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In vivo cellular-level real-time pharmacokinetic
imaging of free-form and liposomal indocyanine
green in liver
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Abstract: Indocyanine green (ICG) is a near-infrared fluorophore approved for human use
which has been widely used for various clinical applications. Despite the well-established
clinical usage, our understanding about the microscopic in vivo pharmacokinetics of
systemically administered ICG has been relatively limited. In this work, we successfully
visualized real-time in vivo pharmacokinetic dynamics of the intravenously injected free-form
and liposomal ICG in cellular resolution by utilizing a custom-built video-rate near infrared
laser-scanning confocal microscopy system. Initial perfusion and clearance from blood
stream, diffusion into perisinusoidal space, and subsequent absorption into hepatocyte were
directly visualized in vivo. The quantification analysis utilizing the real-time image sequences
revealed distinct dynamic in vivo pharmacokinetic behavior of free-form and liposomal ICG.
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OCIS codes: (170.3880) Medical and biological imaging; (170.0170) Medical optics and biotechnology; (170.1790)
Confocal microscopy; (170.2520) Fluorescence microscopy.
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1. Introduction

Indocyanine green (ICG) is a biocompatible fluorophore approved for human use by U.S.
Food and Drug Administration (FDA). ICG has been widely used for various clinical
applications such as determination of cardiac output [1], liver function diagnostics [2], and
ophthalmic angiography [3]. In addition to the biocompatibility, as a near infrared (NIR)
fluorophore with the emission peak around 800 nm, ICG provides several advantages for in
vivo fluorescence imaging of human tissue. Auto-fluorescence background and light
scattering of the biological tissue are much smaller in the NIR wavelength region than those
in the visible wavelength region, which is beneficial to achieve the higher signal-to-noise
ratio (SNR) and the deeper imaging depth in the living human tissue with less photo-damage
[4-7]. Recently, novel clinical applications utilizing the favorable characteristics of ICG for
NIR fluorescence imaging have been actively investigated, which includes image-guided
surgery [8], quantitative monitoring of lymphatic function [9-11], and dynamic evaluation of
vascular perfusion in skin [12], brain [13], retina [14], tumor [15] and peripheral tissue [16].
In addition, a cellular-level visualization of brain tumor [17], gastrointestinal tract [18] and
human skin [19] using a confocal microscopy or endomicroscopy was demonstrated. In
addition, over the last decade, the ICG encapsulated in the artificially-prepared spherical
vesicle composed of a biocompatible lipid bilayer, termed as liposomal ICG, has been
actively developed. Liposomal ICG is reported to have several advantages over free-form
ICG such as improved stability in solution [20], prolonged retention in blood circulation [21,
22], and enhanced accumulation and retention in tumor [22]. These characteristics suggest the
usefulness of the liposomal ICG not only for in vivo NIR fluorescence imaging, but also for
cancer detection [23-25] and treatment potentially by photo-thermal therapy [26-28].

Despite the well-established clinical usage of the ICG and active investigations to utilize
the liposomal ICG for novel clinical applications, the dynamic distribution of them after the
systemic introduction into the body has been investigated mostly in macroscopic tissue scale
and in relatively long-term time scale of several hours to days [20, 22, 29-32]. As the free-
form ICG introduced into the human body via intravenous injection in most clinical
applications is known to be rapidly cleared out from the blood plasma after several minutes
[33], it is desirable to analyze the dynamic pharmacokinetics of ICG during the similar time
period of initial several minutes accordingly. In addition, although it has been known that the
metabolic clearance of ICG from the blood mostly occurs in the liver [34], revealed by real-
time monitoring in macroscopic organ scale [22, 29-32], a dynamic clearance process of ICG
from the liver sinusoid to perisinusoidal space, subsequent cellular-level absorption and
distribution in the stromal liver hepatocyte under in vivo environment have not been well
understood. It is partially due to the lack of appropriate ICG imaging technique which
requires the cellular resolution and fast real-time imaging speed.
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In this work, we implemented a video-rate confocal NIR laser-scanning microscopy
system, which is capable of a real-time intravital confocal imaging of ICG fluorescence at the
speed of 30 frames per second in vivo. Using the imaging system for a live mouse model with
tail-vein catheterization, the rapid pharmacokinetic dynamics of the intravenously
administered free-form ICG and liposomal ICG were directly observed in vivo at the
peripheral tissue, skin, and the major metabolic organ, liver. First, in the ear skin, the gradual
mixing dynamics of the injected ICG in circulating blood in the first 30 seconds was observed
with both free-form and liposomal ICG, which is revealed by the sequential appearance of
ICG fluorescence in the artery and vein. After 1 hour, the extended retention of the liposomal
ICG in blood circulation was clearly observed. Second, in the liver, dynamic pharmacokinetic
processes of intravenously administered free-form ICG and liposomal ICG including the
initial perfusion to liver sinusoid, diffusion into perisinusoidal space, and subsequent
absorption into the hepatocyte were observed in real-time for the initial 5 minutes. Similar to
the results observed in the skin, the increased retention in blood circulation of liposomal ICG
than the free-form ICG was observed while no significant difference in the initial absorption
into hepatocyte was observed. However, after 12 hours, the liposomal ICG captured by the
liver-resident Kupffer cell was clearly visible while no fluorescence signal was observed from
the liver of free-form ICG injected mouse.

2. Methods
2.1 Animal model preparation for the imaging

Eight weeks old BALB/c mice were purchased from Orient Bio Inc. (Seongnam, Korea).
CD11c-YFP (Stock no. #008829 [35]), CX3CR1-GFP (Stock no. #005582 [36]), were
purchased from Jackson Laboratory (Bar Harbor, USA). Mice were anesthetized by
intramuscular injection of a mixture of zoletil (30 mg/kg) and xylazine (10 mg/kg). The skin
was shaved by hair removal cream before the imaging or surgical procedure. The liver was
surgically exposed by a small incision in the skin and peritoneum for the imaging of ICG
pharmacokinetic dynamics. The ICG fluorescence imaging was performed at the depth of 30
pm from the tissue surface where blood vessels or liver sinusoids were clearly observed. The
785nm near-infrared laser intensity illuminated on the tissue for ICG fluorescence imaging
was 0.337mW. 200 pl of free-form ICG solution (60 pM) or liposomal ICG (60 uM) solution
was intravenously administered through the tail vein catheter. To obtain high subcellular-level
resolution images of liver in vivo, an averaging of multiple frames acquired in video-rate was
performed with frame by frame registration to compensate the motion of liver tissue. During
the imaging, the body temperature was maintained at 36 °C by using a homeothermic control
system (PhysioSuiteTM, RightTemp, Kent Scientific). This study was carried out in
accordance with the ARRIVE (Animal Research: Reporting /n Vivo Experiments) guidelines.
All animal experiments were performed in accordance with the protocol approved by the
Animal Care Committee of KAIST (protocol no. KA2014-14). All surgical procedures were
performed under anesthesia, and all efforts were made to minimize the suffering.

2.2 Near-infrared laser-scanning confocal microscopy system

For in vivo video-rate cellular-level monitoring of ICG pharmacokinetic dynamics, a custom-
built video-rate laser-scanning confocal microscopy system previously described [37-42] was
modified for simultaneous imaging of green and near infrared ICG fluorescence imaging as
shown in Fig. 1(a). Continuous-wave laser modules at 488 and 785 nm (OBIS, Coherent)
were used as an excitation source. The laser beams reflected by right-angle dichroic beam
splitters (DBS1; FF801-Di01, DBS2; FF495-Di03, Semrock) was delivered to a 2D raster-
pattern scanner composed by a rotating 36 facet polygonal mirror (MC-5, gold coated,
Lincoln Laser) and a galvanometer based scanning mirror (6230H, Cambridge Technology).
The scanning laser beam was delivered to the anesthetized mouse on XYZ translation stage
(3DMS, Sutter Instrument) through a commercial long working distance objective lens
(LUCPlanFL, 20X, 0.45NA, Olympus) providing the field of views of 600 x 600 um®. The
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fluorescence signal collected by the objective lens in epi-detection manner was descanned and
then separated from the excitation laser beam by the dichroic beam splitters (DBS1; FF801-
Di01, DBS2; FF495-Di03, DBS3; FF560-Di01, Semrock). Photomultiplier tubes (PMT;
R9110, Hamamatsu) were used to detect the fluorescence signal through each band pass filter
(BPF1; FF01-835/70, BPF2; FF525/50, Semrock). The electronic outputs from the PMT were
digitized by a frame grabber (Solios, Matrox) with a sampling rate of 10 MHz. Image with the
size of 512 x 512 pixels was displayed and recorded in real time at a frame rate of 30 Hz by
using a custom-written imaging software based on Matrox Imaging Library (MIL9, Matrox).

2.3 Preparation of free-from and liposomal ICG

For the preparation of liposomal ICG, a lipid cake was prepared with L-a-
phosphatidylcholine, hydrogenated (Soy) (HSPC, Avanti Polar Lipids) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene ~ glycol)-2000]  (DSPE-PEG,
Avanti Polar Lipids) at the molar ratio of 95:5 and added ICG (Tokyo Chemical Industry CO.
LTD.) at the molar ratio of 250:1 (total lipids:ICG). And then, the organic solvent was
evaporated. The film was then hydrated with 5% glucose solution (w/v) at 60 °C. After the
hydration and membrane (100 nm) extrusion, the remained free-form ICG was removed by
size-exclusion chromatography (GE Healthcare) and dialysis (Spectrum Labs). The final
concentration of ICG loaded in the liposomes was 60 uM which determined by measuring the
absorbance at 785 nm after mixing the liposome solution with methanol at the volume ratio of

2:8. The free-form ICG solution was prepared at the same concentration as the liposomal
ICG.

3. Result

3.1 Video-rate imaging analysis of the free-form and liposomal ICG in the blood
circulation

The schematic of the imaging system capable of video-rate confocal image acquisition at the
speed of 30 frames per second is shown in Fig. 1(a). Figure 1(b) and 1(c) are representative
images obtained at the ear skin of free-form ICG injected mouse, which demonstrates the in
vivo ICG imaging capability of the system. Immediately after the intravenous injection of
free-form ICG, we successfully visualized the blood vessel in the dermis as shown in Fig.
1(b). At 30 minutes after the injection, ICG fluorescence is no more detectable in the blood
circulation. On the other hand, with the injection of 20 times more amount of free-form ICG,
we could observe the lymphatic vessel draining ICG at 30 minutes after the injection as
shown in Fig. 1(c), because the portion of the injected free-form ICG was leaked out from the
blood vessel to the dermal skin tissue and then drained through the lymphatic vessel.
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Fig. 1. (a) Schematic of laser-scanning confocal microscopy: DBS, dichroic beam splitter;
BPF, band pass filter; ND, neutral density filter; M, mirror; PMT, photomultiplier tube.
Photograph shows an anesthetized live mouse prepared for ear skin imaging, in vivo. (b, ¢) The
representative images acquired at the ear skin of mouse after the intravenous injection of ICG.
(b) At immediately after the ICG injection, blood vessels were visible. The artery (arrow) and
vein (arrow head) were distinguishable by the vessel diameter and blood flow speed. (c) At 30
minutes after the ICG injection, the lymphatic vessel (arrow head) draining ICG leaked from
the blood vessel to dermal tissue was visible. The hair follicle (asterisk) was also
distinguishable. Scale bar: 100 um.

To compare the rapid dynamic change in the blood circulation of free-form ICG and
liposomal ICG, the blood vessel in peripheral tissue, skin, was monitored in real-time
immediately after the intravenous injection in vivo. The imaging of the blood vessel was
performed in the ear skin due to the ease of the accessibility and demobilization of the tissue
under imaging as shown in Fig. 1(a). To observe the initial pharmacokinetics in the blood
stream immediately after the injection, the continuous video-rate movie recording started
simultaneously with the intravenous injection of free-form ICG or liposomal ICG through the
catheter inserted into the mouse tail vein (Visualization 1 and Visualization 2).

Figure 2(a) is the representative sequential images showing the dynamic changes of the
injected free-form ICG and liposomal ICG in the blood circulation. To note, artery and vein,
distinguishable by vessel diameter and flow speeds, are pseudo-colored in red and blue,
respectively. Figure 2(b) is the graphs showing the dynamically changing fluorescence signal
of free-form and liposomal ICG observed in the blood vessels of ear skin (Visualization 1 and
Visualization 2). The fluorescence signal intensity was directly measured from the video-rate
image sequences with the speed of 30 frames per second by calculating the average of the
area of artery and the vein shown in Fig. 2(a), excluding overlapping area and shadowed area
by hair follicle. For the both of free-form ICG and liposomal ICG, the ICG fluorescence
signal appeared in the artery of ear skin within around 4 seconds after the injection, then
rapidly increased and reached the peak at around 7 seconds. Notably, it took only 2.5 seconds
to increase from the 10% intensity to reach the maximum peak value, then 3 seconds to
decrease to 50% intensity. After the initial peak, the ICG fluorescence signal in the artery
continuously decreased as the injected ICG solution with the volume of 200 pl was gradually
mixed with the whole blood of the mouse while circulating the whole body. Subsequently, the
ICG fluorescence signal started to appear in the vein after passing through the capillary
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network in the periphery and reached the peak at around 25 seconds after the injection then
gradually decreased in the similar pattern with the artery. In comparison, the fluorescence
signal in the vein increased in 4 times slower speed than that in the artery, and the peak
intensity was also lower.

During the initial 1 minute, there was no significant difference in blood circulating
dynamics between free-form ICG and liposomal ICG. After 1 minute, the fluorescence signal
of free-form ICG quickly decreased as shown in Fig. 2(b). At 5 minutes after the injection,
the fluorescence signal of free-form ICG was decreased to the value less than 5% of the
maximum peak intensity in both of artery and vein, suggesting almost complete clearance
from the blood circulation. In contrast, after 1 minute, the fluorescence signal of liposomal
ICG decrease much slowly and maintained more than 30% of the peak intensity at 5 minutes
after the injection. After 1 hour, the liposomal ICG continued to remain in the blood
circulation as shown in Fig. 2(a), suggesting significantly improved retention in blood stream.
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Fig. 2. (a) Representative sequential images of the peripheral blood vessel in the ear skin of the
mouse intravenously administered free-form and liposomal ICG, respectively (Visualization 1
and Visualization 2). Artery and vein are pseudo-colored in red and blue, respectively. (b) The
real-time changes of the ICG fluorescence signal in peripheral blood vessel in the ear skin after
the intravenous administration of free-form ICG and liposomal ICG. Scale bar: 250 pm.

3.2 Video-rate cellular-level imaging analysis of free-form and liposomal ICG in the
liver

To compare the pharmacokinetics of free-form and liposomal ICG in the liver which is
known to play a major role in the metabolism of the ICG administered into the human body, a
video-rate cellular-level imaging was performed. The continuous video-rate movie recording
started simultaneously with the intravenous injection of free-form ICG or liposomal ICG. As
shown in the Fig. 3(a), the initial pharmacokinetic behavior of the intravenously injected free-
form and liposomal ICG in the liver were successfully visualized (Visualization 3 and
Visualization 4). Figure 3(b) is the magnified sequential images obtained at the areas marked
by yellow squares in Fig. 3(a). Dynamic pharmacokinetic behaviors such as initial perfusion
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in liver sinusoid, gradual diffusion into perisinusoidal space and subsequent absorption into
hepatocytes are clearly visualized (Visualization 5 and Visualization 6). Figure 3(c) shows the
fluorescence signal intensity in liver sinusoid, which was obtained by calculating the average
of four different sinusoids branches with length of 50-100 pm. For both of free-form and
liposomal ICG, the fluorescence signal in the liver sinusoid appeared at around 12 seconds,
then gradually increased and reached the peak at around 27 seconds after the injection, which
was almost similar to the dynamic fluorescence signal change observed in the vein of ear
skin. Interestingly, while the fluorescence signal in the lumen decreased, a highly
concentrated ICG signal was observed at the blood vessel wall before being diffused into the
perisinusoidal space as marked by arrowhead in Fig. 3(b). Subsequently, the fluorescence
signal in hepatocytes gradually increased, suggesting the absorption of free-form ICG or
liposomal ICG by hepatocytes marked by asterisk in Fig. 3(b). For the free-form ICG, the
liver sinusoid and hepatocytes were relatively well distinguished as the fluorescence signal in
the liver sinusoid was significantly decreased after 2-3 minutes. On the other hand, for the
liposomal ICG, the liver sinusoid and hepatocytes were less distinguishable as a significant
portion of liposomal ICG kept circulating in the blood stream even after 5 minutes.

Figure 3(d) shows the fluorescence signal intensity in the hepatocytes of the liver, which
was obtained by calculating the average of four different regions containing 1 or 2
hepatocytes. It continuously increased for 3 minutes and then became saturated for both of
free-form ICG and liposomal ICG. As there was no clear difference in the initial absorption
behavior to the hepatocytes between free-form ICG and liposomal ICG in the liver for the
initial 5 minutes, we observed the liver again at later time point. Figure 3(e) shows the images
acquired at 12 hours after the injection. No fluorescence signal in both of sinusoid and
hepatocyte was detected in the liver of mouse received free-form ICG injection, suggesting
complete hepatic clearance. In contrast, for the liver of mouse received liposomal ICG, small
fluorescence signal was observed in the liver sinusoid (arrow) but not in the hepatocyte,
suggesting a highly improved retention of liposomal ICG in blood circulation and clearance
from the hepatocyte. In addition, interestingly, a highly accumulated fluorescence signal of
ICG was observed in the Kupffer cell (arrowhead), the liver-resident macrophage, only in the
liver of mouse injected with the liposomal ICG but not with the free-form ICG.

To further investigate the cellular pharmacokinetic of free-form and liposomal ICG in the
liver, we used genetically-engineered cell type-specific fluorescence protein expressing mice,
CD11c-YFP mice [35] and CX3CR1-GFP mice [36]. In the liver of CD11c-YFP mice,
Kupffer cell and common dendritic cell can be visualized with CD11c associated expression
of YFP [43]. In the liver of CX3CR1-GFP mice, inflammatory monocyte-derive macrophages
and myeloid dendritic cells can be visualized with CX3CR1 associated expression of GFP
[43]. Similar to the imaging results using wildtype BALB/c mice, no ICG fluorescence signal
was observed in the liver of CD11lc-YFP and CX3CRI-GFP mice at 24 hours after
intravenous injection of free-from ICG. Figure 3(f) shows the images acquired from the liver
of CD11c-YFP and CX3CR1-GFP mice at 24 hours after intravenous injection of liposomal
ICG. In the liver of CD11c-YFP mice, most of the ICG fluorescence signal was co-localized
with YFP expressing cell (arrow), suggesting phagocytosis of liposomal ICG by CDI11c"
Kupffer cell. In contrast, in the liver of CX3CR1-GFP mice, accumulated ICG fluorescence
signal (arrowhead) was not co-localized with GFP expressing cell. It suggests that liposomal
ICG was not phagocytized by CX3CR1" inflammatory monocyte-derive macrophages or
liver-resident myeloid dendritic cells.
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Fig. 3. (a) Representative sequential images of the liver of the mouse after intravenous
injection of free-form or liposomal ICG, (Visualization 3 and Visualization 4). (b) Magnified
sequential images at the area marked by yellow square in (a), (Visualization 5 and
Visualization 6). (¢, d) Relative fluorescence intensity in (c) liver sinusoid and (d) hepatocyte.
(e) Images obtained at the liver at 12 hours after the intravenous injection of free-form and
liposomal ICG. No fluorescence signal was observed in the liver of mouse received the free-
form ICG injection. In the liver of mouse received liposomal ICG injection, fluorescence
signal was observed in sinusoid (arrow) and Kupffer cell (arrowhead). (f) Images obtained at
the liver of CD11c-YFP and CX3CR1-GFP mouse at 24 hours after intravenous injection of
liposomal ICG. Scale bar: (a) 100 pum, (b, e-f), 25 pm.

4. Discussion

In this work, we built a video-rate confocal NIR laser-scanning microscopy for in vivo
cellular-level monitoring of ICG, the FDA-approved biocompatible near infrared fluorophore.
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The real-time pharmacokinetic behaviors of intravenously injected free-form ICG and
liposomal ICG were successfully visualized in a high spatiotemporal resolution in peripheral
blood vessels and liver, in vivo.

With the real-time observation, the initial gradual mixing process of the intravenously
injected ICG with the whole blood in circulation was clearly revealed in Fig. 2(b). A sharp
spike of the fluorescence signal in the artery was observed at around 7 seconds after the
intravenous injection of both of free-from ICG and liposomal ICG. It seems to be the
revelation of the small portion of blood containing a relative high-concentration of the
injected ICG that was created by the rapid bolus injection completed within 1 second, which
is still in the process of gradual mixing with the whole blood. The smaller second peak
representing the second circulation of the injected ICG through the whole body was observed
at around 6 seconds after the first peak, which is closely matched to the known estimated
blood circulation time of mouse whole body, 7 seconds [44]. The fluorescence signal in the
vein started to appear after the initial spike of the fluorescence signal observed in the artery,
suggesting the recirculation to the vein through the capillary network at the peripheral tissue.
In our observation, it took more than 40 seconds for the small periodic fluctuation in the
fluorescence signal to disappear, which suggests the completion of mixing process of the
inject ICG with the whole blood. One of the major differences between the liposomal ICG
and the free-form ICG in terms of pharmacokinetics is known to be an extended circulation in
the blood stream. The observation of the blood-circulating fluorescence maintained as more
than 30% of the peak intensity at 5 minutes after the intravenous injection of liposomal ICG
shown in Fig. 2(b) is the result well consistent with the previous reports [21, 22].

Although the difference in the retention time of the free-form ICG and liposomal ICG in
the blood stream is well-known, the difference in the liver absorbing the most of ICG from
the blood circulation has only been partially analyzed, mostly in macroscopic scale not in
cellular-level in real-time. In this work, we successfully monitored the initial perfusion of the
free-form ICG and liposomal ICG into a liver sinusoid, diffusion into perisinusoidal space
and absorption into hepatocytes (Visualization 3, Visualization 4, Visualization 5, and
Visualization 6). We observed that the temporary accumulation of fluorescence at the
boundary of the sinusoid, and then it gradually decreased as the fluorescence intensity in the
hepatocytes increased. According to the known structure and metabolism process of the liver,
the bright signal observed at the boundary of the sinusoid seems to be the space of Disse, the
perisinusoidal space between a hepatocyte and a sinusoid; those diameter is only about 500
nm [45]. In the previous study, the excretion of green fluorescent sodium fluorescein from
hepatocyte via bile duct, the main route of excretion, was monitored by two-photon
microscopy [46]. However, in this study, the bile duct excretion was not clearly monitored as
the optimal imaging plane of the bile duct is out of the confocal imaging plane of the
hepatocyte, thereby the simultaneous real-time observation of them was difficult. To note, at
10 minutes after the intravenous injection, the bile duct excretion was clearly visible of both
of free-form and liposomal ICG.

Notably, while we observed a significant retention of liposomal ICG in blood circulation
both in blood vessels in the peripheral skin and liver sinusoid, we observed almost similar
behaviors in initial absorption to hepatocyte for free-form ICG and liposomal ICG. It is
unclear whether the portion of intact liposomal ICG was quickly absorbed to hepatocyte or
the portion of liposomal ICG was immediately breached in blood circulation and the released
ICG was absorbed in the similar pattern of free-form ICG. On the other hand, the difference
of liposomal ICG in pharmacokinetics was clearly observed at 12 hours after injection; 1) the
extended retention in liver sinusoid, and 2) accumulation in the liver-resident macrophage,
Kupffer cell, supposedly by phagocytosis. This cellular uptake might be the result of a
mononuclear phagocytic function of macrophage for the liposomal ICG. It could be a useful
fluorescent labeling technique for in vivo observation of Kupffer cell in human as liposomal
ICG is solely comprised of FDA approved biocompatible material, ICG and liposome.
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5. Conclusion

To summarize, we demonstrated that the microscopic-scale real-time pharmacokinetics of
free-form ICG and liposomal ICG can be monitored in vivo using the custom-built video-rate
near infrared confocal laser scanning microscopy. We successfully visualized the initial
perfusion into the blood circulation, clearance from the blood stream after gradual mixing
with whole blood, diffusion into the hepatic perisinusoidal space, and subsequent absorption
into the hepatocyte in vivo in real time. This method can be a useful tool to investigate the
real-time in vivo hepatic pharmacokinetics of intravenously administered biomaterials such as
nanoparticles or pre-clinical drugs integrated with a near infrared fluorophore such as ICG.
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