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Abstract. To develop an indocyanine green (ICG) tracer with slower clearance kinetics, we explored ICG-
encapsulating liposomes (Lip) in three different formulations: untargeted (Lip/ICG), targeted to vascular endo-
thelial growth factor (VEGF) receptors (scVEGF-Lip/ICG) by the receptor-binding moiety single-chain VEGF
(scVEGF), or decorated with inactivated scVEGF (inactive-Lip/ICG) that does not bind to VEGF receptors.
Experiments were conducted with tumor-bearing mice that were placed in a scattering medium with tumors
located at imaging depths of either 1.5 or 2.0 cm. Near-infrared fluorescence diffuse optical tomography that
provides depth-resolved spatial distributions of fluorescence in tumor was used for the detection of postinjection
fluorescent signals. All liposome-based tracers, as well as free ICG, were injected intravenously into mice in
the amounts corresponding to 5 nmol of ICG/mouse, and the kinetics of increase and decrease of fluorescent
signals in tumors were monitored. A signal from free ICG reached maximum at 15-min postinjection and
then rapidly declined with t1∕2 of ∼20 min. The signals from untargeted Lip/ICG and inactive-Lip/ICG also
reached maximum at 15-min postinjection, however, declined somewhat slower than free ICG with t1∕2 of
∼30 min. By contrast, a signal from targeted scVEGF-Lip/ICG grew slower than that of all other tracers, reaching
maximum at 30-min postinjection and declined much slower than that of other tracers with t1∕2 of ∼90 min,
providing a more extended observation window. Higher scVEGF-Lip/ICG tumor accumulation was further con-
firmed by the analysis of fluorescence on cryosections of tumors that were harvested from animals at 400 min
after injection with different tracers. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.12.126014]
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1 Introduction
Near-infrared fluorescence diffuse optical tomography (FDOT)
is an emerging imaging technique that provides depth-resolved
spatial distributions of fluorescence in tumor.1–12 The FDOT has
been explored for imaging endogenous fluorescence, as well as
molecular probe fluorescence in small animals,1–7 and in human
brain and breast tumors.8–10 The biggest challenge for clinical
applications is to develop imaging techniques and fluorescent
tracers that allow for imaging of deeply seated tumors with
high sensitivity and within convenient postinjection time win-
dow.11–13

Indocyanine green (ICG) is a fluorescence dye with desired
absorption and emission spectra in the near-infrared optical win-
dow (600 to 900 nm), and it is approved for clinical use since
1959.14,15 Intravenously injected ICG rapidly binds to serum
proteins, mostly to albumin, and the complexes transiently accu-
mulate in tumors via nonspecific enhanced permeability and
retention (EPR) effect due to the leaky tumor vasculature16

and then rapidly cleared from tumor area with blood half-life

in humans of ∼25 min only.17 This rapid clearance stimulated
development of various novel ICG formulations, and significant
sensitivity advantages and prolonged labeling of tumors have
been reported recently for ICG-encapsulating lipid nanopar-
ticles18 and liposomes.19 The observed effects are most likely
due to a more significant EPR-based accumulation of these con-
structs relative to ICG/protein complexes. Interestingly, detailed
spectroscopic studies of liposome-encapsulated ICG revealed a
small but significant red shift in absorption and emission peaks
for encapsulated versus free ICG.19

A recent report on the enhanced binding of cetuximab-
targeted ICG-encapsulating liposomes to cancer cells overex-
pressing receptors for epidermal growth factor20 suggests that
molecular targeting of liposome-encapsulated ICG (Lip/ICG)
to tumor-related receptors could further enhance tracer accumu-
lation or retention in tumor beyond EPR-related levels.
However, liposomes targeted to tumor-specific receptors still
have to extravasate through tumor blood vessels and to diffuse
through tumor interstitial space, the processes that do not allow
for a dramatic increase in their tumor accumulation relative to
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that based on EPR. Indeed, liposomes typically do not diffuse
into tumor interstitial space beyond one or two layers of suben-
dothelial cells, and even in this compartment, they are rapidly
cleared by tumor resident macrophages.21

We hypothesized that targeting Lip/ICG to vascular endo-
thelial growth factor receptors (VEGFRs) expressed on tumor
endothelial cells might significantly enhance and/or prolong
tracer accumulation in the tumor relative to that based on
EPR effect or targeting tumor cells. Indeed, although tumor
endothelial cells constitute only a small fraction (1% to 5%)
of all cells in tumors, their receptors are accessible directly
from blood flow and therefore targeting of Lip/ICG to
VEGFRs would not depend on tumor vessel extravasation,
diffusion through tumor interstitium, and clearance by tumor
resident macrophages.

To test this hypothesis, we have developed a novel targeted
fluorescent tracer for FDOT, scVEGF-Lip/ICG, targeted to
VEGFRs in tumor vasculature. For targeting, Lip/ICG were
decorated with previously described scVEGF-PEG-DSPE, an
engineered single-chain version of vascular endothelial growth
factor (scVEGF), site-specifically derivatized with PEGylated
lipid for coupling to liposomes.22,23 We have previously
described scVEGF-based nuclear and fluorescent tracers, as
well as lipid microbubbles-based ultrasound (US) tracers, for
VEGFR imaging in angiogenic vasculature in various patholo-
gies.22–27 High-affinity binding of these tracers to VEGFRs has
been validated by positron emission tomography, single-photon
emission computed tomography, US, and near-infrared fluores-
cence imaging of VEGFR in various cancer, cardiovascular, and
inflammation models.25,27–30

Here, we used scVEGF-Lip/ICG for FDOT imaging of
VEGFRs in tumor-bearing mice with orthotopic mammary
carcinoma. To evaluate nonspecific tracer accumulation via
EPR, we used free ICG and untargeted Lip/ICG. An additional
control, inactive-Lip/ICG, decorated with inactivated scVEGF,
was used to assess how the decoration of Lip/ICG with a
functionally inactive protein can affect EPR-based tracer
accumulation.

Using FDOT imaging of tumor-bearing mice with orthotopic
mammary carcinoma, we found that all tracers transiently accu-
mulate in the tumor area. In agreement with our hypothesis,
scVEGF-Lip/ICG displayed the superior characteristics with
respect to the accumulation rate and retention in tumor area
by FDOT imaging, which were confirmed by the analysis of
fluorescence in tumor cryosections.

2 Materials and Methods

2.1 Reagents

Laser-grade ICG (IR-125) was from Acros Organics (Pittsburgh,
Pennsylvania). Chloroform solutions of lipids DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), DOPE (1,2-dioleoyl-
sn-glycero-3-phosphatidylethanolamine), and DOPE-PEG-2000
(1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-[poly
(ethylene-glycol) 2000]) were from Avanti Polar Lipids
(Alabaster, Alabama), chloroform solution of cholesterol was
from Supelco (Bellefonte, Pennsylvania), and cyclohexane was
from Acros. DSPE-PEG(3.4 kDa)-maleimide (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
3,400]-maleimide) was from Nektar (Huntsville, Alabama).
DMSO (dimethyl sulfoxide) was from Pierce (Rockford, Illinois).
[C4]monothiol scVEGF (single-chain human vascular endothelial

growth factor) and VEGF-SLT fusion toxin were available from
SibTech, Inc. (Brookfield, Connecticut).

2.2 Preparation of Tracers

Phospholipids and cholesterol in chloroform were mixed at the
following molar percent ratio: DOPE (31):Cholesterol (33.5):
DOPC (31):DOPE-PEG-2000 (2.5) and evaporated under vac-
uum for 1 h. To remove residual chloroform, cyclohexane was
added to dry lipid/cholesterol film, vortexed for 1 min, and
evaporated under vacuum for 1 h. The ICG was added to dry
lipid as a stock solution in methanol (5 to 7 mg∕ml) and vor-
texed for 1 min to ensure efficient mixing of lipids/cholesterol
film with the dye. Methanol was then evaporated under vacuum
for 16 h in the dark. Dry lipid/cholesterol/ICG film was hydrated
in a buffer containing 10-mM HEPES (pH 7.2), 150-mM NaCl,
0.2-mM EDTA, passed through three cycles of freezing at liquid
nitrogen and thawing at 58°C, and 25-cycles of extrusion
through 80-nm pore diameter membranes at 58°C. The resulting
unilamellar liposomes were purified by size-exclusion chroma-
tography on Sepharose 4B (Sigma, St Louis, Missouri). The
concentration of liposome-entrapped ICG was determined in
methanol lysates by the absorbance at 784 nm with stock
ICG solution in methanol serving as a standard. This procedure
led to 75% to 90% encapsulating of ICG, yielding a concentra-
tion within 2 to 3 mM. For surface decoration of liposomes with
functionally active scVEGF, [C4]-monothiol-scVEGF was site-
specifically lipidated with 2 to 4 molar excess DSPE-PEG(3.4
kDa)-maleimide dissolved in DMSO for 10 min at room tem-
perature (RT). The entire lipidation reaction was mixed with
purified liposomes at an average scVEGF-to-phospholipid
molar ratio of 1:150 and incubated for 12 to 14 h at 37°C.
scVEGF-decorated liposomes were purified from free protein
by size-exclusion chromatography on Sepharose 4B. The con-
centration of scVEGF was determined by SDS-PAGE with free
scVEGF serving as a standard. An average concentration of
liposome-associated scVEGF was 2 to 4 μM.

To prepare inactive-Lip/ICG, scVEGF moiety in lipidated
scVEGF was inactivated, as was described previously for
other scVEGF-based tracers19 by biotinylation of lysine residues.
Briefly, scVEGF site-specifically derivatized with DSPE-PEG
(3.4 kDa) as described above and was incubated with a 100-
fold molar excess of biotin-NHS ester (Invitrogen, Grand Island,
New York) for 30 min at RT. Unreacted NHS was quenched by
incubation with a 12-fold molar excess (relative to biotin-NHS) of
Tris–HCl at pH 8.0. The resulting biotinylated scVEGF-lipid con-
jugate was used for decorating Lip/ICG, as described above,
yielding inactive-Lip/ICG tracer.

2.3 Tissue Culture

All cell lines were from SibTech, Inc. 4T1luc cells, a luciferase-
expressing derivative of 4T1 mouse mammary carcinoma cells,
were used to establish orthotopic tumors in Balb/c mice. PAE/
KDR cells, porcine aortic endothelial cells expressing ∼105
VEGFR-2 per cell, were used for flow-cytometry analysis of
Lip/ICG and scVEGF-Lip/ICG bindings. 293/KDR cells,
human embryonic kidney cells expressing ∼2.5 × 105

VEGFR-2 per cell, were used for the evaluation of VEGFR-2-
binding and activation activities of scVEGF-Lip/ICG. 4T1luc
cells were maintained in RPMI 1640 medium (Gibco, Grand
Island, New York). VEGFR-2 expressing cells were maintained
in high-glucose DMEM (Gibco). All media were supplemented
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with 10% FBS, 50-U∕ml penicillin/streptomycin, 2-mM L-glu-
tamine, and 1-mM pyruvate. Cells were routinely cultured at
37°C and 5% CO2.

2.4 Induction of VEGFR-2 Tyrosine Phosphorylation

Previously described protocol22 was used with minor modifica-
tions. Briefly, 293/KDR cells were seeded on 24-well plates at
60;000 cells∕well, 18 to 20 h before the assay. Varying amounts
of scVEGF-Lip/ICG or free scVEGF diluted in complete culture
medium were added to cells and incubated for 10 min at 37°C;
then, the media were aspirated, and cells were lysed and
analyzed by Western blotting with phosphotyrosine antibody
specific to Y1175 of VEGFR-2 (Cell Signaling, Danvers,
Massachusetts) with chemiluminescent development using ECL
Plus kit (GE Healthcare, Piscataway, New Jersey). After develop-
ment, the blot was stripped and reprobed with antibody specific
to total VEGFR-2 (Santa Cruz Biotechnology, Dallas, Texas).
To ensure equal protein loading, same lysates were analyzed
by Western blotting with β-actin-specific antibody (Sigma).

2.5 Competition with VEGF-Toxin (SLT-VEGF)

Previously described protocol22 was used with minor modifica-
tions. Briefly, 293/KDR cells were plated on 96-well plates at
2;000 cells∕well, 18 to 20 h before the exposure. scVEGF-Lip/
ICG or free scVEGF was serially diluted with complete culture
medium containing SLT-VEGF and added to cells in triplicate
wells to a final concentration of 1 nM for SLT-VEGF and final
concentration of scVEGF ranging from 0 to 25 nM. After 96 h
of incubation under normal culture conditions, viable cells are
determined by CellTiter 96(R) Aqueous Non-Radioactive
Proliferation Assay (Promega, Madison, Wisconsin). The num-
ber of viable cells indicates the ability of scVEGF to compete
with SLT-VEGF for binding to VEGFR-2 and thus determines
its functional activity.

2.6 Flow Cytometry

PAE/KDR cells were plated in T25 flasks, 1 ml∕flask, 20 h
before the assay. Targeted scVEGF-Lip/ICG was added to one
flask to a final concentration of 2.5-nM scVEGF and 2-μM ICG.
Nontargeted liposomes Lip/ICG were added to another flask to a
final ICG concentration of 2 μM. Cells were incubated for 1 h
under normal culture conditions; then, the media were aspirated,
and the cell was extensively washed, detached from plastic with
PBS/EDTA (Gibco), and fixed with 4% formaldehyde for 5 min
at room temperature. Flow cytometry was performed with a
MACSQuant cytometer (Miltenyi Biotech, Auburn, California)
equipped with violet (405 nm), blue (488 nm), and red (635 nm)
lasers. Fluorescent events were acquired, and data files were
analyzed with MACSQuantify™ software (Miltenyi Biotech,
Auburn, California). Cell events visualized by forward and
side scatter plots were gated to exclude cell debris and clumped
cells were then analyzed for fluorescent intensity. Histogram
plots of cells without liposomes, untargeted Lip/ICG, and
scVEGF-Lip/ICG were overlaid to show the distribution of
fluorescence intensity for each cell population.

2.7 Animal Protocol

In vivo experiments were performed using an orthotopic murine
breast tumor model. The animal protocol was approved by the
Institutional Animal Care and Use Committee of University of

Connecticut. 4T1luc cells grown in T75 flasks (BD Biosciences,
Bedford, Massachusetts) to the 75% to 80% confluence were
used for injection into animals. To obtain orthotopic tumors,
4T1luc cells were injected into the lower right mammary fatpad
of 7-week-old Balb/c female mice, 105 cells per mouse. The
imaging experiments were performed when the tumor sizes
reached approximately 6 to 7 mm in diameter, 2 to 3 weeks post-
inoculation. All experiments were performed with mice under
anesthesia induced by inhaling 1.5% isoflurane.

For histology, harvested tumors, after overnight fixation in
4% paraformaldehyde (PFA), were dehydrated progressively
through 30%, 50%, 70%, 90%, and 100% ethanol and then
placed in OCT embedding medium (Tissue-Tek, Torrance,
California). Tumor samples, sectioned at 10 μm on a cryostat
(Leica CM3050S, Leica Microsystems, Nussloch, Germany),
were stored at −20°C.

2.8 FDOT System and Animal Experiments

The in vivo experiments were performed using a frequency
domain fluorescence imaging system, which consisted of 14
parallel detectors and 4 laser diodes of 690, 780, 808, and
830 nm.31 Each laser diode was sequentially switched to nine
positions on a hand-held probe (see Fig. 1). In this study,
690 nm was used as the excitation wavelength. The emission
bandpass filter has the center wavelength of 800 nm and the
band width of 60 nm. Thus, the 690 nm is the most proper
choice for the excitation. The 14-channel parallel detection sys-
tem has two modes: fluorescence and absorption modes. The
two modes can be easily switched by moving a mechanical han-
dle. A stopper was designed in the system to ensure a precise
optical collimation when switching between these two modes.
Note that in the fluorescence mode, a bandpass filter was placed
in the light path to remove the excitation and stray light. In the
absorption mode, the bandpass filter was moved out of the light
path. Fourteen photomultiplier tubes were used as detectors, and
the received signals were amplified by preamplifiers, mixed by
mixers, low-pass filtered, and further amplified before analog to
digital converters. Two National Instrument data acquisition
cards of 8-channels each were used to acquire FDOT data.

For imaging experiments, an anesthetized mouse was
mounted on a thin glass plate facing the probe with the
lower mammary pads submerged in the Intralipid solution of
typical soft tissue absorption coefficient μa ¼ 0.02 to 0.03 cm−1

and reduced scattering coefficient μ 0
s ¼ 6 to 7 cm−1. In the

experiment, the center of the probe was aligned to the center
of the tumor, and the separation between the tumor center
and the probe surface was defined as the imaging depth for

Fig. 1 In vivo fluorescence imaging setup.
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fluorescence images. Anesthetized mice were intravenously
injected with 100-μl solution containing 5 nmol of ICG in
targeted and untargeted formulations. During experiments, the
tumor was imaged in each anesthetized mouse at 1, 15, 30,
60, and 90 min. Beyond 90 min, the animals were given an anes-
thesia break and imaged again at 2.5, 3.5, 4.5, 5.5, and 6.7 h with
anesthesia breaks in between.

2.9 Fluorescent Images of Tumor Samples

Tumors were harvested at 400 min after tracer injection, and 10-
μm tumor cryosections were cut to represent all parts of each
tumor. Frozen tumor cryosections were dried and imaged by
an Odyssey Infrared Imaging System (Li-COR Biosciences,
Lincoln, Nebraska). This instrument provides scan resolution
ranging from 21 to 339 μm. The fluorescence images obtained
for this work were acquired at the highest resolution of 21 μm.
The selected excitation channel was 785 nm and emission chan-
nel was 820 nm with a bandwidth of 40 to 50 nm. All samples in
this study were imaged using the same setup parameters for the
Odyssey Infrared Imaging System in terms of resolution, bright-
ness, and contrast. Cryosection images were converted in Adobe
Photoshop to grayscale and binarized to black (background) and
white (ICG stained) pixels at the same threshold level for all
images, and a percentage of white pixels on each image was
determined by histogram analysis.

2.10 Statistical Analysis

A two-sample two-sided t-test was used to calculate the statis-
tical significance for comparisons between the three control
groups and the targeted group injected with scVEGF-Lip/
ICG, and a difference with a P-value of less than 0.05 was con-
sidered to be significant.

2.11 Image Reconstruction

To reconstruct fluorescence images, a normalized Born approxi-
mation has been widely used.32,33 This normalization eliminates
unknown system parameters such as source strengths, gains of
different detectors, background optical properties of the tissue,
coupling efficiency to the tissue, etc. This normalized Born ratio
was adopted in our earlier studies24 and is given as

ϕnBðrs; rdÞ ¼
ϕflðrs; rdÞ
ϕexcðrs; rdÞ

; (1)

where ϕnB is the normalized Born ratio, ϕfl is the fluorescence
measurement after subtraction of the system noise measurement
without any fluorophores or targets in the background medium,
and ϕexc is the excitation measurement at 690 nm. For inversion,
a dual-zone mesh method was used to reconstruct the fluoro-
phore concentrations at the target depth, and the background
regions and the details were given in our early publications.24,34

Briefly, we divide the imaging region into two parts: the
background (B) and target (T) regions. Therefore, Eq. (1) can
be further expressed as a matrix equation when multiple mea-
surements are available

½M�Vx1 ¼ ½WT;WB�VxN ½XT; XB�Nx1; (2)

where M is the normalized Born ratio and corresponds to the
value on the left side of Eq. (1). WT and WB are the weight

matrices for the target and background regions, respectively.
[XT ] and [XB] are the vector representation of the distribution
of total fluorophore concentrations in the target and background
regions, respectively. By using this dual-zone mesh, the total
number of voxels with the unknown concentration can be main-
tained on the same scale of the total number of measurements.
As a result, the inverse problem is less underdetermined. Thus,
dual-zone mesh schedule significantly improves the fluorophore
quantification and target-to-background contrast. The total least-
square method and the conjugate gradient technique were used
to iteratively solve Eq. (2).34 In the experiments, the tumor target
depth or region can be estimated from US or a depth estimation
algorithm reported in Ref. 24. In this study, we have used US
image to provide the target depth before placing the mouse in
the Intralipid solution.

3 Results

3.1 VEGFR-2-Mediated Binding of scVEGF-Lip/ICG
In Vitro

Upon binding to VEGFRs, VEGF rapidly induces receptor
dimerization and tyrosine autophosphorylation that is readily
detectable in VEGFR-overexpressing cells.22 We evaluated
the ability of scVEGF-Lip/ICG to bind to VEGF receptor
(VEGFR-2), as measured by induction of VEGFR-2 tyrosine
autophosphorylation in 293/KDR cells engineered to express
∼2.5 × 105 VEGFR-2/cell. We found that in a short-term 10-
min assay, scVEGF-Lip/ICG induced VEGFR-2 tyrosine auto-
phosphorylation at low nanomolar concentrations, which was
comparable with that of free scVEGF, albeit the saturation of
the tyrosine phosphorylation signal was reached at an approx-
imately fivefold higher concentration of liposomal versus free
scVEGF [Fig. 2(a)].

Binding of scVEGF-Lip/ICG to VEGFR-2 was also vali-
dated in a long-term 96-h assay, where scVEGF-Lip/ICG
competed with a previously described recombinant chimeric
cytotoxin, SLT-VEGF. This toxin accumulates in 293/KDR
cells via VEGFR-2 mediated endocytosis and kills the cells dur-
ing 24 to 48 h of exposure, unless it is competed out by scVEGF
or scVEGF-based constructs.19 We found that scVEGF-Lip/ICG
protected 293/KDR cells, although with IC50 somewhat higher
than that for parental scVEGF [Fig. 2(b)]. Thus, both assays
indicated that scVEGF tethered to the liposomal surface via
a PEGylated lipid retains the ability to bind to VEGFR-2.
The higher saturating concentrations of liposome-associated
scVEGF in both assays most likely reflect the fact that only
a fraction of liposomal scVEGF that is located on the lipo-
some–cell interface is available for interaction with cellular
receptors.

We next used PAE/KDR, porcine endothelial cells, engi-
neered to overexpress VEGFR-222 and flow cytometry to
explore binding and potential receptor-mediated internalization
of scVEGF-Lip/ICG. PAE/KDR cells were incubated with
scVEGF-Lip/ICG or untargeted Lip/ICG at matching concentra-
tions of ICG or without fluorescent tracer. After 1 h of incuba-
tion at 37°C, cells were extensively washed with PBS, including
a high-salt wash with PBS supplemented with 0.5-M NaCl,
detached, fixed with PFA, and the presence of cell-associated
ICG was analyzed by flow cytometry [Fig. 2(c)]. We found
that PAE/KDR cells incubated with targeted scVEGF-Lip/
ICG displayed significantly higher ICG fluorescence than
those incubated with Lip/ICG or without tracer (the mean

Journal of Biomedical Optics 126014-4 December 2013 • Vol. 18(12)

Zanganeh et al.: Enhanced fluorescence diffuse optical tomography with indocyanine green-encapsulating. . .



fluorescence values of 22.3 versus 8.8 versus 3.7, respectively).
Although our experiments did not distinguish between
VEGFR-2 bound and internalized scVEGF-Lip/ICG, VEGFR-2-
mediated internalization was reported previously for other
scVEGF-driven liposomes and dendrimers.23,31 Taken together,
three in vitro assays indicate that scVEGF-Lip/ICG displays a
significant receptor-binding ability of scVEGF and are capable
of accumulating in endothelial cells expressing high levels of
VEGFRs.

3.2 FDOT Imaging of Orthotopic Tumors with
scVEGF-Lip/ICG and Control Tracers

For imaging experiments in vivo, we used a previously
described 4T1luc orthotopic mouse breast cancer model with
VEGFR overexpressed on endothelial cells in angiogenic
tumor vasculature formed by the mouse host.22 In this model,
the predominant VEGFR expressed on tumor endothelial
cells is VEGFR-2, which binds human VEGF and its
scVEGF derivative, which allows for in vivo imaging with
scVEGF-based tracers.22 4T1luc mouse breast carcinoma
cells were injected into mouse mammary fatpad of syngeneic
female Balb/c mice, and after 2 to 3 weeks, highly vascularized
6- to 7-mm tumors were readily observed. Tumor-bearing mice
were used for imaging experiments, in which imaging depth
(separation between imaging probe and the surface of the
tumor) was 1.5 cm. Mice were randomized into four groups
and after the background fluorescence was measured, each
group was intravenously injected with the same amount of
ICG/mouse (5 nmol) using the following formulations: targeted
scVEGF-Lip/ICG (n ¼ 6), untargeted Lip/ICG (n ¼ 6), inac-
tive-Lip/ICG decorated with functionally inactive scVEGF
(n ¼ 3), and free ICG (n ¼ 3).

Figure 3 shows typical longitudinal sets of fluorescent
images obtained by FDOT over a 400-min period for an indi-
vidual mouse injected with scVEGF-Lip/ICG [Fig. 3(a)], Lip/
ICG [Fig. 3(b)], inactive-Lip/ICG [Fig. 3(c)], and free ICG
[Fig. 3(d)]. Each image is 6 × 6 cm2 in x and y spatial dimen-
sions at the corresponding target depth, and the color bar
represents the reconstructed dye concentration in micromolars.
All tracers accumulated in and cleared from the tumor area with
visibly different rates, reflecting tracer-specific uptake mecha-
nisms. The patterns of tracer uptake in the tumor were further
analyzed using reconstructed maximum fluorescence concen-
trations in micromolars from each mouse at all observation
points with a subtracted background fluorescence equivalent
to 0.06 μM. The mean values of the maximum fluorescence con-
centrations of all mice at each observation point were calculated,
and the exponential fitting of these values for washout periods
is shown in Figs. 4(a) and 4(b). We found that, for targeted
scVEGF-Lip/ICG tracer, this parameter reached maximum of
0.109 μM at 30-min postinjection, and the signal remained
above the detection level for at least 4 h with a half-life of
∼90 min. By contrast, the untargeted Lip/ICG reached its maxi-
mum value of 0.091 μM approximately twice as fast (15-min
versus 30-min postinjection) and declined threefold faster
with a half-life time of ∼30 min. The results obtained for
inactive-Lip/ICG were similar to those for Lip/ICG (maximum
fluorescence concentration 0.08 μM, maximum accumulation at
15-min postinjection, and the signal declining below detection
level by ∼3 h with half-life time of ∼33 min). Interestingly,
for free ICG, fluorescence concentration reached a lower maxi-
mum of 0.053 μM at 15-min postinjection, and then the signal
declined significantly faster than for any liposomal formulation
below the detection level by ∼60 −min postinjection with
a half-life time of ∼23 min.

Fig. 2 Functional activity of scVEGF site-specifically attached to Lip/ICG. (a) Lysates of 293/KDR cells
after a 10-min stimulation with the indicated amounts of liposomal or free scVEGF were separated by
SDS-PAGE on 7.5% gels to analyze tyrosine phosphorylation of Y1175 residue in VEGFR-2 (top) and
total VEGFR-2 (middle) or on 15% gels to analyze β-actin (loading control, bottom) by Western blotting
(WB). Errors indicate positions of VEGFR-2. (b) Cell viability after a 96-h exposure of 293/KDR cells to
1-nM SLT-VEGF in the presence of varying amounts of scVEGF-Lip/ICG, nontargeted Lip/ICG, or free
scVEGF. The numbers of viable naïve cells in control untreated wells were taken as 100%. (c) Flow
cytometry analysis of liposome accumulation in PAE/KDR cells after 1 h of incubation. Green,
scVEGF-Lip/ICG; blue, nontargeted Lip/ICG; and red, naïve cells.
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Similar patterns of tracer uptake and clearance were observed
in separate experiments with imaging depths of 2 cm [Fig. 4(c)].
Although the maximum signals were approximately twofold
lower than those at 1.5-cm imaging depth, the accumulation
and clearance of scVEGF-Lip/ICG tracer were significantly
slower than those for Lip/ICG or free ICG.

To validate that the registered FDOT signals were originated
from the tumors as opposed to those from the internal organs,
one mouse was intravenously injected with 5 nmol of targeted
scVEGF-Lip/ICG and then imaged for 30 min, a time of maxi-
mum tracer uptake. After that mouse was sacrificed, the tumor
was rapidly removed surgically, and the tumor-free mouse was
reimaged. A longitudinal set of fluorescent images obtained in
the course of this experiment showed that the accumulated fluo-
rescent signal in the tumor area was decreased almost to the
background level after the tumor removal, eliminating the pos-
sibility that it was associated with any of the internal organs
(Fig. 5).

Fig. 3 Examples of longitudinal fluorescence tomography images
obtained at different time points between 1 and 400 min after injection
of 5 nmol ICG/mouse formulated as (a) targeted scVEGF-Lip/ICGwith
∼5 pmol of scVEGF, (b) untargeted Lip/ICG, (c) inactive-Lip/ICG,
(d) free ICG and monitored for 400 min. The tumors were located
at approximately 1.5 cm.

Fig. 4 Kinetics of tumor uptake of free ICG, inactive-Lip/ICG (1.5 cm
only), nontargeted Lip/ICG, and targeted scVEGF-Lip/ICG. Re-
constructed maximum fluorescence concentration for tumors located
at (a) 1.5-cm and (c) 2-cm imaging depths. All tracers were injected at
5 nmol ICG/mouse. The exponential fitting of the washout period for
each tracer is also shown for 1.5-cm imaging depth (b). **P-values
were computed at each time point between targeted scVEGF-Lip/
ICG and three control groups within this time window.
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The significantly higher persistent uptake of targeted
scVEGF-Lip/ICG versus untargeted Lip/ICG, inactive-Lip/IC,
or free ICG was confirmed by analyses of fluorescence on cry-
osections obtained from tumors harvested from tracer-injected
mice at 400-min postinjection. For each tumor, several cryosec-
tions were taken at different locations including top, middle, and
bottom of the tumor. Fluorescence images for these cryosections

were obtained using Odyssey Imager (LI-COR). Representative
images of four cryosections separated by ∼2-mm cutting dis-
tance and H&E-stained images for the first section of each
group are shown in Fig. 6 for each tracer. Qualitatively, at
400-min postinjection, the signal obtained with scVEGF-Lip/
ICG was visibly stronger than those obtained with Lip/ICG
or inactive-Lip/ICG, whereas no signal was detected on

Fig. 5 Longitudinal fluorescence tomography images obtained at different time points over a 30-min
period (the maximum uptake) and immediately after removal of the tumor at 30 min. Mouse was injected
with 5 nmol ICG/mouse of targeted scVEGF-Lip/ICG, and tumor was located at approximately 1.5 cm.

Fig. 6 H&E and ex vivo fluorescence images of cryosections from tumors harvested at 400-min post-
injection. (b–e) Images of four cryosections of the harvested tumor from mouse injected with 5 nmol ICG/
mouse of targeted scVEGF-Lip/ICG. (g–j) Images of four cryosections of the harvested tumor from
mouse injected with 5 nmol ICG/mouse of nontargeted Lip/ICG. (l–o) Images of four cryosections of
the harvested tumor from mouse injected with 5 nmol ICG/mouse of inactive-Lip/ICG. (q–t) Images
of four cryosections of the harvested tumor from mouse injected with 5 nmol ICG/mouse of free ICG.
(a, f, k, p) H&E images corresponding to the first slice of each group.
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cryosections obtained from free-ICG injected mice. To further
quantify these differences, the percentage of pixels with ICG
signal above the same threshold level was determined for
each image in the large set of images for each group. As
shown in Fig. 7, the percentage of pixels with ICG signal for
the targeted scVEGF-Lip/ICG-injected group was approxi-
mately 15-fold higher (10.1%� 2.8%) than that for both untar-
geted formulations Lip/ICG and inactive-Lip/ICG (0.7%� 0.5%
and 0.6%� 0.4%).

4 Discussion and Summary
FDA-approved fluorescent dye ICG is widely used for various
diagnostic applications including recent efforts to extend its use
for breast cancer diagnostics.35 Although ICG binds to blood
proteins and these complexes are transiently entrapped in tumors
via EPR effect associated with leaky tumor vasculature, the rate
of blood clearance is very high (t1∕2 of ∼25 min in humans) and
the narrow observation window leads to various logistical diffi-
culties in monitoring ICG fluorescent signal in tumors. EPR-
based accumulation can be enhanced for ICG-encapsulating
liposomes (Lip/ICG) relative to albumin/ICG complexes;
however, Lip/ICG cannot penetrate beyond one or two subendo-
thelial layers of cells after extravasation through tumor endo-
thelium, and typically are efficiently cleared by tumor resident
macrophages. Here, we tested the hypothesis that targeting lipo-
some-encapsulating ICG (Lip/ICG) to VEGFR, receptors overex-
pressed on tumor endothelial cells and readily accessible from the
bloodstream, may provide better imaging than using Lip/ICG
compositions that can accumulate in tumor only via EPR
effects. For targeting Lip/ICG to VEGFR, we used an engineered
version of VEGF, scVEGF, which was tethered to liposome
surface via a site-specifically conjugated PEGylated lipid. This
targeting ligand was validated previously with a number of im-
aging and therapeutic constructs, providing effective binding to
VEGFR and a possibility of VEGFR-mediated endocytosis.25,26,36

Indeed, we found that in three different assays with cells
overexpressing VEGFR-2, scVEGF-Lip/ICG, at concentrations
of scVEGF in a nanomolar range, readily bound to the receptors
(Fig. 2). Although saturating concentrations of liposomal
scVEGF were higher than those for free scVEGF, these
differences are not surprising, as only a fraction of liposomal
surface with tethered scVEGF can be in contact with the
cell surface. Although we did not specifically explored
VEGFR-2-mediated endocytosis of scVEGF-Lip/ICG, previous

experience with scVEGF-driven therapeutic liposomes suggests
that such a process could take place.36

After intravenous injection of tracers, we employed longi-
tudinal FDOT imaging of individual mice for monitoring the
dynamics of fluorescent signals in the area of orthotopic
mouse breast carcinoma. Virtual elimination of the fluorescent
signal after surgical removal of the tumor at 30 min after tracer
injection (Fig. 5) excluded the possibility that the detected
signals in our experiments were originated not from the tumors
but from the internal organs. In longitudinal experiments, as
expected for EPR-based tracer accumulation, we found that
Lip/ICG-associated fluorescent signal was higher and declined
slower than that from of ICG, presumably bound to blood
albumins. However, relative to untargeted Lip/ICG, the
VEGFR-targeted scVEGF-Lip/ICG tracer provided for slower
(30 min versus 15 min) increase and a remarkably more sustain-
able tumor-associated fluorescent signal with a half-life of
90 min versus 30 min (Figs. 3 and 4). Hypothetically, scVEGF-
Lip/ICG could also accumulate in tumor via EPR effect, and
the differences in sustainable fluorescent signal could be due
to the changes in EPR effects caused by the shell formed by
PEGylated scVEGF tethered to Lip/ICG. However, such an
explanation appears unlikely because the signal dynamic
obtained with inactive-Lip/ICG (decorated with inactivated
scVEGF) is very similar to that of untargeted Lip/ICG.
Enhanced retention of scVEGF-Lip/ICG initiated signals was
further confirmed by the direct analysis of fluorescence on
the cryosections from tumors harvested at 6 h after injection.
Importantly, this significant long-term difference in retention
of targeted versus untargeted tracers suggests that receptor-
mediated endocytosis of scVEGF-Lip/ICG might take place.
However, a different study combining kinetic analysis and
extensive fluorescent microscopy would be required to validate
or disprove this suggestion.

Taken together, our findings support the hypothesis that
scVEGF-Lip/ICG tracer targeted to VEGFR may significantly
expand the window for fluorescent tumor imaging relative to
tracers that rely on EPR effects for tumor accumulation.
Moreover, since overexpression of VEGFR is a rather common
feature of tumor vasculature, imaging these receptors opens
broader diagnostic imaging opportunities than targeting recep-
tors that are more specific for subsets of tumor or endothelial
cells. Importantly, FDOT methodology with scVEGF-Lip/
ICG might be applicable to imaging lesions in biological tissues
located in the depth range of 2 cm. Another potential application
of scVEGF-Lip/ICG might be imaging in the tumor surgery
field, where rapid assessment of the boundaries of angiogenic
tumor vasculature might be useful for tumor margin demarca-
tion. Furthermore, VEGFRs are the targets of the majority of
approved and experimental antiangiogenic drugs, which affect
VEGFR prevalence through not yet fully understood mecha-
nisms; therefore, VEGFR imaging with scVEGF-Lip/ICG might
be useful not only for diagnostics, but also for image-guided
therapy.25 These potential translation pathways for scVEGF-
Lip/ICG are also supported by the recent toxicology study in
mice of another scVEGF derivative, scVEGF-PEG-DOTA, con-
ducted at a preclinical toxicology CRO in compliance with
U.S. FDA Good Laboratory Practice (GLP) Regulations for
Non-clinical Laboratory Studies (21 CFR Part 58). This study
found no negative systemic effect at scVEGF doses of 0.5 and
4.5 mg∕kg. Considering that imaging with scVEGF-Lip/ICG
was performed at scVEGF doses less than 0.1 mg/kg, we are

Fig. 7 Prevalence of ICG staining on cryosections from tumors
harvested from three sets of mice injected with 5 nmol ICG/mouse
of targeted scVEGF-Lip/ICG, nontargeted Lip/ICG, and inactive-Lip/
ICG. P ¼ 0.0006 for difference between targeted and other Lip/ICG
formulations.
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cautiously optimistic regarding the safety aspect of translational
efforts.
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