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Abstract. A new contrast agent, LipImage™ 815, has been designed and compared to previously described indoc-
yanine green (ICG)-loaded lipid nanoparticles (ICG-lipidots®). Both contrast agents display similar size (50-nm
diameter), zeta potential, high IC50 in cellular studies, near-infrared absorption and emission wavelengths in
the “imaging window,” long-term shelf colloidal and optical stabilities with high brightness (>106 Lmol−1 cm−1)
in ready-to-use storage conditions in aqueous buffer (4°C in dark), therefore being promising fluorescence contrast
agents for in vivo imaging. However, while ICG-lipidots® display a relatively short plasma lifetime, LipImage™ 815
circulates in blood for longer times, allowing the efficient uptake of fluorescence signal in human prostate cancer
cells implanted in mice. Prolonged tumor labeling is observed for more than 21 days. © 2013 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.10.101311]
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1 Introduction
In the last 10 years, in vivo near-infrared (NIR) fluorescence
imaging has emerged from preclinical studies to the medical
field.1–3 With its high sensitivity, ease of manipulation, and
reduced cost in comparison to other molecular imaging tech-
niques such as magnetic resonance imaging, positon emission
tomography, or single-photon emission computed tomography,
fluorescence imaging is now opening the way to new medical
practices in diagnostics4,5 and surgery.6–12

Instrumental developments are nowadays mature; however,
clinical in vivo fluorescence imaging still suffers from the
short list of human-use approved fluorophores, namely, indoc-
yanine green (ICG, LD50 of 50 to 80 mg∕kg for animal
subjects13) and methylene blue (LD50 of 1180 mg∕mL in
rats).14,15 The limitations associated with the use of these
dyes when injected as such (i.e., in their free form in aqueous
buffers), have already been underlined: poor optical proper-
ties,15–19 aggregation issues, and strong adsorption on plasma
proteins,16,17 which ultimately govern their biodistribution.20

Different nanoparticle templates were proposed to improve
the vectorization of these dyes21–30 with limited success, mainly
because of poor dye payload without selfquenching27 or poor
encapsulation stability28 with time or upon injection.22,24,29,30 We
previously described ICG-loaded lipid nanoparticles (ICG-
Lipidots®) as very bright objects, with outstanding dye-encap-
sulation stability in storage conditions (>1 year with fluores-
cence quantum yield >0.08 in 1X phosphate buffer saline
(PBS), <17% dye leakage in 40 days).31,32 These nanocontrast

agents were successfully used to label lymph nodes (intradermal
injection) or Ts-/Apc-xenografted tumors in nude mice (intra-
venous injection).31 Fluorescence signal was observed in the
tumor and the liver with higher intensity than that recorded
after the injection of the free dye. ICG-Lipidots® allowed pro-
longed tumor detection up to 48 h and displayed 1.9 times
higher tumor/skin ratio (from 24 to 48 h) than free ICG formu-
lated in glycosylated water. However, the overall fluorescence
signal dropped dramatically 5 h after injection. This could be
accounted for by the fact that ICG, as an amphiphilic dye
(log P ¼ 2.1), is included in the nanoparticle shell rather
than entrapped in the lipid particle core, as was demonstrated
by nuclear magnetic resonance (NMR).33 ICG leakage from
the nanoparticle shell after their injection could also be favored
by particle interactions with plasma proteins, for which ICG
affinity is very strong.16,17 On the contrary, highly lipophilic
dyes (for instance, DiD with log P > 10), for which C18 alkyl
chains are included in their structure, demonstrated efficient
core anchoring in the lipid nanoparticles (NMR evidence),33

associated with prolonged labeling of lymph nodes.34 How-
ever, their absorption and emission wavelengths are not opti-
mized for sensitive in-depth tissue imaging.

These previous results inspired us to design a new NIR fluo-
rophore with optical properties in the most suitable wavelength
range for in vivo imaging (≈800 nm),35,36 and optimized struc-
tural properties for its efficient and prolonged encapsulation in
the core of lipid nanoparticles. These nanoparticles are very
interesting nanovectors with respect to in vivo applications
for several purposes: they are based on human-use approved
ingredients with high biocompatibility and their fabrication
process is free of toxic solvents and has already been scaled
up for cosmetic applications.37,38 The commercial IR780 dye
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was therefore modified with one C18 alkyl chain to yield a
highly lipophilic IR780-lipid fluorophore (log P > 10) which,
encapsulated in lipid nanoparticles, lead to a new nanoimaging
agent named LipImage™ 815. The present study focusses on
the optical properties of this new contrast agent in comparison
to previously described ICG-Lipidots®. With a higher fluores-
cence quantum yield in the same wavelength range, similar to
very low cytotoxicity, LipImage™ 815 displays a prolonged
plasma circulation in mice as well as a never reported long-
term imaging of tumors (>2 weeks).

2 Materials and Methods

2.1 Materials

Suppocire NB™ was purchased from Gattefossé (Saint-Priest,
France), Lipoid S75 (soybean lecithin at >75% phosphatidyl-
choline) from Lipoid (Ludwigshafen, Germany), Myrj™ S40
(polyethylene glycol 40 stearate), and super refined soybean
oil from Croda Uniqema (Chocques, France). ICG, IR780
iodide dye, and other chemicals were purchased from Sigma-
Aldrich (Saint-Quentin-Fallavier, France).

2.2 LipImage™ 815 Preparation

The IR780-lipid dye was synthetized in two steps using com-
mercial IR780 iodide as a starting material. In the first step,
a carboxylic acid group was introduced in the fluorophore tem-
plate using the same procedure as previously described for the
IR786 dye.39 A C18 lipid chain was then grafted on the fluoro-
phore using oleylamine and standard −CO2H∕NH2 coupling
chemistry activated by benzotriazol-1-yloxy)tris(dimethyla-
mino)phosphonium hexafluorophosphate (BOP).

An oil premix with, respectively, 85, 255, and 65 mg of oil,
Suppocire NB™ and lecithin was prepared. IR780-lipid dye sol-
ution (200 μL) in ethanol (10 mg∕mL) was poured in a 5-mL vial
and mixed with the oil premix melted at 50°C. The mixture was
homogenized and the solvent was then evaporated under argon
flux. After homogenization at 50°C, the continuous aqueous
phase, composed of 345 mg of Myrj™ S40 and the appropriate
amount of aqueous solution (154 mM NaCl if not stated other-
wise, qsp 2 mL), was introduced. The vial was placed in a 50°C
water bath and the mixture was sonicated for 5 min using a
VCX750 Ultrasonic processor (power output 190 W, 3-mm
probe diameter, Sonics). LipImage™ 815 was dialyzed overnight
at room temperature against 1000 times their volume in the appro-
priate aqueous buffer (12 to 14,000 Da MW cut off membranes,
ZelluTrans, Carl Roth, France). Finally, the nanoparticle
dispersion was filtered through a 0.22 μm Millipore membrane
for sterilization before characterization and/or injection.

2.3 Size and Zeta Potential Measurements

Dynamic light scattering (DLS) was used to determine the par-
ticle hydrodynamic diameter and zeta potential (Zeta Sizer Nano
ZS, Malvern Instrument, Orsay, France). Particle dispersions
were diluted to 2 mg∕mL of lipids in sterile 0.1X PBS and trans-
ferred in Zeta Sizer Nano cells (Malvern Instrument) before each
measurement, performed in triplicate.

2.4 Dye Encapsulation Efficiency and Payload

The encapsulation efficiency of IR780-lipid dye in LipImage™
815 was determined by spectophotometric titration and

calculated by dividing the absorbance measured at 790 nm
for freshly purified particle dispersion by the absorbance at
790 nm of the same particle dispersion before purification,
by keeping the lipid concentration constant. The amount of dye
which had been removed by dialysis was estimated. Absorbance
was measured in 1X PBS using a UV-visible spectrophotometer
(Cary 300 Scan, Varian, Les Ulis, France). The dye payload into
the particles was obtained by calculation considering the initial
dye amount in milligrams and the encapsulation efficiency.

2.5 Optical Properties

The absorbance and fluorescence measurements were per-
formed in 1X PBS, respectively, using a Cary 300 Scan UV-
visible spectrophotometer (Varian) and a Perkin Elmer LS50B
fluorimeter. No scattering contribution was considered due to
nanoparticle size and spectrum range (750 to 850 nm).
Fluorescence quantum yields were calculated using ICG in
dimethylsulfoxide (DMSO) (Φ ¼ 0.13) as a reference.40

2.6 WST-1 In Vitro Cytotoxicity Assay

In accordance with the International Organization for
Standardization (ISO) 10993, NIH-3T3 murine fibroblast cells
were chosen to perform classical WST-1 cytotoxic assay
(11644807001, Roche, Boulogne-Billancourt, France). The cell
line was purchased from the American Type Culture Collection
(3T3, CRL 1658, ATCC, Manassas, VA). Experimental cultures
were prepared from deep-frozen stock vials and maintained in a
subconfluent state in culture Petri Dish (113 cm2) under a humidi-
fied (90%) atmosphere of 95% air/5% CO2 at 37°C. Cells were
grown in Dulbecco’s modified Eagle’s medium high glucose
(DMEM, 41966-029, Gibco, Invitrogen, Saint-Aubin, France)
supplemented with 10% newborn calf serum (P30-0401, PAN
Biotech GmbH, Aidenbach, Germany), and 1% antibiotics (pen-
icillin and streptomycin) (15140-122, Gibco). Culture medium
was changed every other day.

Cells (104 cells∕mL) were seeded in 96-well plates (Nunc,
Sigma-Aldich, Saint-Quentin-Fallavier, France). After 24-h incu-
bation at 37°C, different concentrations of lipid nanoparticles, from
50 to 1500 μg∕mL (7.2 × 1011 to 2.2 × 1013 particles∕mL), were
added for 24 h to the culture medium. Each group had sixplicate
wells. Cytotoxicity was assessed 24 h following the nanoparticle
removal using WST-1 assay, analogue to MTT assay. WST-1
reagent (Roche, Boulogne-Billancourt, France) was added (10%)
to the culturemedium and kept in the incubator for 3 h. Cells with-
out nanoparticles and those incubated with a solution of H2O2

10 mM were, respectively, used as negative and positive controls.
Absorbance was then recorded at 450 nm (soluble formazan titra-
tion) and 690 nm (background subtraction) using a microplate
reader (InfiniteM1000, Tecan, Lyon, France). The absorbance dif-
ference (450 to 690 nm) was directly proportional to the number
of viable cells. Cell viability was expressed as a percentage of
viable cells as determined using the following equation:
Viabilityð%Þ ¼ ½ðAS − APCÞ∕ðANC − APCÞ� × 100; where AS,
APC, and ANC represented absorbances of the sample, the positive
control (cells with H2O2 10 mM), and the negative control (only
cells), respectively. Data were compared among groups by one-
way ANOVA followed by Fisher’s protected least significance
differences test.
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2.7 In Vivo Imaging Experiments

All animal procedures were in compliance with the guidelines of
the European Union (regulation N°86/609), taken in the French
law (decree 87/848) regulating animal experimentation. All
efforts were made to minimize animal suffering and to reduce
the number of animals used. All animal manipulations were per-
formed with sterile techniques and were approved by the Rhône-
Alpes Animal Care and Use committee (France) or by the ani-
mal ethics committee of Institut d’Imagerie Biomédicale.

To assess the biodistribution of LipImage™ 815 in compari-
son to free IR780-lipid dye dispersed in 5%ethanol∕95%NaCl
154 mM, healthy FVB female mice (6 weeks old, Janvier,
France), weighing 22 to 25 g, were injected through the tail
vein in bolus with 100 μL volumes using 29G syringes. The
injected doses corresponded to 8 nmol of dye and 1.3 × 1014 par-
ticles for LipImage™ 815 (1.3 × 1015 particles∕mL). Mice were
anesthetized and sacrificed at different time points (30 min, 4 h,
24 h, n ¼ 3∕point), organs were harvested and their fluorescence
analyzed using a Fluobeam®800 imaging set-up (Fluoptics,
Grenoble, France). Fluobeam®800 is a compact and portable
open-field NIR imaging system, combining fluorescence excita-
tion by a 785-nm laser source and an optical head with a highly
sensitive charge-coupled device (CCD) camera and white light-
emitting diodes (LEDs) for field illumination. Dedicated optics
scatter the laser and LEDs, enlightening a field of 6 cm in diam-
eter at a distance of 17 cm. The power density of laser irradiation
on tissue is 96 μW∕mm2. The fluorescence signal is collected
through a high-pass filter over 800 nm. Quantification of
organ fluorescence was performed using the ImageJ® software,
after subtraction of autofluorescence measured for each organ in
control mice.

For histology and long-term biodistribution studies, 10
immunocompetent 6-week old BALB/cJ RJ mice were
used. Nanoparticles (200 μL of solution containing 2 × 1015

nanoparticles∕mL loaded with 300 μM of fluorophore, i.e., rep-
resenting a dose of 60 nmol of dye, 4.0 × 1014 particles) were
injected in the tail vein and animals were sacrificed at the indi-
cated time points. The organs were then imaged with the
fluoSTIC system for fluorescence detection. FluoSTIC is a
previously described two-dimensional (2-D)-FRI system.41

Excitation was performed using a sub miniature A (SMA)
coupled 500 mW, 740-nm laser diode from Power
Technology (model# IQ1A) as NIR light source, and a SMA
coupled 7-mW cold (5600K) white LED from Thorlabs

(model# MCWHF1). This system provides continuous NIR
excitation of the body of the mouse because it produces a homo-
geneous lightened field (5 cm in diameter) with an illumination
power of 10 mW∕cm2. The fluorescence signal is collected by a
CM-030GE-RH (Jai, Denmark), 17-mm diameter camera with a
1∕3 in monochrome CCD sensor and a resolution of
656 × 494 pixels. The filtration scheme of FluoSTIC accommo-
dates an excitation filter centered at 740 nm that excites ICG
with a 40% efficiency as well as an emission filter from 772
to 857 nm that collects most ICG emitted photons. All filters
are interference filters purchased from Chroma (Bellows
Falls, VT). A calibration curve was prepared from serial dilu-
tions of particles (data not shown). Intensities of fluorescence
were indicated as reference light units ðRLUÞ∕pixels∕ms.

For plasmatic distribution, 6-week old BALB/cJ RJ mice
received the same dose of nanoparticles in the tail vein
(60 nmol of fluorophores, 4.0 × 1014 particles), and blood sam-
ples were collected at the indicated times from the tail vein. The
blood was then centrifuged at 4°C at 2000 rpm, and the plasma
was used to detect the presence of fluorescence. A drop of 20 μL
was exposed to the fluoSTIC system and the amount of fluores-
cence was quantified as RLU∕pixel∕ms.

In the tumor model study, male athymic Swiss nude mice
(Janvier, Le Genest-Isle, France) were used and maintained
under specific pathogen-free conditions. A total of 107

human prostate cancer cells (PC3) in 200 μL phosphate-buffered
saline were injected subcutaneously. When tumor diameter
ranged between 5 and 8 mm (4 to 5 weeks), animals were
injected intravenously with 200 μL of solution containing
2 × 1015 nanoparticles∕mL loaded with 300 μM of fluorophore
(60 nmol).

3 Results

3.1 Optical Properties of LipImage™ 815

The commercial IR780 fluorophore, similarly to the IR-820 dye,
is a heptacyanine dye presenting in its polymethine backbone a
C6 ring for structure rigidification and improvement of optical
and stability properties, as well as a chlorine group, which can
be substituted by SN1 substitution reactions as extensively
described in the literature.39,42 Presenting suitable NIR optical
properties for in vivo imaging (798-nm absorption, 819-nm
emission in DMSO, Table 1), we reinforced its lipophilic

Table 1 Optical properties of LipImage™ 815 and ICG-Lipidots® in PBS 1X (n ¼ 120 dyes∕particle), in comparison to free dyes in DMSO and ICG in
glycosylated water. λmaxðabsÞ, λmaxðemÞ are, respectively, the dyes absorption and emission maxima, ε is the molar extinction coefficient at the absorp-
tion maximum (/dye), Φ the fluorescence quantum yield, b the brightness. Brightness is defined as b ¼ ε ×Φ for free dyes, b ¼ n × ε ×Φ for nano-
particles (n ¼ 120 dyes∕particle).

λmaxðabsÞ (nm) εðλmaxÞ (L mol−1 cm−1) λmaxðemÞ (nm) Φ
Brightness

(×105 Lmol−1 cm−1)

Indocyanine green (ICG),
glycosylated water

777 150;000� 5000 803 0.048� 0.01 0.07� 0.01

ICG, DMSO 795 215;000� 5000 821 0.13� 0.01 0.28� 0.01

IR780-lipid, DMSO 798 150;000� 5000 819 0.12� 0.01 0.18� 0.01

ICG-Lipidots® 800 200;000� 5000 820 0.06� 0.01 13� 1

LipImage™ 815 793 150;000� 5000 815 0.08� 0.01 12� 2
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character by substituting the chlorine group with an oleyl chain
to favor its anchoring in the lipid core of the particles.

ICG-Lipidots® and LipImage™ 815 lipid nanoparticles
encapsulating, respectively, ICG and the newly designed
IR780 lipid dye, were formulated following standard previously
described procedures,34,37,38,43,44 leading to transparent green
nanoparticle dispersions in aqueous buffer. DLS was used to
assess ICG-Lipidots® and LipImage™ 815 hydrodynamic
diameter, polydispersity, and zeta potential as well as the
stability of the particle dispersions with time. The mean hydro-
dynamic diameter was 50 nm (polydispersity ¼ 0.13) for both
formulations and was not affected by dye payload. Nano-
particles were stable for more than 6 months while the formu-
lations were stored at 4°C (Fig. 1). The same behavior was
observed for zeta potential, which was −2.5� 0.5 mV for
both the nanovectors. This neutral charge in NaCl or PBS buffer
was accounted for by the dense PEG coating of the particle sur-
face, which also ensured a high colloidal stability for the
particles.

The dye encapsulation efficiency was assessed by spectro-
photometric titration at the maximum of absorption comparing
the optical absorption of freshly prepared solutions before and
after dialysis. The difference allowed determining the amount of
dye still encapsulated in the particle core. The entrapment effi-
ciency of ICG-Lipidots® varied with the loading ratio (40% for
low loading ½ICG�<10 dye∕particle, 80% for higher loading
10 < ½ICG� < 50 dye∕particle and decreased for very high
loading >50 dye∕particle) for 30 nm nanoparticles.31 The
entrapment efficiency of the IR780-lipid fluorophore in the
nanoparticles remained above 70% for dye loading up to
330 dyes∕particle (Fig. 2).

The optical features of LipImage™ 815 and ICG-Lipidots®
(50-nm diameter particles loaded with 120 dyes∕particle) dis-
persed in 1X PBS buffer in comparison to those of the nonen-
capsulated dyes in DMSO, and presently clinically used ICG in
glycosylated water are presented in Table 1. The normalized
absorbance and emission spectra of the particles are represented
in Fig. 3. IR780-lipid dye displayed similar optical properties to
ICG in DMSO, with absorbance maximum at 798 versus
795 nm for ICG, emission maximum at 819 versus 821 nm
for ICG, fluorescence quantum yield of 0.12 versus 0.13 for
ICG. Freshly prepared ICG in glycosylated water presented
blue-shifted absorption and emission as well as reduced

fluorescence quantum yield (0.048).31 Molar extinction coeffi-
cient was lower for IR780-lipid dye than that of ICG,
150;000 Lmol−1 cm−1 versus 215; 000 Lmol−1 cm−1, leading
to brightness for the free dye in DMSO 1.5-fold lower than
for ICG. LipImage™ 815 and ICG-Lipidots® showed optical
properties close to those of the free dyes in DMSO: the absorb-
ance and emission maxima were slightly blue shifted (5 nm) for
IR780-lipid dye, showing a low positive solvatochromism from
the apolar oily core of the nanoparticle to highly polar DMSO.
This effect was not observed for free and encapsulated ICG
where the absorbance maximum was slightly red shifted. For
both the dyes, molar extinction coefficients were not influenced
or were slightly influenced by encapsulation. Fluorescence
quantum yields slightly decreased upon encapsulation, from
0.13 to 0.06 for ICG-Lipidots® and from 0.12 to 0.08 for
LipImage™ 815 (Table 1). However, fluorescence quantum
yields of the LipImage™ 815 and ICG-Lipidots® dispersions
remained unchanged over 3 months during storage at 4°C in
the dark in aqueous buffer (Fig. 4), whereas glycosylated
ICG, with lower fluorescence quantum yield, aggregated and
became nonfluorescent in a few hours.19 The IR780-lipid dye
was not soluble at all in aqueous buffer. The fluorescence quan-
tum yield of LipImage™ 815 was stable for dye payloads up to
330 dyes∕particle at least, allowing the achievement of highly
bright nanoparticles (Fig. 5). The stability of the fluorescence

Fig. 1 Evolution of the hydrodynamic diameter and polydispersity (PDI)
of the nanoparticle dispersions during storage at 4°C in the dark.

Fig. 2 Influence of dye loading on encapsulation efficiency for
LipImage™ 815.

Fig. 3 Normalized absorption and emission spectra of LipImage™ 815
and ICG-Lipidots® in 1X PBS (excitation at 750 nm).
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quantum yield over the increasing dye loading evidenced an
absence of self-quenching and aggregation of the dye in the
lipid core. Overall, LipImage™ 815 and ICG-Lipidots® dis-
played similar optical properties in terms of absorption and
emission wavelengths and brightness. Encapsulation of the
dyes in the lipid formulation ensured their prolonged preserva-
tion of both colloidal and optical properties, while stored in
ready-to-use conditions (solvent-free saline buffer).

3.2 In Vitro Cytotoxicity

The cytotoxicity of different nanoparticle dispersions, naked
Lipidots®, ICG-Lipidots® and the novel NIR probe
LipImage™ 815, was assessed on NIH 3T3 fibroblasts through
a cell viability assay (WST-1) (Fig. 6). The toxicity profiles of
these nanoformulations were relatively similar, all of them
exhibiting a half-maximal inhibitory concentration close to
the high lipid concentration of 1 mg∕mL, corresponding to
1.5 × 1013 particles∕mL. This indicated that (1) lipid nanopar-
ticles were very well tolerated by fibroblasts in culture for an
incubation time of 24 h and (2) the incorporation of a NIR
dye for in vivo imaging purpose (either ICG or IR780-lipid
dye) did not modify the toxicity index of the basic formulation.

3.3 In Vivo Imaging

First, the biodistribution of LipImage™ 815 and of the free
IR780-lipid dye was assessed in FVB healthy mice (Fig. 7).
Fluorescence was relatively homogeneously distributed through
the different organs after LipImage™ 815 injection, even if
more pronounced in liver, and to a lesser extent in steroid-
rich organs (adrenals, ovaries). On the contrary, injection of
the IR780-lipid dye dispersed in water/ethanol mixture led to
massive fluorescence signal in spleen and liver in a few
hours after injection.

The absence of toxicity consecutive to a systemic adminis-
tration of LipImage™ 815 was further checked in long-term
experiments. For this purpose, 10 mice receive 200 μL of the
LipImage™ 815 formulation (60 nmol of fluorophores,
4.0 × 1014 particles), and two of them were sacrificed at 24 h
after injection, two others at 8 days and two others at 15
days. The remaining four mice were followed till day 21. No
signs of toxicity were noticed, i.e., no weight loss, no obvious
reaction was visible on the live mice. In addition, after a histo-
logic examination using HES coloration (hematoxylin, eosin,
safran) of frozen sections of liver, spleen, lungs, or kidneys,
all tissues appeared normal (data not shown). At days 1, 8, 15,
and 21, the main organs were also exposed to the NIR camera in
order to detect the presence of fluorescence. Biodistribution was
similar to that reported in Fig. 7, with a global decrease of
fluorescence in all organs starting at day 1 (except liver for
which a slight increase was observed between day 1 and day 8).
However, the fluorescence signal associated with the
LipImage™ 815 injection was still very elevated at day 8,
until day 21.

Another series of mice was used for the evaluation of the
blood clearance of ICG-Lipidots® and LipImage™ 815.
Three mice received LipImage™ 815 intravenously, and three
others the same dosage of ICG-Lipidots®. Blood samples
were collected at 15 min, 30 min, 1 h, 3 h, and 5 h after systemic
administration of ICG-Lipidots®, while we also collected a
sample of blood at 24 h for LipImage™ 815. As can be seen
in Fig. 8, the fluorescence signal present in the plasma was
very low and disappeared extremely rapidly when ICG-

Fig. 4 Time evolution at 4°C in darkness of the fluorescence quantum
yields of LipImage™ 815 and ICG- Lipidots® in 1X PBS (excitation at
750 nm).

Fig. 5 Influence of dye loading on fluorescence quantum yield and par-
ticle brightness for LipImage™ 815.

Fig. 6 Cell viability assay (WST-1) on NIH 3T3 fibroblasts after 24-h
incubation of different particle dispersions: naked Lipidots® (black dia-
mond), ICG-Lipidots® (white square), and LipImage™ 815 (black
triangle).
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Lipidots® were injected (0.6% of the injected dose at 30-min
postinjection), while 7.5% of the injected dose was present at
30-min postinjection for LipImage™ 815, 2.5% at 5 h and
still 0.5% one day later. This indicated that LipImage™ 815
remained in circulation in the blood stream for extended periods
of time before being completely eliminated.

This long lasting circulation was associated with a very good
tumor enhanced permeability and retention (EPR) effect, as can
be seen in Fig. 9(a). In two nude mice bearing PC3 subcutane-
ous prostate tumors, fluorescence was detected noninvasively at
the tumor site till 22 days after injection of LipImage™ 815. At

this time, the signal was still very elevated and easily detectable
using 20 ms exposure time, as shown for mouse #1 (mouse #2
was similar). We then reproduced this experiment in three other
mice with the same prostate tumors. As presented in Figs. 9(b)
and 9(c), the passive, EPR-guided, accumulation of LipImage™
815 in the tumors provided tumor/skin ratio ranging between 2
and 3.4. The best signal/noise ratio was obtained at day 9, dem-
onstrating again the long-term persistence of the signal in the
tumors although the intensity of the signal was gradually declin-
ing over time.

4 Discussion
ICG-Lipidots® and LipImage™ 815 are both nanocontrast
agents based on dye-loaded lipid nanoparticles. The particle
lipid core is composed of a mixture of soybean oil and a
wax, which results in an oily mixture of C8 to C18 mono-,
di- and tri-glycerides, solid at ambient temperature and liquid
around 35°C.31,32,34,44 The surfactant shell is composed of a mix-
ture of lecithin (phospholipids) and stearate-PEG surfactants
bearing long poly(ethyleneglycol) (PEG) chains. The main
drawback of nanoemulsions—namely intrinsic poor colloidal
stability—has been overcome by the use of a complex mixture
of core lipids and surfactants: mixing entropy stabilizes the
physicochemical system.38 The manufacturing process is free
of toxic solvents, highly robust, easy to implement on an indus-
trial scale, and based on low cost biocompatible and human-use
approved ingredients.

The physicochemical properties of LipImage™ 815 are sim-
ilar to those of ICG-Lipidots® concerning hydrodynamic diam-
eter, zeta potential, and long-term colloidal stability of the
particle dispersions on the shelf. Loading of the IR780-lipid
dye in the particle is highly efficient (>70% yield, up to
330 dyes∕particle) thanks to the presence of a C18 lipophilic

Fig. 7 Fluorescence biodistribution 24 h after injection of IR780-lipid dye (a) or LipImage™ 815 (b) in FVB mice. At, adipose tissue; Ag, adrenal glands;
Br, brain; He, heart; In, intestines; Ki, kidney; Li, liver; Lu, lung; Mu, muscle; Ov, ovaries; Pa, pancreas; Sg, salivary gland; Sp, spleen; Ut, uterus.

Fig. 8 Fluorescence in plasma after injection of ICG-lipidots® or
LipImage™ 815 in BALB/cJ RJ mice.
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chain in its structure, which should ensure the anchoring of the
fluorophore in the nanoparticle core as observed previously for
other C18 dyes such as DiO, DiI, or DiD34 rather than in the
particle shell as observed for ICG.33 The stability of the fluores-
cence quantum yield while increasing dye payload also eviden-
ces the absence of fluorescence self-quenching and dye
aggregation in the explored range of fluorophore loading.

These two results (high dye encapsulation efficiency and
absence of self-quenching in the particle) demonstrate the good
solubility of the IR780-lipid dye in the oily core of the particles
in the explored concentration range (up to 1.6 mM of dye locally
in the particle core). In conclusion, LipImage™ 815 and ICG-
Lipidots® display similar optical properties in terms of absorp-
tion and emission wavelengths, brightness, ease of production,
and shelf stability, which make them both attractive objects for
in vivo fluorescence imaging contrast agents. However, signifi-
cant differences are observed during in vivo experiments.

In vivo experiments were performed at doses of 1.3 × 1014 to
4.0 × 1014 particles. Considering that the total blood volume of
mice (25 g) is around 1.8 mL (7.25% of mouse weight), the con-
centration of particles in blood just after injection was ≈0.7 ×
1014 to 2.0 × 1014 particles∕mL. This concentration was 10-fold
the one used in the cytotoxicity experiments performed on NIH
3T3 fibroblasts, for which a IC50 level superior to 1 mg∕mL of
lipids (1.5 × 1013 particles∕mL) was observed. Considering
blood cell concentration around 109 cells∕mL, particles per
cell ratios were 1.5 × 109 and 0.7 × 105 to 2.0 × 105, respec-
tively, for the in vitro assays and in vivo experiments.
Therefore, in vivo experiments were performed at doses far
under the IC50 cell level as far as comparisons can be made.

As previously reported for other lipophilic dyes such as
DiD,45 the fate of the IR780-lipid fluorophore is completely
modified by its encapsulation in the core of the lipid particles.
The important spleen uptake observed for the free dye is
reduced, and a more homogeneous distribution in mice body
is achieved as well as a prolonged circulation in plasma. The
biodistribution and pharmacokinetics of LipImage™ 815 are
in agreement with the biodistribution of the lipid nanoparticles,
as previously assessed by radiolabelling.45 These previous
experiments evidenced the integrity of the particle lipid core
while circulating in blood during the first hour postinjection,
with a plasma half-life of approximately 30 min, and ≈4%
radioactivity still circulating at 24 h. A similar fluorescence
plasma profile is observed in the present study following
LipImage™ 815 injection, supporting again the fact that the
IR780-lipid dye is well anchored in the lipid core. On the con-
trary, very fast decay is observed for the fluorescence signal after
ICG-lipidots® injection, attributed to the rapid release from the
nanoparticle of the amphiphilic dye inserted at least partially in
the particle shell.33 After its release, ICG rapidly adsorbs into
plasma proteins, and fluorescence decreases rapidly in the
first hour following injection even if particle vectorization
slightly slows down its clearance in comparison to the free
dye as previously discussed.31,32

Similarly to what was observed for lipidots® using radiola-
beling, LipImage™ 815 distributes mainly in the liver but not in
the spleen and, to a lesser extent, in adrenals and ovaries, ste-
roid-rich organs. This tropism of the lipid nanoparticles was pre-
viously confirmed at the microscopic level by histology,
evidencing moreover the specific accumulation of the particles
in the parts of the organs involved in steroid hormones synthe-
sis.45 This original and specific distribution pattern could be
accounted for by the nanometric size and lipid nature of the
nanoparticles, which could confer lipoprotein-like behavior
on them.

The long lasting circulation of LipImage™ 815 in blood
occurs safely, and no sign of toxicity is detected during 3
weeks postinjection at the macroscopic or microscopic levels
in liver, spleen, lungs, and kidneys. Such enhanced optical

Fig. 9 Fluorescence accumulation in tumor after LipImage™ 815 injec-
tion in athymic Swiss nude mice with implanted human prostate cancer
cells (PC3). (a) In vivo fluorescence images of the tumor at days 1, 4, 8,
11, 18, 22 and (b) quantification of the fluorescence signal in tumor and
skin. (c) Tumor over skin fluorescence ratio.
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properties and prolonged circulation without toxicity are very
interesting for in vivo applications. Enhanced brightness allows
more sensitive detection through deeper tissues. Long lasting
particle circulation is usually associated with an augmented
EPR effect that leads to a passive accumulation of nano-objects
in tumor tissues.46 We show evidence here that the stability of
LipImage™ 815 allows their efficient uptake in PC3 human
prostate tumors implanted in mice. Therefore, tumors are
labeled during at least 3 weeks postinjection with continuous
increase of the tumor-to-skin ratio during the first 10 days
after injection. This prolonged fluorescence labeling of tumor
tissues could allow the clear identification and time-monitoring
of tumor mass margins or metastasis during surgery or during
the time lapse of physical or chemical therapies to assess their
efficiency in preclinical studies. The efficiency, consistency, and
reliability of the EPR effect in human tumors is still an open
question. However, current clinical trials using stealth and untar-
geted liposomes demonstrate the interest of this approach.
Furthermore, the long lasting effect of LipImage™ 815 is
expected to optimize the passive accumulation of these particles,
even in weak EPR-positive tumors. Finally, the very long dura-
tion of the signal is also expected to avoid interindividual var-
iations that could occur if the interval of time between injection
of the contrast agent and the observation is not strictly identical.
Therefore, LipImage™ 815 can be envisioned as a promising
agent for in vivo applications requiring safe, sensitive, and
long-term fluorescence imaging.

5 Conclusion
We have designed a new contrast agent, LipImage™ 815, based
on lipid nanoparticle technology, now well assessed for its
robustness, upscalability and biocompatibility, all features nec-
essary for future clinical translation. LipImage™ 815 displays,
as previously described ICG-lipidots®, high IC50, NIR absorp-
tion and emission wavelengths in the in vivo “imaging window”
(around 800 nm), long-term shelf colloidal and optical stabilities
with high brightness (>106 Lmol−1 cm−1) in ready-to-use con-
ditions (aqueous buffer). However, contrary to ICG-lipidots®
for which the partial location of the dye in the particle shell indu-
ces rapid diffusion of ICG from the particles after in vivo injec-
tion and hence its rapid clearance, LipImage™ 815 circulates
intact in blood for longer times. This new safe contrast agent
can therefore accumulate by EPR effect in tumor sites, for
their prolonged fluorescence labeling. This could be useful
not only in the preclinical studies for everyday monitoring of
the efficiencies of cancer therapies but also in the clinical
field to improve the sensitivity and resolution in the detection
of small cancerous nodules or tumor margins, even for in-
depth tissues, through in vivo fluorescence imaging.
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