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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 polp(-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,
10-week old) when delivered through PLGA nanoparticles in comparison to free ICG solution, using a fluorometric assay method. The extractior
method for ICG shows efficiency above 80% for various organs and plasma. When nanoparticles were used to deliver ICG, 2-8 times highe
concentrations of ICG was deposited in various organs, with 5-10 times higher plasma levels till 4 h, after an i.v. dose as compared to free ICC(
solution. In conclusion, the nanoparticle formulation significantly increased the ICG concentration and circulation time in plasma as well as the
ICG uptake, accumulation and retention in various organs. Overall, this study represents the first step in exploring and establishing thé potential ¢
nanoparticles as an ICG-delivery system for use in tumor-diagnosis and photodynamic therapy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ICG in above-mentioned studies is its strongest absorption band
around 800 nm and its most intense emission around 820 nm.
Indocyanine green (ICG) is a water-soluble tricarbocyaninélhese are the wavelengths for which the blood and other tissues
dye, which has been approved by the United States Food arade relatively transparent and the penetration depth of light in
Drug Administration for various medical diagnostic applica- biological tissue is the highesbéxena et al., 2003
tions (Philip et al., 1996; Maarek et al., 2001; Saxena et al., For both tumor-imaging and photodynamic anticancer ther-
2003. Recently, much attention has been focused on the potempy applications, the delivery of ICG to the tumor site, intracel-
tial of ICG as fluorescence contrast agent in diagnostic imagintular uptake of ICG and accumulation and retention in the tumor
for early detection of superficial tumors such as of breast andre the crucial steps. Once injected in blood circulation, all these
skin cancer $axena et al., 20043,tMoreover photodynamic crucial steps mainly depend upon the protein binding and blood
therapy using ICG is also a promising method, which is nowcirculation time of ICG. Now, ICG has a very high protein bind-
being evaluated for superficial tumor destructibickweiler et ing in the blood and shows rapid elimination from the body
al., 1997; Abels et al., 2000It has been shown that incubation (plasmari/» =2-4 min) (Mordon et al., 1998; Desmettre et al.,
of tumor cells with ICG and then subsequent irradiation with a2000. This leads to low intracellular uptake and minimal accu-
diode laser leads to cell killing by photo-oxidatidti¢kweileret ~ mulation of ICG, at the tumor site, respectively. Thus, these
al., 1997; Abels et al., 2000An important motivation for using characteristics of ICG are the major limitations in its above-
mentioned novel applications in tumor-imaging and anticancer

therapy.
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tumor-diagnosis and destruction. For this purpose, an intra2.3. Fluorescence spectroscopy instrumentation
venously administrable product/system for ICG having ability
for tumor targeting and efficient intracellular uptake will be of  The concentrations of ICG in various experiments were
great interest. One of the approaches can be ICG delivery tdetermined by a steady-state fluorescence technique using
the tumor site and subsequently into the tumor cells through a K-2 fluorometer (ISS, Champaign, IL) equipped with a
polymeric nanoparticulate systerbefoux et al., 1995 Now, = 70mW cw diode laser. The diode laser has a wavelength of
nanoparticulate delivery systems are associated with enhanc&86 nm, which was used as the excitation wavelength for all
permeation and retention (EPR) effect, which is filtering outthe experiments. Emission spectra were recorded from 795 to
of the nanopatrticle from the blood stream (in the blood vessel345 nm.
into the tumor site (due to the leaky vasculature at the tumor
site) and subsequently accumulating at that siier(sky et  2.4. Preparation and characterization of ICG-loaded
al., 1999. Thus, the EPR effect provides passive targeting taPLGA nanoparticles
the tumor site for the nanoparticulate delivery systems. The
polymeric nanoparticles containing ICG will thus provide The ICG-loaded PLGA nanoparticles were prepared by a
passive tumor targeting of ICG to the tumor site. modified spontaneous emulsification solvent diffusion method

In our earlier studies, we have engineered a nanoparticiand characterized according to our previous studiexéna
late formulation for ICG by entrapping ICG within poly(- et al., 2004a)x ICG entrapment efficiency, ICG content and
lactic-co-glycolic acid) (PLGA) polymeric matrixSxena et nanoparticle recovery were determined in triplicate by the
al., 2004a,b,x Also, we have established that these nanoparsteady-state fluorescence spectroscopy. Dynamic light scatter-
ticles provided efficient aqueous-stability, photo-stability anding and atomic force microscopy was used for morphological
thermal-stability to ICG $axena et al., 2003aMoreover we  characterization of nanoparticles. Nanoparticles were charac-
have proved that these nanoparticles enhanced the in vitro intrgerized with respect to zetg)(potential by using zeta potential
cellular uptake of ICG in the tumor cellSéxena et al., 2005 analyser. The release pattern of ICG from the nanoparticles was
Now, the main focus of our present study is to characterize thdetermined in phosphate buffer saline, PBS (pH 7.4) under sink
in vivo biodistribution of ICG in healthy animal model, when conditions, in triplicate.
delivered through PLGA nanoparticles, to access the merit of
PLGA nanoparticles as ICG carriers and delivery systems ovel.5. Preparation of free ICG solution and PLGA
free ICG solution, for tumor-diagnosis and anticancer therapy.nanoparticles suspension

Thus, studies on development of extraction method of ICG
from biological samples and determination of the biodistri- ICG stock solution of 10Q.g/mlwas freshly made just before
bution of ICG using PLGA nanoparticles were performed onthe biodistribution studies, by dissolving 10 mg ICG in 100 ml
healthy mice. Also for comparison ICG biodistribution was alsoof phosphate buffer saline (PBS) and PLGA nanoparticle stock
determined using free ICG solution. This knowledge of in vivosuspension of 10@g/mlwas freshly made just before the biodis-
biodistribution of ICG through PLGA nanoparticles will help to tribution studies, by suspending PLGA nanopatrticles (contain-
optimize the ICG delivery to tumors. Moreover, this study will ing 10 mg of entrapped ICG) in 100 ml of PBS by sonication to
also form the reference for studies involving ICG delivery toget a homogenous suspension. Both stocks (free ICG solution
tumors using delivery systems such as nanoparticles. Overall thisxd PLGA nanoparticle suspension) were used for all biodistri-
research will help in the efficient use ICG for tumor-diagnosisbution studies. The stocks were further diluted with PBS to get

and anticancer therapy applications. the lower ICG concentrations.
2. Materials and methods 2.6. Assay of ICG in biological samples
2.1. Materials Afluorescence-based ICG assay was developed for analyzing

ICG in the biological samples. ICG was first extracted from the
ICG (free of sodium iodide) was obtained from Fisher Sci-samples. The tissue samples were homogenized with 20 volumes
entific (Fisher Scientific Inc., Pittsburgh, PA). Palyflactic-  of DMSO, followed by a 4 h extraction (10 min for plasma sam-
co-glycolic acid) 50:50 and polyvinyl alcohol (PVA) (88-89% ples) at room temperature in the dark. The mixtures were then
hydrolyzed) were purchased from Sigma (Sigma Chemical Cogentrifuged at 16,008 g for 5 min. The concentration of ICG in
St. Louis, MO). All organic chemicals and solvents used wereghe supernatant (containing the extracted ICG) was measured by

of reagent grade. steady-state fluorescence spectroscopy as described in Section
2.3, and then calculated according to a standard curve (extracts
2.2. Animals of ICG-free tissue homogenates and plasma were used as the

background control). The tissue and plasma samples from the
Pathogen free (healthy) C57BL/6 mice (female, 10-week oldhon-treated animal were also excited to measure the background
were purchased from Taconic, Germantown, NY, housed anfluorescence.
used according to the protocol approved by the university animal The extraction efficiency (recovery rate) was tested. For that,
care committee. control (ICG-free) tissue and plasma samples were collected and
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homogenized. Then the homogenate was spiked with a known
guantity 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.
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animals were euthanized and exsanguinated (three mice pertime Time (min)
point for both dosage forms) at5, 10, 15, 30, 45and 60 min aﬁelgig 1. ICG concentration—time course in mouse plasma after an i.v. dose of
the injection of free ICG solution and at 5, 10, 15, 30, 60, 12010@,'ICG =3). o

and 240 min after the injection of nanoparticle suspension. The

blood was collected and centrifuged to collect the plasma, whilg »  r7,.0rescence assay suitability

the liver, kidneys, lungs, heart and spleen were excised, rinsed,
whipped and homogenized. The ICG content in the plasma and

! The fluorescence signal from tissue and plasma samples,
isolated organs were then assayed.

treated/spiked with ICG were20 times higher than the signal
from non-treated/unspiked samples, i.e. background (data not
2.8. Statistical analysis shown). This effect is due to the transparence of biomolecules
in near-IR wavelengths, enabling fluorescence signals relatively
Data are expressed as meaB.D. Results of the in vivo  free of intrinsic background interference. Thus, the fluorescence
biodistribution studies were evaluated by Studentisst. Dif-  spectroscopy method used in this study is suitable for detection

ferences were considered significant at a level ©0.05. of ICG specifically.
3. Results and discussion 3.3. Recovery of ICG from plasma and tissue samples
3.1. Characterization of nanoparticles The extraction efficiency of ICG from the biological samples

was determined by the analytical procedure described above.

The following characterization of the nanoparticles wasSince ICG does not metabolize in the body there is no interfer-
carried out according to our previous studi@aXena et al., ence due to any metabolites in its determination by the fluoro-
20044a,3. The entrapment efficiency of ICG in PLGA nanopar- metric method usedP@umgartner, 19%5As shown inTable 1
ticles was about 744 2.2%, the ICG content of nanoparticles the recovery rates (efficiency of the extraction procedure) are in
was 0.20+ 0.01% (w/w) and nanoparticle recovery was aboutthe range of 80-92% when the tissue and plasma drug concen-
45%. Mean diameter of the nanoparticles wasBa® nmwith  tration is within 0.01-lg/g of tissue. This recovery range is
polydispersity index of 0.06. The nanoparticles obtained wergatisfactory for ICG assay in biological samples.
nearly spherical in shape. The AFM image shows the numerous
pores on the surface of the nanoparticles, which are responsibles. Biodistribution of ICG in mice through PLGA
forthe release of entrapped materials from the nanoparticles. Tb@mopam-des
nanoparticles exhibited low zeta potential value-f6.3 mV.

The release profile of ICG from the nanoparticles, under the |n this study, the biodistribution of ICG in mice after single
sink conditions, is exponential, releasing 78% of ICG (withinintravenous injection of ICG solution and ICG-loaded nanopar-

8 h) followed by a slow release phase. ticles was investigateigs. 1-6show the drug deposition in the
Table 1
Recovery (%) of ICG from mouse tissues and plasma for ICG solution and PLGA nanoparticles suspensian$riear= 3)
Concentration addequ¢/c?) ICG solution Nanoparticle suspension

1 0.1 0.01 1 0.1 0.01
Liver 83.44+ 2.3 92.1+ 3.7 85.3+ 3.0 83.3+ 4.0 84.4+ 5.9 87.3+ 6.1
Spleen 96.4 3.9 95.84+ 4.4 81.1+ 3.8 89.5+ 6.7 86.4+ 5.2 80.7+ 3.5
Lungs 95.2+ 2.7 97.4+ 5.9 81.1+ 2.5 825+ 4.1 82.7+ 2.7 81.0+£ 5.1
Heart 100+ 2.2 93.1+ 6.3 80.0 + 3.3 84.9+ 5.1 83.5+ 3.7 81.5+ 6.2
Kidneys 89.3+ 0.6 96.8+ 4.9 91.1+ 7.8 875+ 55 82.3+ 6.3 82.8+ 5.6
Plasma 85.8 2.3 87.9+ 6.3 88.4+ 4.4 82.1+ 2.0 82.2+ 3.8 80.8+ 7.8

2 ug/ml in case of plasma.
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Fig. 2. ICG concentration—time course in mouse spleen after an i.v. dose d?
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Fig. 3. ICG concentration—time course in mouse heart after an i.v. dosquaf 10
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Fig. 4. ICG concentration—time course in mouse lungs after ani.v. dosquaf 10
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ig. 6. ICG concentration—time course in mouse liver after an i.v. dose©§10
ICG (n=3).

plasma, spleen, heart, lungs, kidneys and liver after intravenous
injection of 10ng 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 authoPagmgartner, 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 nanopatrticles was significantly higher (5—10 times) than
when given as solutior~{g. 1). Moreover, when nanoparticles
were used, the ICG concentration in the blood was significantly
high till 4h. This effect might be due to the relatively long
circulation of the nanopatrticles 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-
ther studies are needed to provide the complete explanation for
such behavior. Moreover, the low amount of ICG present in the
blood circulation when given in solution form was due to the fast
removal of ICG by liver as shown in earlier studi®simgartner,
1975.

Also in all the organs, the ICG concentration was higher
(from two to eight times) when delivered through nanoparticles
as compared to ICG solution. This reflects higher uptake, accu-
mulation and retention of ICG in various organs, when delivered
through nanoparticles. This effect of nanoparticles might have
occurred due the efficient nanoparticle-retention in the organs as
compared to ICG solution. Further studies are required to prove
the above concept.

As explained earlier in Sectioh the nanoparticles are tar-
geted to the tumors by enhanced permeation and retention effect,

Fig. 5. ICG concentration-time course in mouse kidney after an i.v. dose ofvhich in turn is directly proportional to the time and amount

10pg ICG (1=3).

of ICG in blood circulation. Thus, based on the results from



204 V. Saxena et al. / International Journal of Pharmaceutics 308 (2006) 200-204

this study, it might be possible that when delivered througtrickweiler, S., Szeimies, R.M., Baumler, W., Steinbach, P., Karrer, S., Goetz,
nanoparticles, more amount of ICG will be accumulated and AE. Abels, C., Hofstadter, F., Landthaler, M., 1997. Indocyanine green:
retained in the tumors as compared to free ICG solution when a intracellular uptake and phototherapeutics effects in vitro. J. Photochem.

t b . . | deli d. At th ti it miah Photobiol. B Biol. 38, 178-183.
umor-béaring animal model 1S used. e same time, it mig Eeroux, J.C., Doelker, E., Gurny, R., 1996. The use of drug-loaded nanopar-

be possible that nanoparticle will enhance retention time and ticles in cancer chemotherapy. In: Benita, S. (Ed.), Microencapsulation:
amount of ICG in the tumors since a tumor in the body also Methods and Industrial Applications. Marcel Dekker, New York, pp.
behaves as an organ with blood supplies. However, further stud- 535-575.

ies with tumor-bearing animal models are required for provin aarek, J.M.l., Holschneider, D.P., Harimoto, J., 2001. Fluorescence of

. .__.indocyanine green in blood: intensity dependence on concentration and
the above hypOtheSIS' Thus, the present StUdy represents the flrStstabilization with sodium polyaspartate. J. Photochem. Photobiol. B Biol.
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