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Two-photon microscopy (TPM), which uses two photons of
lower energy as the excitation source, is a vital tool in biology
and clinical science, due to its capacity to image deep inside
intact tissues for a long period of time. To make TPM a more
versatile tool in biomedical research, we have developed a
variety of two-photon probes for specific applications. In this
mini review, we will briefly discuss two-photon probes for
lipid rafts, lysosomes, mitochondria, and pH, and their
biomedical applications. [BMB Reports 2013; 46(4): 188-194]

INTRODUCTION

Optical imaging with fluorescence microscopy is a vital tool in
the study of living systems. The most common method for cell
imaging is confocal microscopy, which utilizes the fluo-
rescence emitted from probe-labeled cells, by excitation with a
single UV-Vis photon (1). Two-photon microscopy (TPM) is an
advanced version of confocal microscopy, which utilizes two
near-infrared (NIR, 700-1,100 nm) photons as the excitation
source (2, 3). With the advent of commercial TPM, this new
technique has become an indispensable tool in biology and
clinical science, due to the advantages it offers. Compared
with the UV-Vis photons used in confocal microscopy, the NIR
light photons used by TPM can penetrate deeper inside tissues,
with little self-absorption. This allows imaging deep inside a
live tissue, with minimum interference from auto-fluorescence
and tissue preparation artifacts, which can extend as much as
70 um from the tissue surface. Second, two-photon (TP) ex-
citation is intrinsically localized, and can provide higher spa-
tial resolution. This enables researchers to obtain hundreds of
sectional images of a thick tissue sample, along the z-direction.
Third, the total energy absorbed by the tissue sample from the
femtosecond pulse laser is much lower, than that from the
continuous wave laser used in confocal microscopy. This mini-
mizes the photobleaching of the probes, and photodamage of
the biological samples. To make TPM a more versatile tool in
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biology and medicine, researchers need a wider variety of TP
probes, for specific applications. However, progress in this
field is hindered by the lack of efficient TP probes. We have
proposed a guideline for the design of a useful TP probe; it
should have high selectivity for the biological targets, appreci-
able water solubility and cell permeability to stain the cells,
and significant TP action cross section (a measure of TP ex-
cited fluorescence (TPEF) intensity emitted from the probe), to
obtain bright TPM image, high photostability and low toxicity
for long term imaging (4). In this context, we have developed a
variety of TP probes for lipid rafts (5-8), lysosomes (9-11), mi-
tochondria (11), pH (10, 12), metal ions (Ca**, Mg**, Zn**,
Cu®*, Cu*, Na*, Hg**, Ni**) (13, 14), reactive oxygen species
(ROS) (15, 16), reactive nitrogen species (RNS) (17), thiols (18,
19), hydrogen sulfide (20), and glucose (21, 22), which meet
all of the requirements mentioned above. In this mini review,
we will briefly discuss the TP probes for lipid rafts, lysosomes,
mitochondria, and pH that were developed in our laboratory,
and their biomedical applications.

Two-photon probes for membrane. Visualization of lipid rafts
by TPM

One of the most important controversies in cell biology is the
lipid raft hypothesis (23, 24). To visualize such domains in the
cell, laurdan has been extensively used as the polarity probe,
because it accurately reflects the rigid and fluid domains in
giant unilamellar vesicles (GUVs) composed of 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) (25). Unfortunately,
however, it does not behave as well in cells. In fact, some of
the literature results obtained with laurdan-labeled cells are
hard to reproduce (26). To find the origin of this problem, we
have conducted an extensive photophysical study on laurdan
(5). The fluorescence spectra of laurdan showed gradual bath-
ochromic shifts, with a solvent polarity increase in the order
c-Hex < DMF < EtOH, but a blue shift in water. Interestingly,
the fluorescence spectrum of laurdan in aqueous medium has
never been reported. In DPPC, laurdan showed an emission
maximum at 440 nm, whereas in 1,2-di-oleoyl-sn-glyc-
ero-3-phosphocholine (DOPC) it showed a broad spectrum
that could be dissected into two bands centered at 439 and
484 nm, respectively. The emission spectra of laurdan in
DOPC/sphingomyelin/cholesterol (1 : 1 : 1, raft mixture) and
DPPC showed reasonable overlap, indicating that this probe
preferentially reflects the gel domain, compared to the fluid
domain, in the raft mixture. All of these results have been at-
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tributed to the negligible solubility of laurdan in water. Since
laurdan exists as aggregates in water, the fluorescence is weak
and blue-shifted. In GUVs composed of DPPC, laurdan be-
haves ideally, regardless of the rigidity of the GUVs, presum-
ably because it is aligned parallel to the DPPC by the favorable
hydrophobic interactions between the saturated hydrocarbon
tails in both molecules. On the other hand, such interactions
do not exist between laurdan and DOPC, which has cis-dou-
ble bonds in the tail. That is why laurdan exists as free form,
and aggregates in DOPC to result in a broad spectrum. In raft
mixture, which is a good model for the cell membrane, laur-
dan is preferentially located near DPPC, and shows a spectrum
similar to that in DPPC. These results confirm that laurdan can-
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not accurately reflect the rigid and fluid domains in the cell
membrane. Indeed, the generalized polarization (GP, the val-
ue ranges from 0.0 to 1.0, such that the larger number in-
dicates a more hydrophobic environment) curve of the laur-
dan-labeled cells was skewed toward the high GP region
(figure not shown). Moreover, the high GP curve showed little
change upon treatment with MBCD, a lipid-raft-destroying re-
agent that acts by removing cholesterol from the plasma
membrane.

To visualize the lipid rafts without the above mentioned
problems, we have developed C-laurdan (CL), by introducing a
carboxylic acid moiety at the nitrogen atom of laurdan (5, 6). It
was expected that the carboxylic acid head group would im-
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Fig. 1. (A) Structures of laurdan (L), CL, CL2, and SL2. (B, D) GP images of the C-laurdan-labeled A431 cells (B) before, and (D) after

treatment with MBCD and (C, E) GP distribution curves. Scale bars

10 um. (F, G) Pseudocolored TPM images of (F) CL2- and (G)

SL2-labeled 293T cells. (H-K) Images of a fresh rat hippocampal slice with 10 pm SL2. (H) Bright-field image and (I) TPM image of the
CA1 and CA3 regions, as well as the dentate gyrus (DG), by 10x magnification. Twenty-five TPM images were accumulated along the
z-direction at a depth of ~100-200 um. (J, K) Pseudocolored TPM image of the () CA3, and (K) DG layer at a depth of ~100 pum by
40x magnification. The TPM images were collected at 410-530 nm, upon excitation at 800 nm with femtosecond pulses.
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prove the water solubility to avoid aggregation, and enhance
the hydrophilic interactions between the carboxylates and lip-
id head groups. This would help CL align parallel to the lipid
molecules in the GUVs and cell membrane, regardless of
whether the lipid hydrocarbon tails are saturated or
unsaturated. These expectations were borne out by the
experiments. In contrast to laurdan, the fluorescence spectra of
CL showed gradual bathochromic shifts in the order c-Hex <
DMF < EtOH < H,O, and discrete emission maxima at 442
and 486 nm in the GUVs composed of DPPC and DOPC,
respectively. In the raft mixture, the emission spectrum was al-
most the same as the sum of the spectra in DPPC and DOPC,
indicating that CL can accurately represent the rigid and fluid
domains in the GUVs. Moreover, CL exhibited larger TP ac-
tion cross section than laurdan, to result in a brighter TPM im-
age of the cells when labeled with CL. Further, the GP curve of
the CL-labeled cell was symmetrical, and could be deconvo-
luted into two curves of similar shape and area (Fig. 1B, C).
When the cells were treated with MBCD, the higher GP curve
decreased dramatically, without appreciable change in the
lower one (Fig. 1D, E). These results demonstrated that CL is a
useful polarity probe, which can accurately represents lipid
rafts and non-rafts in the cell membrane. The utility of CL in
cell biology has been demonstrated by other groups (27-32).

A major drawback of a polarity probe such as CL is the un-
certainties involved in the calculation of the GP values, which
requires the measurements of the emission intensities in the
short and long wavelength regions, and the G value (the sensi-
tivity correction factor for the two different wavelength rang-
es). To overcome this problem, we have developed a TP
turn-on probe (CL2), which emits TPEF only in the lipid rafts
(7). Compared to CL, CL2 showed larger bathochromic shifts,
and sharper decrease in the fluorescence intensity in a more
polar solvent. The relative fluorescence intensity of CL2 in
DPPC/raft mixture/DOPC was 8.4/7.4/1.0. This allowed direct
visualization by TPM of the lipid rafts against the dim back-
ground, due to the fluid domain. Indeed, the TPM image of the
macrophase labeled with CL2 showed a bright region (red col-
or) (Fig. 1F), which disappeared upon treatment with MBCD,
returned to near the base level when treated with excess cho-
lesterol, and overlapped well with the OP image of
BODIPY-GMT1, a well-known OP fluorescent probe for lipid
rafts (figures not shown). These results demonstrate the utility
of CL2 as the TP turn-on probe for the lipid rafts.

Although CL2 is an excellent TP turn-on probe, it has one
shortcoming. It internalizes into the cytoplasm, upon pro-
longed incubation with cells (Fig. 1F). To overcome this prob-
lem, we have developed a TP turn-on probe having a sulfonate
group, in place of the carboxylic acid moiety in the CL2, with
the expectation that the more hydrophilic sulfonate head
group would minimize the internalization (8). As expected, the
photophysical properties of SL2 were very similar to those of
CL2, both in solution and GUVs, with dramatic decrease in
the TPEF intensity in more polar environment. The TPM image
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of the SL2-labeled 293T cell revealed a bright domain in the
plasma membrane, which disappeared upon treatment with
MBCD, returned to near the base level when treated with ex-
cess cholesterol, and overlapped well with the OP image of
fluorescent cholera toxin B (CTB), a well-known protein that
induces the formation of larger raft domains, and BODIPY-
GM1, a commercial OP fluorescence probe for lipid rafts
(figures not shown). Noteworthy was the minimum internal-
ization of SL2 into the cytoplasm (Fig. 1G). We further demon-
strated the utility of SL2 in tissue imaging. The bright field im-
age of a part of fresh hippocampal slices from postnatal
three-day-old rats reveals the CA1 and CA3 regions, as well as
the dentate gyrus (Fig. TH). The TPM images of the SL2-labled
tissue slice taken at higher magnifications clearly resolved the
distribution of the lipid rafts in the pyramidal neuron layer of
the CA1 and dentate gyrus regions (Fig. 1) and K). These re-
sults establish the utility of SL2 as the TP turn-on probe for the
lipid rafts.

Two-photon probes for lysosomes and mitochondria. Visuali-
zation of autophagy by TPM

Lysosomes are acidic organelles that are used to digest food,
or break down the cells when they die (33). To detect lyso-
somes by TPM, we have developed TP lysotrackers, which
emit TPEF in the short (CLT-blue) and long (CLT-yellow) wave-
length regions (9). The emission maxima and the TP action
cross sections of CLT-blue and CLT-green are 470 and 550 nm,
and 50 and 47 GM, respectively. To assess whether CLT-blue
and CLT-green can detect lysosomes in live cells, we per-
formed co-localization experiments. The TPM image of
CLT-blue-labeled cells overlapped well with the OPM image
of the lysosomes (Fig. 2A-C), but not with those of Golgi appa-
ratus and mitochondria (figure not shown). A similar result was
observed with CLT-green, demonstrating the utilities of
CLT-blue and CLT-yellow as TP lysotrackers (figure not
shown). Moreover, the TPM images of Hela cells colabeled
with CLT-blue and CLT-yellow showed almost perfect overlap.
This outcome can be attributed to two factors. First, the two
TPM images are obtained simultaneously, whereas the TPM
and OPM images are obtained one after another, with interval
during which the lysosomes can move. Second, the two TPM
images compare the lysosomal distribution in the same x-y
plane, whereas OPM images reveal those in the entire depth of
the cell. These results demonstrate the advantage of using two
TP probes in the colocalization experiments.

Mitochondria are vital organelle that exists in most eukary-
otic cells (34). Mitochondria provide the energy of the cell,
and are involved in many biological processes, such as signal-
ing, cellular differentiation, cell death, and cell growth (35).
Along with lysosomes, mitochondria play key roles in autoph-
agy, a process to relocate the nutrients, which are generated
by degrading old, damaged or surplus mitochondria through
lysosomes, from unnecessary processes to more essential
processes. To visualize autophagy by TPM, we have devel-
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oped TP probes for lysosomes and mitochondria, which emit
TPEF in the short (BLT-blue, A= 469 nm) and long wavelength
regions (FMT-green, A= 572 nm) (11).

The TP action cross-sections of BLT-blue and FMT-green are
160 and 175 GM, respectively, at 750 nm. These values pre-
dict bright TPM images of the cells when labeled with these
probes. The TPM image of RAW 264.7 cells stained with
BLT-blue and FMT-green matched well with the OPM images
of lysosome and mitochondria (Fig. 2G-L), but not with those
of other organelles. Also, BLT-blue and FMT-green are in-
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sensitive to the pH value in the biologically relevant pH range,
and exhibit high photostability and low cytotoxicity. These re-
sults demonstrate that BLT-blue and FMT-green can detect ly-
sosomes and mitochondria, respectively, by TPM for a long
period of time, with minimum interference from pH or
cytotoxicity.

We then tested the abilities of BLT-blue and FMT-green to
visualize autophagy, by dual-color imaging. Autophagy pro-
ceeds by enclosing a portion of cytoplasm, including mi-
tochondria, in a phagophore or isolation membrane, to form

CLT-Blue (TPM) LTR (OPM)

(H)

LTR (OPM)
(K)

MTR (OPM)

o
[N

1.5 hr

Fig. 2. OPM, TPM, and merged images of Hela cells colabeled with (A-F) CLT-blue 2 pM), LTR (1 uM), and CLT-yellow (2 pM) respectively. The
excitation wavelengths were 543 (LTR), 750 (CLT-blue), and 840 nm (CLT-yellow), the OP fluorescence was collected at 580-700 nm (LTR), and TPEF
was collected at 400-520 (CLT-blue) and 550-625 nm (CLT-yellow). (D, E) For colocalization between CLT-blue and CLT-yellow, the probes were ex-
cited at 750 nm and the TPEF was recorded at 400-475 (CLT-blue) and 550-625 nm (CLT-yellow), respectively. Areas of colocalization appear in or-
ange-red. (G, J) TPM and (H, K} OPM images of Raw 264.7 cells co-labeled with (G, H) BLT-blue and LTR, and (J, K} FMT-green and MIR. (I, L)
Merged images. Dual-color TPM images of Raw 264.7 cells co-labeled with (M: top column) BLT-blue and (M: middle column) FMT-green. (M: bot-
tom column) Merged images. (M) The cells were treated with rapamycin (50 pg/ml) for 0-2 hr to induce autophagy. The numbers in the middle col-
umn are the co-localization coefficients (A value) of the red with the green domains. (N) Relative TPEF intensities of the probe-labeled cells.
Dual-channel TPM images of a rat hippocampal slice co-labeled with BLT-blue and FMT-green collected at a depth of about 120 um by O-Q 10x
and R-T) 200x magnification, respectively. (Q, T) Merged images. (R-T) The images in the white solid circles clearly resolved lysosomes and mi-
tochondria, and showed little overlap with A value of 0.17 (T), whereas those in the white-dotted circles (R-T) showed partial overlap with A value
of 0.41 (T). The TPM images were collected at (G, M): top column, (O, R: A = 400450 (BLT-blue); (J, M): middle column, (P, S): 550-600 nm
(FMT-green) and OPM images were collected at (H): A = 580-650 (LTR), (K): 630-680 nm (MTR), respectively. The wavelengths for one- and

two-photon excitation were A = 543 and 750 nm, respectively. Cells shown are representative images from replicate experiments (n = 5). Scale
bars: (F) 20, (L, M, R) 15, and (O) 300 pm.
http://bmbreports.org BMB Reports
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an autophagosome. The outer membrane of the autophago-
some fuses with endosome, and then with lysosome, and the
contents are degraded (34, 36, 37). The TPM images of the
RAW 264.7 cells co-labeled with BLT-blue and FMT-green re-
vealed lysosomes (green spots) and mitochondria (red spots;
Fig. 2M; 0 hr). When the cells were treated with rapamycin
(50 pg/ml), a pharmacologic agent that induces autophagy
(37), the TPEF intensity increased at 400-450 nm, and de-
creased at 550-600 nm (Fig. 2M: 2 h). This outcome indicates
the activation of lysosomes and breakdown of mitochondria, a
result consistent with autophagy. After 1 h, the green and red
domains began to merge, as revealed by the appearance of the
yellow regions (Fig. 2M: 1 h). The Pearson’s co-localization
coefficient (A), which describes the correlation of the intensity
distribution between the channels (13) of the red with the
green domain, increased from 0.03 to 0.18 to 0.38 to 0.62, af-
ter starvation for 0, 1, 1.5, and 2 h, respectively. This result in-
dicates the progress of the fusion between autophagosoms and
lysosomes during the autophagy. When the cells were starved
in an amino acid/serum-deprived buffer, the lysosomal activity
increased with concomitant degradation of mitochondria, and
gradual increase in the fusion between them (figures not
shown). These results establish that BLT-blue and FMT-green
can monitor the autophagy in live cells by dual-color imaging,
by using a single excitation source.
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We further investigated the utility of BLT-blue and
FMT-green in tissue imaging. The TPM images obtained by
collecting the signals at short and long wavelengths, and the
merged image, revealed the distribution of the lysosome and
mitochondria at a depth of 120 um (Fig. 20-Q).

The TPM images taken at a higher magnification clearly re-
solved the distribution of the two organelles in the pyramidal
neuron layer of the CA3 region (Fig. 2R-T). Moreover, the two
images in the white solid circles showed little overlap (Fig.
2R-T). These results demonstrate that BLT-blue and FMT-green
can detect the two organelles, with minimum interference
from each other, at 120 um depth in live tissues, by using
TPM.

A ratiometric two-photon probe for pH. Measurement of pH
in human tissue by TPM

Gastroesophageal reflux disease (GERD) is a common disease
associated with the pH change in the esophageal lumen,
caused by the reflux of acidic gastric contents from the stom-
ach (38). There is an interesting hypothesis that, as the refluxed
acid infiltrates into the widened intercellular spaces and weak-
ened cell junctions in the esophagus and stimulates the noci-
ceptor, it thereby causes GERD-related symptoms (39).
Approximately 70% of the GERD-related patients are endos-
copy negative, which is called nonerosive reflux disease

B) Normal patient ~ Esophagitis patient

Fig. 3. (A) Equilibrium between NP1 and NP1H". (B) Endoscope images of control and esophagitis patients. (C) Plots of lpjue/lgreen Versus pH
as determined by one- (@) and two-photon mode (O) microscopy. Blue = 400-500 nm; green = 600-750 nm. The solid line is the theoret-
ically fitted curve. (D) The average and standard deviation of the pH values that were estimated from the Ipue/lgreen ratios and fluorescence ti-
tration curve. (E) Ratiometric TPM images of stomach and esophagitis tissues labeled with 20 uM NP1 for 1 h. Images were acquired by us-
ing 740 nm excitation and fluorescent emission windows at: blue = 400-475 nm, green = 550-650 nm. The images shown are the repre-
sentative images obtained at a depth of 120 um (n=7). Scale bar: 30 um.
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(NERD). However, there is no gold standard for the diagnosis
of NERD (40, 41). To quantitatively measure the pH in the hu-
man tissue, and possibly diagnose NERD, we have developed
a ratiometric TP probe for pH (NP1) (12).

NP1 emitted strong fluorescence at 500 nm, which de-
creased gradually, with concomitant increase at 670 nm as the
pH decreased (Fig. 3C), presumably because of the protonation
at the pyridyl nitrogen atom (Fig. 3A). The emission intensity ra-
tios (Ipiue/lgreen; blue = 400-500 nm, green = 600-750 nm) in-
creased by 12-fold (Fig. 3C), as the pH was changed from 2.45
to 6.50. Moreover, the Ipjue/lgeen ratio determined by the TP
mode fitted well on the OP titration curve (Fig. 3C). Further, the
TP action cross-section value of NP1 was 155 GM at 740 nm,
which allowed us to obtain bright TPM images of the cells and
human tissues that were labeled with NP1 (see below). These
results establish that NP1 can serve as a ratiometric TP probe
that can estimate the pH value in a TP mode.

We then tested the ability of NP1 to measure the pH in hu-
man tissues. The lyiue/lgreen ratios were obtained from the TPM
images of the NP1-labeled tissues, at the depths of 90-180 pum.
The pH values were then estimated from the Iyiue//green ratios,
and the titration curve. The results show that the pH value in
the stomach is approximately 2.1, and is almost the same for
the normal and esophagitis patients, respectively (Fig. 3C, E).
On the other hand, the pH values measured at the gastro-
esophageal junction (GEJ) and 5 cm above the proximal bor-
der of the lower esophageal sphincter (LES) are significantly
lower for esophagitis patients than in control patients, with pH
values of (3.1 + 0.4) and (4.7 + 0.5) versus (5.1 + 0.3) and
(7.2 + 0.3), respectively (Fig. 3D, E). This outcome is con-
sistent with the proposal that the GERD is associated with a
decrease in the pH in the esophageal lumen. Further, the ratio-
metric TPM images obtained at different depths reveal that the
textures change slightly, without appreciable differences in the
pH value (figure not shown). Therefore, NP1 is clearly capable
of measuring the pH in human tissues at depths of 90-180 pm,
by using TPM.

CONCLUSIONS

In this review, we summarized the photophysical properties
and biomedical applications of a few TP probes that we have
developed. We showed that CL is an efficient TP polarity
probe, which can accurately represent lipid rafts and non-rafts
in the cell membrane, while CL2 and SL2 are useful TP
turn-on probes, with which one can visualize lipid rafts as
bright domains against dim backgrounds, due to the fluid
domains. SL2 is particularly useful for long term imaging, as it
shows minimum internalization. We also presented the utility
of using two TP probes with different emission wavelengths;
dual color TPM imaging is convenient, not only for the coloc-
alization, but also for the visualization of biological processes
such as autophagy. We then presented an example of the med-
ical application of a ratiometric TP probe for pH, which can
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measure the pH deep inside of human tissues, and possibly di-
agnose NERD. We believe that TPM will further enhance our
understanding of biology, when combined with an appropriate
TP probe.
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