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A B S T R A C T

Indocyanine green lactosome (ICG-lactosome) is an attractive new-generation agent for photodynamic therapy
(PDT) that is characterized by a near-infrared excitation wavelength and high stability in the bloodstream.
Fluorescence imaging has been used to examine its pharmacokinetics in vivo, but no depth-resolved information
can be obtained with this method. In this study, we applied photoacoustic (PA) imaging to visualize the depth
distribution of ICG-lactosome in a mouse subcutaneous tumor model. With this method, the depth distribution of
blood vessels can also be visualized, enabling detection of vascular shutdown effects due to PDT. We performed
PA imaging of both the distributions of ICG-lactosome and blood vessels in a tumor before and after PDT, and we
found that PA signals originating from ICG-lactosome were greatly increased at 18 h after drug injection but
rapidly decreased after PDT. These results indicate efficient accumulation of ICG-lactosome and rapid photo-
bleaching due to the PDT reaction in the tumor, respectively. After PDT, PA amplitudes of hemoglobin were
significantly decreased, being attributable to vascular shutdown effects. These results show the usefulness of PA
imaging for monitoring not only photosensitizer accumulation and bleaching but also vascular responses in PDT
with ICG-lactosome. This method can be applied to the diagnosis of many types of PDT processes.

1. Introduction

Photosensitizer (PS)-loaded nanocarriers (NCs), such as those using
liposomes and micelles, have recently received much attention as new-
generation agents for photodynamic therapy (PDT) due to their po-
tentially efficient accumulation in tumors through an enhanced per-
meation and retention (EPR) effect [1], high stability in the blood-
stream and capability of adding certain functions on the carriers [2–4].
As a PS loaded with NCs, indocyanine green (ICG) is attractive since it is
an organic molecule and has an optical absorption peak at around
800 nm in the optical window of tissue. However, naked ICG is not
useful due to its rapid excretion and clearance from the body and in-
efficient tumor affinity. Lactosome is a nanomicelle that is assembled
from block copolymers, poly(sarcosine)–poly(L-lactic acid) (PS-PLLA)
[5]. ICG-loaded lactosome (ICG-lactosome) is produced from

synthesized PS-PLLA and ICG-labeled PLLA (ICG-PLLA) [6–8]. Due to
its highly hydrophilic property, ICG-lactosome has a high escape ability
from the reticuloendothelial system in the liver and spleen and is thus
highly stable in the bloodstream [6]. In addition, PLLA as well as poly
(sarcosine) has high biocompatibly and biodegradability, and it can
therefore be easily degraded by hydrolases in the liver and spleen. Thus,
ICG-lactosome would be a hopeful new-generation agent for PDT. Ac-
tually, some studies have shown the efficacy of PDT with ICG-lactosome
in animal models [9–12]. It has also been shown by fluorescence ima-
ging that ICG-lactosome selectively accumulates in a tumor. However,
fluorescence imaging cannot provide depth-resolved profiling of the PS
in tissue, and information on the pharmacokinetics of ICG-lactosome is
therefore limited. Photoacoustic (PA) imaging, which is based on the
detection of thermoelastic waves originating from chromophores in
tissue, can be used for visualizing the depth distribution of a drug in
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tissue [13–18]. PA imaging also enables visualization of blood vessels,
including the neovasculature in a tumor, by light excitation with a
wavelength near the hemoglobin peak [19–23]. Thus, PA imaging can
be a powerful tool for monitoring vascular shutdown effects, which are
important PDT mechanisms for tumor treatment [24,25].

The purpose of this study was to investigate the usefulness of PA
imaging for monitoring both the pharmacokinetics and vascular da-
mage in PDT with ICG-lactosome in a subcutaneous tumor mouse
model. Since it is known that ICG solutions show concentration-de-
pendent aggregation, which can affect their absorption characteristics
and hence PA signal generation [26,27], we first measured the absor-
bance and PA spectra of two ICG-lactosome solutions with different ICG
concentrations in micelles. Based on the results, we chose the solution
suitable for in vivo experiments in which we performed PA imaging of
the distributions of both ICG-lactosome and blood vessels in a sub-
cutaneous tumor before and after PDT. We examined the accumulation
and bleaching of PS as well as vascular responses in PDT with ICG-
lactosome.

2. Materials and methods

2.1. Measurements of absorbance and PA spectra of ICG-lactosome
solutions

We measured the absorbance and PA spectra of two ICG-lactosome
solutions with a low ICG concentration (2 nmol/mg) and a high ICG
concentration (27 nmol/mg) in micelles. The dose of 2 nmol/mg is the
minimum ICG concentration in lactosome that was reported to show
PDT efficacy in vivo, to our knowledge [9]. At the dose of 27 nmol/mg,
on the other hand, the corresponding molar concentration of ICG-PLLA
against PS–PLLA (˜20mol%) is close to the maximum inclusion con-
centration without a diameter change of lactosome [28]. For both so-
lutions, ICG-lactosome was dissolved in saline at an ICG molar con-
centration of 10 nmol/mL. The absorbance of each solutions was
measured by a spectrophotometer (Hitachi High-Technologies Cor-
poration, U-3300) in the wavelength range of 600–900 nm. PA spec-
troscopic measurements were conducted with a single-element, ring-
shaped lead zirconate titanate (PZT) film ultrasound sensor (center
frequency, 10MHz). A quartz fiber (core diameter, 600 μm; NA, 0.39)
was set at the center of the sensor; the fiber’s output end face was in
contact with the surface of each ICG-lactosome solution. Light pulses
from a 100-Hz optical parametric oscillator (OPO; OPOTEK Opolette
HR 355 LD; pulse width, 9 ns) were delivered through the fiber and PA
signals originating from ICG-lactosome were detected with the sensor.
The light wavelength was tuned in the range of 710–910 nm to obtain
PA spectra of the ICG-lactosome solutions.

2.2. Animal model

Animal studies were approved by the Committee on Ethics of
Animal Experiments in the National Defense Medical College (#12030).
We used FaDu cells as a standard, stable cell line for an animal study on
human head and neck squamous cell cancer. This cell line is also known

to have low metastasis ability and is thus suitable for making a primary
tumor model. FaDu cells were cultured in Dulbecco's Modified Eagle's
Medium (Thermo Fisher Scientific) supplemented with 10% fetal bo-
vine serum (HyClone Laboratories) and 1% pen-strep (Thermo Fisher
Scientific). The cells were maintained in humidified air containing 5%
CO2 at 37°C. BALB/c nude mice (female, 7–9 weeks old) were an-
esthetized with isoflurane at a dose of 1% in pure oxygen at a flow rate
of 1 L/min. To induce a solid tumor, 4×106 FaDu cells in 40 μl Hank's
balanced salt solution (HBSS; Thermo Fisher Scientific) were sub-
cutaneously injected into the left rear flank area of each mouse. Mice
were used for experiments when the estimated tumor volume had
reached ˜113mm3.

2.3. Setup for in vivo PA imaging

We used a home-made acoustic-resolution PA imaging system to
visualize distributions of ICG-lactosome and blood vessels in the tumor.
The system was described in detail previously [29,30]. Briefly, ob-
liquely arranged quadruple optical fibers (core diameter, 600 μm; NA,
0.39) with incident angles at 45° were placed around a 50MHz ultra-
sound sensor (Olympus V214-BB-RM) with an acoustic lens (radius of
curvature, 5.7 mm), and the bottom of the sensor was immersed and
scanned in water in a small container with a window in the bottom
plate; the window was sealed with an optically and acoustically
transparent polyethylene membrane (thickness, 30 μm). The axial and
lateral resolutions of the sensor are 39 and 58 μm, respectively [31]. In
this study, we used a 30-Hz optical parametric oscillator (OPO; Spectra-
Physics M-OPO710; pulse width, 6 ns) or the above-described 100-Hz
OPO for PA excitation. The former was used for PA imaging of the
distribution of ICG-lactosome at 796 nm, which corresponds to the
absorption peak of ICG-lactosome. The latter was tuned at 532 nm,
which is close to one of the isosbestic points of oxy- and deoxy-he-
moglobin, for PA imaging of blood vessels. Pulsed light energy for ir-
radiation from each fiber was adjusted to 200 μJ at 796 nm or 170 μJ at
532 nm. The maximum light fluence on the tissue surface was 15.5 mJ/
cm2, which was lower than the American National Standards Institute
(ANSI) safety limit (20mJ/cm2) [32]. The PA probe was automatically
scanned over a 3.9 mm×3.9mm region of interest (ROI) with a step
size of 50 μm for imaging of blood vessels or a step size of 150 μm for
imaging of the distribution of ICG-lactosome. PA signals induced by 4
light pulses were averaged and recorded at each point of measurement.
Raw temporal waveforms of the PA signals were converted into depth
profiles by using a sound velocity of tissue (1540m s−1), based on
which PA images were produced.

2.4. PA imaging for assessing ICG-lactosome and blood vessel distributions
and PDT

Fig. 1 shows a time chart for the animal experiment in this study.
First, PA imaging was performed to visualize the distribution of ICG-
lactosome in the tumor with 796-nm light pulses at 30min before and
30min after injection of a saline solution of 1.5 wt% ICG-lactosome into
the tail vein in each mouse (150mg/kg animal weight). Hara et al.

Fig. 1. Time chart of the experiment of PA and FL imaging and PDT for subcutaneous tumors in mice.
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reported that even at an intravenous dose of 2000mg/kg animal weight
of lactosome in mice, their body weight did not significantly change
when compared with control mice with saline injection until at least 11
days after the injection, indicating no toxicity [33]. The dose used in
the present study was more than 10-times lower than the dose used in
their study and thus can be said to be safe. We assessed the time course
of fluorescence (FL) originating from ICG-lactosome distributed in the
tumor and found that FL intensity was maximized at 18 h after injection
and decreased slowly after that (data not shown). This indicates that PS
was most efficiently accumulated at 18 h after injection and its clear-
ance is inefficient. Thus, PDT was conducted at this time point by ir-
radiation of the skin over the whole region of the tumor with a 10-mm
spot size, CW laser from a fiber-coupled, 808-nm laser diode. The light
intensity and duration were 600mW/cm2 and 10min, respectively, the
corresponding total light dose being 360 J/cm2. PA imaging was per-
formed with 532-nm light pulses at 1 h before and 1 h after PDT and
with 796-nm light pulses at 30min before and 30min after PDT to
examine the effects of PDT on the vasculatures and the photosensitizer
in the tumor, respectively. Since the absorption spectra of ICG-lacto-
some and hemoglobin are only slightly overlapped, we can assume that
PA imaging at 532 nm and that at 796 nm do not interfere with each
other. During drug injection, PA imaging and PDT, mice were an-
esthetized with isoflurane at a dose of 1% in pure oxygen (flow rate,
1 L∕min).

2.5. Fluorescence imaging of ICG-lactosome distribution

We used an ICG FL imaging system (Hamamatsu Photonics K.K.,
C10935-20; excitation wavelength, 760 nm; observation wavelength,
830 nm) to obtain FL images of ICG-lactosome distributions in the
tumor. The FL images were compared with the MAP PA images at
796 nm. Since photobleaching of ICG-lactosome can be induced not
only by the light for PDT but also by the light pulses for PA imaging, we
also obtained FL images of ICG-lactosome in the tumor before and after
PA imaging (796 nm) at 30min prior to PDT to assess the latter effects
(photobleaching by PA imaging). The time points for FL imaging are
shown in Fig. 1.

2.6. Statistics

Statistical analysis was performed to compare amplitudes of PA
signals originating from ICG-lactosome at each time point by the
Friedman test with Scheffe’s post hoc test. Amplitudes of PA signals
originating from hemoglobin before and after PDT were compared by
the Wilcoxon signed-rank test. In order to examine the correlation be-
tween the decreasing rate of PA amplitudes originating from ICG-lac-
tosome and that from hemoglobin after PDT, a test of no correlation
was performed. A value of P < 0.05 was regarded as statistically sig-
nificant for all of the analyses.

3. Results and discussion

Fig. 2 shows (a) absorbances measured with a spectrophotometer
and (b) PA spectra of the ICG-lactosome solutions with two ICG con-
centrations in micelles, 27 and 2 nmol/mg. All of the spectra measured
by the two methods had peaks at 796 nm. The peak absorbance values
measured with a spectrophotometer were similar for the two solutions,
while the peak PA amplitude for the high ICG concentration solution
was considerably higher than that for the low ICG concentration solu-
tion. This is attributable to the difference in Grüneisen parameters,
which represent the thermoelastic efficiencies, of the two solutions. The
results indicate that the ICG-lactosome with the high ICG concentration
in micelles (27 nmol/mg) can more efficiently produce PA signals.
Thus, we chose this type to be used for animal experiments.

Fig. 3(a) shows a white-light photograph of the skin over the tumor
in a mouse before intravenous injection of ICG-lactosome. The red
frame indicates the ROI for PA imaging (3.9×3.9mm2); all of the ROI
was involved in the tumor, the outline of which is indicated by a black
dotted line. Fig. 3(b–e) and (f, g) show maximum amplitude projection
(MAP) PA images obtained at 796 nm (ICG-lactosome distribution) and
532 nm (blood vessels), respectively, and their corresponding PA to-
mograms (3.9×1.4 mm2) at the scan lines shown by white broken
lines: (b) before injection, (c) 30min after injection, (d) 30min before
PDT, (e) 30min after PDT, (f) 1 h before PDT and (g) 1 h after PDT.
Yellow lines in the tomograms indicate the tissue surface. Before in-
jection of ICG-lactosome, PA signal amplitudes at 796 nm were very low

Fig. 2. (a) Absorption and (b) PA spectra of solutions of low-concentration ICG-lactosome (ICG-lactosome (L); 2 nmol/mg) and high-concentration ICG-lactosome
(ICG-lactosome (H); 27 nmol/mg).
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all over the ROI (Fig. 3b). At 30min after injection, some PA signals
originating from ICG-lactosome appeared in the subsurface region
(Fig. 3c) and the distribution seemed to partially reflect the distribution
of blood vessels (Fig. 3f), indicating that ICG-lactosome mainly existed
in the vessels at this time point. However, since ICG-lactosome leaking
out of the vessels was also visualized at 796 nm, the PA images at
796 nm were more blurred than those at 532 nm. At 30min before PDT
(at 17.5 h after injection), the PA signal amplitudes were increased
remarkably (Fig. 3d) and the distribution was clearly different from that
of blood vessels in both the horizontal and vertical directions (Fig. 3f),
indicating efficient accumulation of ICG-lactosome in the tumor. The
results of the ICG FL imaging showed that the PA imaging caused only a
0.78% decrease in the average FL intensity originating from ICG-lac-
tosome in the tumor (n= 6) (data not shown), indicating a negligible
photobleaching effect by the pulsed light excitation for PA imaging. At
30min after PDT (18.5 h after injection), PA signal amplitudes origi-
nating from ICG-lactosome were decreased drastically, and there was
some similarity between the distribution of ICG-lactosome (Fig. 3e) and
that of blood vessels (Fig. 3g) after PDT, indicating efficient photo-
bleaching in the extravascular space and hence in tumor cells. The
change in the distribution of blood vessels after PDT (Fig. 3f,g) is dis-
cussed below.

Fig. 4(a) shows averaged maximum PA amplitudes originating from
ICG-lactosome measured at all scanning points in the ROI at each time
point (n=8); the values are normalized by the values before injection.
At 30min before PDT, PA amplitude was significantly higher than that
at 30min after injection (p < 0.05), again indicating efficient accu-
mulation of ICG-lactosome in the tumor. The amplitude was then de-
creased significantly by PDT; the value at 30 min after PDT was almost
the same as that at 30 min after injection. This indicates considerable
photobleaching of ICG-lactosome and hence the occurrence of an effi-
cient photodynamic reaction in the tumor, since photobleaching of PS is
known to be caused by singlet oxygen species produced through PDT
reactions. Fig. 5(a–d) shows FL images of the ICG-lactosome distribu-
tion in the tumor (a) before injection, (b) 30min after injection, (c)
30min before PDT and (d) 30min after PDT; red frames indicate ROIs
for PA imaging. Fig. 5(e) shows average FL intensities in the ROI at each
time point (n= 8). Its time course has a tendency similar to that of PA
amplitude (Fig. 4a): both increased with the elapse of time before PDT
and rapidly decreased after PDT. However, while there was a significant

Fig. 3. (a) White-light photograph of the skin over the tumor in a mouse; the
red frame indicates the ROI for PA imaging (3.9× 3.9mm2). The black dotted
line shows the outline of the tumor. (b–e) Maximum amplitude projection
(MAP) PA images (3.9×3.9mm2) of the tumor at 796 nm and corresponding
PA tomograms (3.9×1.4 mm2) at the scan lines shown by white broken lines
(distributions of ICG-lactosome): (b) before injection, (c) 30min after injection,
(d) 30min before PDT and (e) 30min after PDT. (f,g) MAP PA images
(3.9×3.9mm2) of the tumor at 532 nm and corresponding tomograms
(3.9×1.4 mm2) at the scan lines shown by white broken lines (blood vessels)
at 1 h before and 1 h after PDT, respectively. The yellow line in each tomogram
indicates the tissue surface.

Fig. 4. Average PA amplitudes of (a) ICG-lactosome at each measurement time point (n=8) and (b) hemoglobin before and after PDT (n= 6). Error bars represent
standard deviation of the mean. Asterisks and double asterisks (*and**) depict P < 0.05 and P < 0.01, respectively.
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difference between the PA amplitudes before and after PDT (Fig. 4a),
there was no significant difference between the FL intensities at these
two time points (Fig. 5e). This is attributable to the no depth-specific FL
intensity signals.

PDT caused a drastic change in the PA signal distribution not only
for ICG-lactosome but also for hemoglobin. Before PDT, the distribution
of PA signal amplitudes of hemoglobin and hence blood vessels was
observed in the tumor (Fig. 3f). As described above, the lateral re-
solution of the PA imaging sensor used was 58 μm [31], and blood
vessels with diameters smaller than the lateral resolution, such as ca-
pillaries, could not be visualized clearly. After PDT, the signal level
declined all over the ROI and PA signals originating from some parts of
the blood vessels had disappeared (Fig. 3g). The corresponding

tomograms also showed drastic decreases in PA signal amplitudes of
hemoglobin in the whole depth region of interest. Fig. 4(b) shows
averaged maximum PA amplitudes of hemoglobin at all scanning points
in the ROI before and after PDT (n= 6); the values are normalized by
the values before PDT. PA signal amplitudes of hemoglobin were sig-
nificantly decreased after PDT, indicating vascular shutdown effects
due to PDT. As the mechanism of PDT with ICG-lactosome, Tsujimoto
et al. showed apoptosis induced in tumor cells by a terminal deox-
ynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
method [11]. Tsuda et al. suggested that both the singlet oxygen and
the heat generated by a photothermal reaction were involved in the
antitumor effects in PDT with ICG-lactosome [12]. Our observation of a
significant decrease in the PA signals of hemoglobin, i.e., vascular
shutdown effects, would be another mechanism in PDT with ICG-lac-
tosome.

Fig. 6 shows the correlation between the decreasing rate of PA
amplitudes of ICG-lactosome and that of hemoglobin after PDT. The
correlation coefficient (r) was estimated to be 0.766, but the p value
was 0.076, indicating that there is no significant correlation between
the two variables. Although both the photobleaching of ICG-lactosome
and the vascular shutdown can be caused by singlet oxygen species,
their interactions with tumor cells and blood vessels and the outcomes
should be affected by many factors such as microscopic PS distributions
and blood vessel charcteristics. The nonsignificant correlation between
the two events may reflect such complex environments involved in PDT
reactions; for their analyses, PA imaging can play an important role.

In conclusion, we demonstrated the usefulness of dual-wavelength
PA imaging that enables depth-resolved monitoring of accumulation
and photobleaching of a PS in conjunction with vascular damage due to
PDT. This method can be applied to PDTs with a wide variety types of
PSs [15–18]. The observation depth of the PA imaging system used in
this study is limited to a few millimeters, which is too shallow for
clinical application. However, imaging depth can be increased to a few
centimeters by sacrificing spatial resolution [34]; high-resolution ima-
ging is not necessarily needed to monitor the distributions of a PS and
blood vessels in tumors. The method can also be a powerful tool to
investigate or develop next-generation PDTs.
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