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Abstract

The objective of this study is to investigate the biodistribution of Indocyanine green (ICG) in healthy mice, when delivered through polymeric
nanoparticles. The poly(dl-lactic-co-glycolic acid) (PLGA) nanoparticles entrapping ICG were engineered and characterized. The extraction
method for ICG recovery from biological samples was developed. The biodistribution of ICG was determined in healthy C57BL/6 mice (female,
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0-week old) when delivered through PLGA nanoparticles in comparison to free ICG solution, using a fluorometric assay method. The
ethod for ICG shows efficiency above 80% for various organs and plasma. When nanoparticles were used to deliver ICG, 2–8 ti

oncentrations of ICG was deposited in various organs, with 5–10 times higher plasma levels till 4 h, after an i.v. dose as compared
olution. In conclusion, the nanoparticle formulation significantly increased the ICG concentration and circulation time in plasma as w
CG uptake, accumulation and retention in various organs. Overall, this study represents the first step in exploring and establishing thef
anoparticles as an ICG-delivery system for use in tumor-diagnosis and photodynamic therapy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Indocyanine green (ICG) is a water-soluble tricarbocyanine
ye, which has been approved by the United States Food and
rug Administration for various medical diagnostic applica-

ions (Philip et al., 1996; Maarek et al., 2001; Saxena et al.,
003). Recently, much attention has been focused on the poten-

ial of ICG as fluorescence contrast agent in diagnostic imaging
or early detection of superficial tumors such as of breast and
kin cancer (Saxena et al., 2004a,b). Moreover photodynamic
herapy using ICG is also a promising method, which is now
eing evaluated for superficial tumor destruction (Fickweiler et
l., 1997; Abels et al., 2000). It has been shown that incubation
f tumor cells with ICG and then subsequent irradiation with a
iode laser leads to cell killing by photo-oxidation (Fickweiler et
l., 1997; Abels et al., 2000). An important motivation for using
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ICG in above-mentioned studies is its strongest absorption
around 800 nm and its most intense emission around 82
These are the wavelengths for which the blood and other ti
are relatively transparent and the penetration depth of lig
biological tissue is the highest (Saxena et al., 2003).

For both tumor-imaging and photodynamic anticancer
apy applications, the delivery of ICG to the tumor site, intra
lular uptake of ICG and accumulation and retention in the tu
are the crucial steps. Once injected in blood circulation, all t
crucial steps mainly depend upon the protein binding and b
circulation time of ICG. Now, ICG has a very high protein bi
ing in the blood and shows rapid elimination from the b
(plasmat1/2 = 2–4 min) (Mordon et al., 1998; Desmettre et a
2000). This leads to low intracellular uptake and minimal ac
mulation of ICG, at the tumor site, respectively. Thus, th
characteristics of ICG are the major limitations in its abo
mentioned novel applications in tumor-imaging and antica
therapy.

Thus, efficient delivery of ICG to the tumor site and
retention at tumor site is required for application of ICG
378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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tumor-diagnosis and destruction. For this purpose, an intra-
venously administrable product/system for ICG having ability
for tumor targeting and efficient intracellular uptake will be of
great interest. One of the approaches can be ICG delivery to
the tumor site and subsequently into the tumor cells through a
polymeric nanoparticulate system (Leroux et al., 1996). Now,
nanoparticulate delivery systems are associated with enhanced
permeation and retention (EPR) effect, which is filtering out
of the nanoparticle from the blood stream (in the blood vessel)
into the tumor site (due to the leaky vasculature at the tumor
site) and subsequently accumulating at that site (Monsky et
al., 1999). Thus, the EPR effect provides passive targeting to
the tumor site for the nanoparticulate delivery systems. The
polymeric nanoparticles containing ICG will thus provide
passive tumor targeting of ICG to the tumor site.

In our earlier studies, we have engineered a nanoparticu-
late formulation for ICG by entrapping ICG within poly(dl-
lactic-co-glycolic acid) (PLGA) polymeric matrix (Saxena et
al., 2004a,b,c). Also, we have established that these nanopar-
ticles provided efficient aqueous-stability, photo-stability and
thermal-stability to ICG (Saxena et al., 2004a). Moreover we
have proved that these nanoparticles enhanced the in vitro intra-
cellular uptake of ICG in the tumor cells (Saxena et al., 2005).
Now, the main focus of our present study is to characterize the
in vivo biodistribution of ICG in healthy animal model, when
delivered through PLGA nanoparticles, to access the merit of
P ove
f apy.
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2.3. Fluorescence spectroscopy instrumentation

The concentrations of ICG in various experiments were
determined by a steady-state fluorescence technique using
a K-2 fluorometer (ISS, Champaign, IL) equipped with a
70 mW cw diode laser. The diode laser has a wavelength of
786 nm, which was used as the excitation wavelength for all
the experiments. Emission spectra were recorded from 795 to
845 nm.

2.4. Preparation and characterization of ICG-loaded
PLGA nanoparticles

The ICG-loaded PLGA nanoparticles were prepared by a
modified spontaneous emulsification solvent diffusion method
and characterized according to our previous studies (Saxena
et al., 2004a,c). ICG entrapment efficiency, ICG content and
nanoparticle recovery were determined in triplicate by the
steady-state fluorescence spectroscopy. Dynamic light scatter-
ing and atomic force microscopy was used for morphological
characterization of nanoparticles. Nanoparticles were charac-
terized with respect to zeta (ζ) potential by using zeta potential
analyser. The release pattern of ICG from the nanoparticles was
determined in phosphate buffer saline, PBS (pH 7.4) under sink
conditions, in triplicate.
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LGA nanoparticles as ICG carriers and delivery systems
ree ICG solution, for tumor-diagnosis and anticancer ther

Thus, studies on development of extraction method of
rom biological samples and determination of the biodi
ution of ICG using PLGA nanoparticles were performed
ealthy mice. Also for comparison ICG biodistribution was a
etermined using free ICG solution. This knowledge of in v
iodistribution of ICG through PLGA nanoparticles will help
ptimize the ICG delivery to tumors. Moreover, this study
lso form the reference for studies involving ICG delivery

umors using delivery systems such as nanoparticles. Overa
esearch will help in the efficient use ICG for tumor-diagn
nd anticancer therapy applications.

. Materials and methods

.1. Materials

ICG (free of sodium iodide) was obtained from Fisher S
ntific (Fisher Scientific Inc., Pittsburgh, PA). Poly(dl-lactic-
o-glycolic acid) 50:50 and polyvinyl alcohol (PVA) (88–89
ydrolyzed) were purchased from Sigma (Sigma Chemical
t. Louis, MO). All organic chemicals and solvents used w
f reagent grade.

.2. Animals

Pathogen free (healthy) C57BL/6 mice (female, 10-week
ere purchased from Taconic, Germantown, NY, housed
sed according to the protocol approved by the university an
are committee.
r

is

,

l

.5. Preparation of free ICG solution and PLGA
anoparticles suspension

ICG stock solution of 100�g/ml was freshly made just befo
he biodistribution studies, by dissolving 10 mg ICG in 100
f phosphate buffer saline (PBS) and PLGA nanoparticle s
uspension of 100�g/ml was freshly made just before the biod
ribution studies, by suspending PLGA nanoparticles (con
ng 10 mg of entrapped ICG) in 100 ml of PBS by sonicatio
et a homogenous suspension. Both stocks (free ICG so
nd PLGA nanoparticle suspension) were used for all biod
ution studies. The stocks were further diluted with PBS to
he lower ICG concentrations.

.6. Assay of ICG in biological samples

A fluorescence-based ICG assay was developed for ana
CG in the biological samples. ICG was first extracted from
amples. The tissue samples were homogenized with 20 vo
f DMSO, followed by a 4 h extraction (10 min for plasma sa
les) at room temperature in the dark. The mixtures were
entrifuged at 16,000× g for 5 min. The concentration of ICG
he supernatant (containing the extracted ICG) was measu
teady-state fluorescence spectroscopy as described in S
.3, and then calculated according to a standard curve (ex
f ICG-free tissue homogenates and plasma were used
ackground control). The tissue and plasma samples from
on-treated animal were also excited to measure the backg
uorescence.

The extraction efficiency (recovery rate) was tested. For
ontrol (ICG-free) tissue and plasma samples were collecte
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homogenized. Then the homogenate was spiked with a known
quantity of ICG and mixed. After 1 h (10 min for plasma sam-
ples), the sample was extracted and analyzed according to the
above procedure. The measured concentration was then com-
pared to the added concentration.

2.7. In vivo biodistribution studies

For in vivo biodistribution studies, through the tail vein, a
dose of 10�g/200�l of ICG either in free solution or in nanopar-
ticle suspension was injected into each C57BL/6 mouse. The
animals were euthanized and exsanguinated (three mice per time
point for both dosage forms) at 5, 10, 15, 30, 45 and 60 min after
the injection of free ICG solution and at 5, 10, 15, 30, 60, 120
and 240 min after the injection of nanoparticle suspension. The
blood was collected and centrifuged to collect the plasma, while
the liver, kidneys, lungs, heart and spleen were excised, rinsed,
whipped and homogenized. The ICG content in the plasma and
isolated organs were then assayed.

2.8. Statistical analysis

Data are expressed as mean± S.D. Results of the in vivo
biodistribution studies were evaluated by Student’st-test. Dif-
ferences were considered significant at a level ofp < 0.05.
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Fig. 1. ICG concentration–time course in mouse plasma after an i.v. dose of
10�g ICG (n = 3).

3.2. Fluorescence assay suitability

The fluorescence signal from tissue and plasma samples,
treated/spiked with ICG were≥20 times higher than the signal
from non-treated/unspiked samples, i.e. background (data not
shown). This effect is due to the transparence of biomolecules
in near-IR wavelengths, enabling fluorescence signals relatively
free of intrinsic background interference. Thus, the fluorescence
spectroscopy method used in this study is suitable for detection
of ICG specifically.

3.3. Recovery of ICG from plasma and tissue samples

The extraction efficiency of ICG from the biological samples
was determined by the analytical procedure described above.
Since ICG does not metabolize in the body there is no interfer-
ence due to any metabolites in its determination by the fluoro-
metric method used (Paumgartner, 1975). As shown inTable 1,
the recovery rates (efficiency of the extraction procedure) are in
the range of 80–92% when the tissue and plasma drug concen-
tration is within 0.01–1�g/g of tissue. This recovery range is
satisfactory for ICG assay in biological samples.

3.4. Biodistribution of ICG in mice through PLGA
nanoparticles
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. Results and discussion

.1. Characterization of nanoparticles

The following characterization of the nanoparticles
arried out according to our previous studies (Saxena et al
004a,c). The entrapment efficiency of ICG in PLGA nanop

icles was about 74.5± 2.2%, the ICG content of nanopartic
as 0.20± 0.01% (w/w) and nanoparticle recovery was ab
5%. Mean diameter of the nanoparticles was 300± 10 nm with
olydispersity index of 0.06. The nanoparticles obtained
early spherical in shape. The AFM image shows the nume
ores on the surface of the nanoparticles, which are respo

or the release of entrapped materials from the nanoparticle
anoparticles exhibited low zeta potential value of−16.3 mV.
he release profile of ICG from the nanoparticles, unde
ink conditions, is exponential, releasing 78% of ICG (wi
h) followed by a slow release phase.

able 1
ecovery (%) of ICG from mouse tissues and plasma for ICG solution an

oncentration added (�g/ga) ICG solution

1 0.1

iver 83.4± 2.3 92.1± 3.7
pleen 96.1± 3.9 95.8± 4.4
ungs 95.2± 2.7 97.4± 5.9
eart 100± 2.2 93.1± 6.3
idneys 89.3± 0.6 96.8± 4.9
lasma 85.8± 2.3 87.9± 6.3

a �g/ml in case of plasma.
In this study, the biodistribution of ICG in mice after sin
ntravenous injection of ICG solution and ICG-loaded nano
icles was investigated.Figs. 1–6show the drug deposition in th

GA nanoparticles suspension (mean± S.D.,n = 3)

Nanoparticle suspension

0.01 1 0.1 0.01

85.3± 3.0 83.3± 4.0 84.4± 5.9 87.3± 6.1
1.1 ± 3.8 89.5 ± 6.7 86.4± 5.2 80.7± 3.5

81.1± 2.5 82.5± 4.1 82.7± 2.7 81.0± 5.1
0.0 ± 3.3 84.9± 5.1 83.5± 3.7 81.5± 6.2

91.1± 7.8 87.5 ± 5.5 82.3± 6.3 82.8± 5.6
88.4± 4.4 82.1± 2.0 82.2± 3.8 80.8± 7.8
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Fig. 2. ICG concentration–time course in mouse spleen after an i.v. dose of
10�g ICG (n = 3).

Fig. 3. ICG concentration–time course in mouse heart after an i.v. dose of 10�g
ICG (n = 3).

Fig. 4. ICG concentration–time course in mouse lungs after an i.v. dose of 10�g
ICG (n = 3).

Fig. 5. ICG concentration–time course in mouse kidney after an i.v. dose o
10�g ICG (n = 3).

Fig. 6. ICG concentration–time course in mouse liver after an i.v. dose of 10�g
ICG (n = 3).

plasma, spleen, heart, lungs, kidneys and liver after intravenous
injection of 10�g ICG/mouse in solution or nanoparticle sus-
pension.

The free solution form gave the highest ICG levels in the liver,
followed by the kidneys, spleen, heart and lungs, indicating the
major role of liver in the removal of ICG from the blood circula-
tion followed by the kidneys. This observation is in accordance
with the results reported by other authors (Paumgartner, 1975;
Desmettre et al., 2000).

Whereas the nanoparticles formulation shows a different
biodistribution pattern with highest ICG levels in the liver
followed by spleen, lungs, heart and kidneys. As seen from
Figs. 2–6the major organs of removal for the nanoparticles
are liver, lungs and spleen. Liver, lungs and spleen are the
organs, which make the reticulo-endothelial system (RES) in
the body (Monsky et al., 1999). Since, the RES is responsible
for removing foreign particles from the blood circulation, the
above observation is in accordance with the theory.

Interestingly, ICG concentration in the blood when deliv-
ered via nanoparticles was significantly higher (5–10 times) than
when given as solution (Fig. 1). Moreover, when nanoparticles
were used, the ICG concentration in the blood was significantly
high till 4 h. This effect might be due to the relatively long
circulation of the nanoparticles in the blood as compared to
ICG solution or due to the controlled release of ICG from the
nanoparticles deposited in various organs within the body. Fur-
t on for
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her studies are needed to provide the complete explanati
uch behavior. Moreover, the low amount of ICG present in
lood circulation when given in solution form was due to the
emoval of ICG by liver as shown in earlier studies (Paumgartne
975).

Also in all the organs, the ICG concentration was hig
from two to eight times) when delivered through nanoparti
s compared to ICG solution. This reflects higher uptake, a
ulation and retention of ICG in various organs, when deliv

hrough nanoparticles. This effect of nanoparticles might
ccurred due the efficient nanoparticle-retention in the orga
ompared to ICG solution. Further studies are required to p
he above concept.

As explained earlier in Section1, the nanoparticles are ta
eted to the tumors by enhanced permeation and retention
hich in turn is directly proportional to the time and amo
f ICG in blood circulation. Thus, based on the results f
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this study, it might be possible that when delivered through
nanoparticles, more amount of ICG will be accumulated and
retained in the tumors as compared to free ICG solution when a
tumor-bearing animal model is used. At the same time, it might
be possible that nanoparticle will enhance retention time and
amount of ICG in the tumors since a tumor in the body also
behaves as an organ with blood supplies. However, further stud-
ies with tumor-bearing animal models are required for proving
the above hypothesis. Thus, the present study represents the first
step in exploring the potential of nanoparticles as ICG-delivery
system for use in tumor-diagnosis and photodynamic therapy.

4. Conclusions

A PLGA nanoparticulate delivery system for ICG was devel-
oped and characterized. The biodistribution of ICG when deliv-
ered through nanoparticles in healthy mice were determined
using a fluorometric assay method. Compared to free solution,
nanoparticles led to higher ICG deposit in organs (2–8 times) as
well as in blood (5–10 times), reflecting the enormous potential
of PLGA nanoparticles as delivery systems for ICG for its use
in tumor-diagnosis and photodynamic therapy.
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