throughout the mitochondrial network. In contrast, in
the COS-7 cells, the punctate structures are clustered around the boundaries of the cell nuclei. We
examined the photodegradation of the endogenous chromophores caused by the laser irradiation
by repeating the image acquisition [Fig. 3(c)]. Figure 3(d) shows the mean signal intensities of
the sequential images, indicating that signal intensity decreases by only 14% after 100 scans.
PT microscopy is capable of optical sectioning in a similar manner to confocal microscopy

because it is based on a pump-probe technique [8]. Here, we demonstrate 3D imaging of
organelles in live cells. A stack of 50 images of live HeLa cells was acquired by changing the
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Fig. 2. Live HeLa cell imaging results. (a) Bright field image. (b, c) PT images at the
wavelengths of (b) 520 and (c) 640 nm. The pixel size is 24 nm. (d) Dual-wavelength image
produced by combining the images in (b) and (c). (e) Magnified image of the outlined area
in (d). Scale bars: 10 µm (d) and 5 µm (e).

sample position in the axial direction, using a step size of 0.1 µm, to obtain a complete structure
of the cell and its organelles [Fig. 3(e) and Visualization 1]. Although the filamentous and the
punctate structures produce strong PT signals, a weak signal is also produced by the cell cytosol
or cytoskeleton, allowing the outline shape of the cells to be determined.
To examine whether the punctate structures observed in PT images form a part of the mito-

chondria, we observed morphological changes of the mitochondria in response to physiological
treatments. For this purpose, carbonyl cyanide m-chlorophenylhydrazone (CCCP), an ionophore
and decoupler of the respiratory chain, was added on the culture medium and time-course images
were acquired (Visualization 2 and Visualization 3). It is known that CCCP induces membrane
depolarization, leading to a morphological transformation of mitochondria from filaments to a
rounded structures [17]. Figure 4 shows PT images of HeLa cells before (a) and after (b) CCCP
loading. The final concentration of CCCP was 20 µM. The filamentous structure changes to a
round shape with a diameter of ∼1.0 µm after depolarization. This finding establishes that the
filamentous structures represent mitochondria. However, we observed that the punctate structures
are not affected by CCCP. Their sizes, signal intensities, signal intensity ratios (520/640nm), and
subcellular locations showed little change during CCCP loading. This result suggests that the
punctate structures are distinct from mitochondria.

Although the punctate structures cannot be attributed to the mitochondrial network, we consider
that it is functionally linked to the mitochondria as they are colocalized around the cell nucleus.
Lysosomes are membrane-enclosed organelles that function as the digestive system of the cell, and
these are thought to have membrane contact sites with mitochondria, allowing mutual regulation

https://doi.org/10.6084/m9.figshare.8479199
https://doi.org/10.6084/m9.figshare.8479205
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Fig. 3. (a) PT image of fixed HeLa cells. (b) PT image of live COS-7 cells. (c) PT images
of live HeLa cells upon repeated measurements; the number of measurements is indicated
at the lower right of each image panel. (d) Mean signal intensity as a function of number
of measurements. (e) Selected optically sectioned images of live HeLa cells; a total of 40
images were acquired by changing the z-position of the sample. Scale bars: 10 µm.
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Fig. 4. PT images of live HeLa cells (a) before and (b) after CCCP loading for a period
of 135 min; 200 images of 500 × 500 pixels were successively acquired during the CCCP
loading process with a frame interval of 37 s (Visualization 2 and Visualization 3). The
pixel size is 75 nm. Scale bars: 10 µm.

of their functions [18,19]. In fluorescence imaging, lysosomes and mitochondria have often been
observed to colocalize [20]. Thus, we speculated that the punctate structures seen here in the PT
images are lysosomes. Since lysosomes can also be observed using a fluorescence probe, PT
and confocal fluorescence images of lysosomes, within the same cells, specifically labeled with
RFP were acquired (Fig. 5). Fluorescence imaging was first conducted, using the 520-nm LD for
excitation, followed by PT imaging. One can see clear colocalization of the punctate structures in
the PT [Fig. 5(a)] and fluorescence images [Fig. 5(b)]. This result indicates that the punctate
structures can be attributed to lysosomes.

Fig. 5. (a) Photothermal and (b) fluorescence images of live HeLa cells acquired from the
same view. Lysosomes were specifically labeled using red fluorescent proteins. For the
fluorescence imaging, the power of the excitation laser beam was set at 0.1 mW. The images
consist of 1100× 1100 pixels with the pixel size of 62 nm. Scale bar: 10 µm.

https://doi.org/10.6084/m9.figshare.8479205
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Lysosomes contain various enzymes capable of degrading different types of biomolecules.
One of the possible origins of the measured PT signals are lipofuscin granules. These lipid-
containing residues of lysosomal digestion consists of pigments that absorb visible light. However,
careful studies are still needed to ascertain the origin of the PT signal as lysosomes contain
various biomolecules and their degradation products [21]. There is a possibility that the PT
signal originates from impaired mitochondria incorporated within lysosomes through autophagy
pathways (mitophagy) [21,22]. Accumulation of specific substrates in lysosomes is implicated
as a cause of various diseases, known as lysosomal storage diseases [23]. We anticipate that
imaging of endogenous chromophores in lysosomes will prove to be a beneficial approach for
improving the understanding and diagnosis of such diseases.

Finally, we observed dynamic activities of the organelles by acquiring time-course images at 4
s/frame (Fig. 6 and Visualization 4), with each image consisting of 500 × 500 pixels. We can see
that lysosomes move around the dynamic mitochondrial network. Figure 6(b-g) displays expanded
views of the square region in shown in Fig. 6(a) from the time-course images. Figure 6(h)
illustrates the trajectory of the lysosome marked by the arrows in Fig. 6(b-g) as overlaid circles
on the PT image. The temporal variations of the lysosomal position in the x and y directions are
summarized in Fig. 6(i). We observed that most of the lysosomes are continually in contact with
the mitochondria and some of the lysosomes move along the mitochondrial structures. It appears
that the movements of the lysosomes are not continuous but rather that these organelles appear to
move in a stop-and-go fashion and the movement direction changes frequently. This suggests
that lysosome movement is subject to regulation by protein motors [24,25]. We were able to
confirm that laser irradiation does not cause cell death during measurements lasting several tens
of minutes.

Fig. 6. Dynamic PT imaging of mitochondria and lysosomes in a live HeLa cell. (a)
Successive images were acquired with a frame interval of 4 s (Visualization 4). The pixel
size is 105 nm. Scale bar: 10 µm. (b-g) Time-course images of an expanded view of the
region outlined by the red square in (a). The location of a lysosome is indicated by the
arrows. (h) The trajectory of the lysosome over 550 s. (i) Lysosomal positions in the x and y
directions during the time-course measurement.

Dynamic images shown in Fig. 6 were acquired with a pixel size of 0.1 µm. Although one
can see pixel cross-talk along the fast scanning axis (transverse direction), it does not cause a
significant problem to observe the structure and dynamics of the cellar organelles.

https://doi.org/10.6084/m9.figshare.8479211
https://doi.org/10.6084/m9.figshare.8479211
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In lock-in measurements, the modulation period should be much smaller than tc. However,
in PT microscopy, signal intensity is determined by the heat diffusivity and it decreases with
a decrease in the modulation period. We have examined the frequency dependence of the PT
signal of live HeLa cells by changing the modulation frequency from 40 kHz to 3 MHz and
found that the PT signal decreased by half at 1 MHz. This indicates that the low modulation
frequency is better to achieve a high SNR. On the other hand, images are severely distorted when
the modulation frequency is less than ∼200 kHz for tc = 10 µs because the modulation period
is too closes to tc. In order to balance SNR with the image fidelity, modulation frequencies
were selected at 300 and 400 kHz. Since second-order low pass filters were used for the lock-in
integration, frequency detuning between the two-channels was set at 100 kHz so that the cross-talk
between the two-channel is less than -40 dB. We have also examined the frequency dependence of
the spatial resolution by measuring individual gold nanoparticles and confirmed that the spatial
resolution shows little difference as long as the modulation frequency is above 300 kHz.

4. Conclusions

We have demonstrated label-free dynamic imaging of mitochondria and lysosomes in living cells
by using highly sensitive, simultaneous dual-pump PT microscopy. To date, mitochondria and
lysosomes have been visualized via fluorescence microscopy, using various fluorescent molecules
as probes. Our label-free approach has advantages, especially for the dynamic observation of
organelles, because labeling markers may disturb the motion of the target and result in behavior
that is different from that of the native target [16].
Mitochondrial and lysosomal functions are thought to be intricately connected and critical

for maintaining cellular homeostasis. A further direction of this study will be to provide a
biological interpretation of the present findings and new insight into a biological problem
associated with lysosome-mitochondria interactions. Lysosomes play a crucial role in degrading
damaged mitochondria in mitophagy pathway. It would be interesting to observe mitophagy or
the consequences of its disruption without the use of any labels by PT microscopy.

Besides mitophagy, recent researches suggest several functional cross-talk between mitochon-
dria and lysosomes. For example, lysosome regulates mitochondrial fission, and conversely,
mitochondria regulate lysosomal dynamics by modulating Rab7 GTP-binding [18]. Furthermore,
lysosomes and mitochondria control lipid and amino metabolism in a coordinated way [26–28].
However, their mechanism and functional roles are still not well known. It has also been sug-
gested that dysfunction of mitochondria and lysosome causes various human diseases including
neurodegenerative diseases, for example Parkinson’s and Alzheimer’s diseases [18,19]. The
distinctive lysosome motion observed using PT microscopy may be related to inter-organelle
communication between mitochondria and lysosomes. Our label-free imaging modality has the
capabilities to provide new insights into cellular functions associated with mitochondria–lysosome
communication that would not be readily accessible using fluorescence-labeling techniques.
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