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Abstract

Purpose Abundance of receptors on tumor vasculature pre-
sents a prominent target for theranostic applications. The
alphavbeta3 integrin receptors expressed on vascular endothe-
lial cells during angiogenesis were therefore considered tar-
gets for imaging. Non-invasive visualization of tumor growth
and/or delivery systems can appreciate tumor localization and
disposition kinetics of carriers, respectively. Herein, we report
near-infrared fluorescence imaging (NIRFI) of solid tumors
using targeted fluorescence nanoliposomes in vivo.

Methods Fluorescence nanoliposomes surface modified with
cRGD-peptide were injected into CD1 athymic (nu/nu) mice
bearing C6 glioblastoma xenografts (300 mm?). At different
time points, mice were subjected to NIRFI for visualization of
tumor xenografts and nanocarrier tracing in vivo.

Results NIRFI showed tumor localization of 1,1'-dioctadecyl-
3,3,3',3'-tetramethyl indotricarbocyanine iodide (DiR;g)-
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incorporated-targeted liposomes with maximum tumor-to-
tissue occurring at 24-h post-liposome administration.
Interaction of integrin receptors with targeted liposomes had
contributed to an intense NIRF signal. Molecular studies
showed an elevated expression of alphavbeta3 integrin recep-
tors in tumor xenografts.

Conclusion From the studies, it can be concluded that non-
invasive localization of tumors and tracing of liposome car-
riers had been achieved using receptor targeting and NIRFI
approaches.

Keywords Cancer - Tumor - Fluorescence - Formulation -
Liposome

Background

Angiogenesis, tumor growth, and metastasis are hallmark events
of cancer [1, 2]. Specifically, angiogenesis is critical for growth
and survival of tumors. When tumors reach 2 mm?®, increased
interstitial pressure within the tumor inhibits diffusion of metab-
olites and nutrients necessary for tumor growth [3, 4]. During
this period, cellular hypoxia causes sprouting of new blood ves-
sels (angiogenesis) [5]. New tumor sprouts “turn-on” angiogen-
ic signals leading to activation of signaling molecules, (e.g.,
integrins, cadherins, selectins, and immunoglobulin families)
which participate in different steps of cancer (e.g., benign-to-
malignant tumor formation, tumor growth and progression, in-
vasion, and metastasis) [6]. Cairns et al. showed upregulation of
av 33 integrin receptors on proliferating tumor vessels [1].
Integrins are divalent cation-dependent heterodimeric
membrane glycoproteins, which serve as cell adhesion recep-
tors for extracellular matrix (ECM) proteins (e.g., fibrinogen,
fibronectin, laminin, and vitronectin) [6]. Combination of o~
and (3-subunits determines ligand specificity, signaling, and
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functional properties of a given integrin. Overexpression of
av33 integrins is found in tumors and neo-vasculatures.
Gasparini et al. correlated integrin expression levels with ag-
gressiveness of cancer [7]. Most integrins recognize and bind
to their respective proteins through short peptide sequences,
such as Arg-Gly-Asp (RGD) [8]. This dimeric protein com-
plex is involved in regulating tumor growth, angiogenesis, and
metastasis [6]. Abundance of integrins on tumor vascular cell
surfaces thus presents a RGD-based targeting for tumor im-
aging and drug delivery. Cyclic RGD compounds, such as
cyclic pentapeptide (cCRGDfK), have been shown to exhibit
significant binding affinity and selectivity for ocv33 integrin
receptors [9].

Synthetic peptides have been investigated for targeting
integrin receptors [8, 10]. We report liposome nanoparticles’
surface modified with lipid-peptide grafts for targeting tumor-
expressed integrin receptors. Nanoliposomes offer distinct ad-
vantages [11]: (a) biodegradability, (b) structural ease to
conjugate-targeting ligands, and (c) ability to incorporate trac-
er dyes for diagnostic applications. Saul et al. used post-
incorporation method for intercalation of targeting ligands into
lipid bilayers of doxorubicin-loaded liposomes [12]. It facili-
tated modulation of intercalation of targeting ligands in lipid
bilayers and improved tumor targeting efficiency. Herein, we
used post-incorporation method for surface modification of
fluorophore-loaded liposomes with targeting ligands.

Various in vivo molecular imaging modalities were used
for tumor localization and as management guidance for che-
motherapy [13, 14]. Aiding to imaging instrumentation, novel
contrast agents are essential for achieving imaging objectives.
Relaxation of tissue-bound water protons for computed to-
mography (CT), radioisotopes (e.g., 1231 99mpe Iy and
"®F) for scintigraphy (positron emission tomography, PET/
single-photon emission computed tomography, SPECT),
supermagnetic or paramagnetic metals or complexes (e.g.,
Gd**, Mn*?, and Fe**) for magnetic resonance imaging
(MRI), microbubbles (e.g., gas-filled lipid microbubbles) for
ultrasound (US), and visible and near-infrared (NIR) dyes for
optical imaging are examples. Each imaging method is unique
in achieving imaging objectives, such as sensitivity, spatial
and temporal resolution, depth of tissue penetration, and cost
of the procedure. MRI, CT, and US methods possess high
spatial and temporal resolution, but have low sensitivity in
ligand detection [14]. The scintigraphic method has very high
sensitivity for ligand detection, but suffers from poor spatial
and temporal resolution. Optical imaging has high sensitivity
and sub-cellular resolution for probe/tracer detection. On the
other side, it has limited tissue penetration.

Using specific near-infrared fluorophores, optical imaging
has been utilized for detection of tumors [15—17]. These near-
infrared fluorophores emit light with tissue penetration ap-
proaching 10-15 cm [18]. Biological tissues exhibit a high
photon absorbance in visible (350-700 nm) and infrared
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(> 900 nm) ranges with exception in the NIR region (700—
900 nm). A significant advantage of NIRF-based optical im-
aging is absorbance spectra of biomolecules (e.g., oxyhemo-
globin) reaching minima in the NIR region [10, 19]. In this
study, NIRF tracer dye, 1,1'-dioctadecyl-3,3,3’,3'-tetramethyl
indotricarbocyanine iodide (DiRg), was incorporated in lipid
bilayers of liposomes for high-resolution NIRFT in vivo.

In the present study, optimized composition of targeted
fluorescent nanoliposomes (targeted liposomes, (Fig. 1)) was
administered to CD1 athymic (nu/nu) female mice bearing C6
glioblastoma xenografts, for NIRFI of solid tumors. NIRFI
demonstrated localization of liposomes in tumor xenografts.
Disposition kinetics of NIRF signals was considered as a func-
tion of temporal and spatial association of liposomes with
integrin receptors on tumors. NIRFI signal intensities were
correlated to ocv33 integrin receptor levels in vivo. Also, we
demonstrated av33 integrin receptor specificity of liposomes
in vitro. Plain fluorescent nanoliposomes (plain liposomes)
served as control in various studies.

Methods
Materials

Hydrogenated soy phosphatidylcholine (HSPC), choles-
terol (CHOL), distearoyl phosphatidylethanolamine-poly-
ethylene glycol2000 (DSPE-PEG2000), and distearoyl
phosphatidylethanolamine-polyethylene glycol2000-
maleimide (DSPE-PEG2000-Mal) were obtained from
Avanti Lipids (Birmingham, AL). DiRg dye was obtained
from Invitrogen (Boston, MA). Cyclic RGD-peptide was pur-
chased from Peptide International (Louisville, KY). 1251
echistatin with a specific activity of 2000 pCi/mmol was pur-
chased from Amersham Biosciences (Piscataway, NJ).
Echistatin was purchased from Sigma (St. Louis, MO). All
other chemicals were purchased from Sigma or Fisher
Scientific (Suwannee, GA).

Design of Experiments for Optimization of Liposomes

I-optimal design was used to model and optimize targeted
liposome composition and characteristics. Four parame-
ters, HSPC/CHOL ratio, DSPE-PEG2000 concentration,
DSPE-PEG2000-Mal-cRGD-peptide conjugate concentra-
tion, and incubation temperature, were identified as critical
independent variables affecting response factors, ligand
grafting efficiency, and mean diameter of liposomes. The
I-optimal model was used for optimization runs. As shown
in Table S1 (supplementary material 2), three levels of
independent variables were selected to evaluate interaction
effects. The + 1 and — 1 represent upper and lower limits of
the ranges, respectively. Zero corresponds to the central
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Fig. 1 Illustration of targeted DiR g fluorescence liposomes. Green- and
black-colored twirls represent DSPE-PEG2000 and DSPE-PEG2000-
Mal (functionalized lipid) moieties, respectively; cyclic pentane ring-
shaped structures represent cRGD-peptide comprised of five amino
acids (arginine-glycine-(D)-aspartic acid-phenylalanine-cysteine).
Orange dots in lipid bilayers of liposomes represent DiR;g, NIRF dye

point of levels. Independent variables were kept within the
range, while response variables were either maximized or
matched with those of the targets. Based on the /-optimal
model, a total of 25 random runs were performed.
Response variables could be related to independent vari-
ables through second-order polynomial function (Eq. 1) to
estimate linear, quadratic, and interactions terms.

Yi = fo + X,5iXi + X,BiiXi2 + X, BijXiXj (1)

Where Yi represents predicted response, Xi and Xj are codes
for independent variables, (o is intercept coefficient of
second-order polynomial, Gi is linear coefficient, 3ij is inter-
action coefficient. Statistical significance of response vari-
ables was determined by analysis of variance (ANOVA). A
p value less than 0.05 was considered statistically significant.
The model fit was checked accounting for R* and adjusted R*
(adj-R?) values. Statistical optimization runs were performed
using JMP 10 software (SAS Inc., NC).

Preparation of Liposomes

Liposomes were prepared by methods similar to those de-
scribed elsewhere [20]. Briefly, liposomes were prepared with
an optimized composition of HSPC/CHOL/DSPE-PEG2000
in 54: 44: 2 M ratios. Organic solution comprised of lipids,
cholesterol, and DiR g fluorescent dye (10 uM) was vacuum
dried at 4548 °C to form a thin dried layer. This film was
hydrated with (N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulfonic acid]) (HEPES) buffer (50 mM, pH 6.8) at
65 °C to form multi-lamellar vesicles (MLVs). These MLVs
were extruded (Northern Lipids, Canada) through 200/100-
nm sandwiched polycarbonate nucleopore membrane filters

molecules. Also illustrated are functional sites of targeting ligand (cRGD-
peptide). Arginine-glycine-(D)-aspartic acid of cyclopentane ring
represents integrin receptor-binding site; cysteine represents conjugation
site between peptide and lipid moieties; phenylalanine acts as linker
amino acid between tri-peptide (arginine-glycine-(D)-aspartic acid) and
cysteine

(Whatman, MA) to obtain liposomes in the size range, 100—
150 nm. The DiR;g entrapment efficiency was calculated
using Eq. 2.

. A2
DiRgentrapment efficiency = TR 100 (2)

where A2 was the amount of DiR g in lipid bilayers and A1
was the initial amount of DiR g used for loading per 1 mL of
liposomes; entrapment efficiency was expressed as %ow/v.

Preparation and Characterization of Targeting Ligand
Grafts

DSPE-PEG2000-Mal grafts were synthesized by addition re-
action between maleimide and thiol groups of functionalized
lipid (78.2 mg) and cRGD-peptide (15.5 mg), respectively.
Lipid-peptide grafts were purified (for removal of free
DSPE-PEG2000-Mal, cRGD-peptide, and TCEP HCI com-
ponents) by dialysis (3000 Da MWCO, Pierce, Rockford,
IL) against HEPES buffer, pH 6.5 at 4 °C for 12 h (h). The
purified product was freeze-dried to obtain solid form. DSPE-
PEG2000-Mal graft was characterized by MALDI-TOF (un-
published data).

Surface Modification of Liposomes with Ligand Grafts

DSPE-PEG2000-Mal-cRGD conjugates (46.8 mg; MW
3458.29 Da) were grafted onto the surface of liposomes
(1 mL) at 55 °C (above phase transition temperature (Tm)
of HSPC) [21]. After surface modification of liposomes
with targeting ligand grafts, dialysis was performed to re-
move ungrafted conjugate. The cRGD-peptide (grafted as
DSPE-PEG2000-Mal-cRGD conjugate on the liposome
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surface) and lipid concentration were quantified using
HPLC [22] and colorimetric [23] methods, respectively.
The percent targeting ligand grafting efficiency was calcu-
lated using Eq. 3.

G2
Grafting efficiency = o1 % 100 (3)

where G2 was the amount of ligands grafted on the lipo-
some surface and G1 was the initial amount of ligands used
for grafting of 1 mL of liposomes; grafting efficiency was
expressed in terms of percentage.

Physico-chemical Characterization of Liposomes

The mean diameter and zeta potential of liposomes were
determined by dynamic light scattering (DLS) studies
using zetasizer® (Malvern Inc., Westborough, MA). The
morphology was determined by negative staining of lipo-
some specimens on carbon support films. Aqueous solu-
tion (2% w/v) of uranyl acetate (pH 6.5) was employed to
stain the specimens. Specimens were studied using a trans-
mission electron microscope, functioning at 200 kV
(JEOL-FX 2000).

Cell Lines

C6 glioblastoma cell line was obtained from the American
Type Culture Collection (Manassas, VA) and maintained at
37 °C in 5% CO,-humidified atmosphere. Cells were cul-
tured in modified Dulbecco’s medium (GIBCO, Carlsbad,
CA) and 5% fetal bovine serum (FBS). C6 cell line was
used to induce angiogenesis in vascular endothelial cells.
Human umbilical vascular endothelial cells (HUVECSs)
were obtained from Cascade Biologics (Portland, OR)
and cultured in medium 200 according to supplier’s
instructions.

In Vitro Receptor-Binding Studies

Affinity of cRGD-peptide, conjugate, targeted liposomes,
echistatin, and cRAD-peptide for av33 integrin receptors
on the surface of HUVECs was determined by competitive
binding experiments using '**I-echistatin as the radioactive
ligand. Receptor-binding assays were carried as described
previously [24]. Briefly, HUVECs were harvested, washed
with PBS, and resuspended (2 x 10° cells/mL) in a binding
buffer (Tris-HCI, pH 7.4; 0.1% w/v BSA). The binding
buffer containing HUVECs was aliquoted into micro-titer
96-well plates (filter pore size 0.65 um). These plates were
incubated with '*I-echistatin (0.05 nM/L) in the presence
of increasing concentrations of cRAD-peptide (0.1 nM—
5 uM/L), cRGD-peptide, or conjugate or targeted
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liposomes (containing equivalent to 0.1 nM—5 pM/L of
cRGD-peptide). The total incubation volume was adjusted
to 200 pL/well. After the cells were incubated at room
temperature for 4 h, plates were washed with cold binding
buffer. Micro-titer plate filters were collected and washed
with 2 M NaOH (boiling), and radioactivity was deter-
mined using gamma counter (Packard, CT). The best fit
IC50 values were calculated by fitting data to non-linear
regression analysis (JMP 7, NC).

In Vivo Tumor Model

Animal procedures were performed according to a protocol
approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Tennessee Health
Science Center, Memphis. The CD1 athymic (nu/nu) female
mice (8-9 weeks) were obtained from Harlan laboratories
(Indianapolis, IN). The C6 glioblastoma cells were
trypsinized, washed, centrifuged, and resuspended to a con-
centration, 4 x 10° cells/0.1 mL in PBS, and injected subcu-
taneously into flanks (right hind leg) of mice. When tumors
reached 300 mm”® in diameter (10 days after implantation),
tumor-bearing mice were administered liposome formulations
via retro-orbital plexus method (targeted liposomes or plain
liposomes; 100 pL/mice) and subjected to NIRFI studies. For
the studies, n = 5 mice per time point were used.

Expression of ocv33 Integrins

Reverse transcriptase polymerase chain reaction was per-
formed to estimate expression levels of «v and 33 subunits
at the mRNA level in vivo. Following isolation of tumor
tissue, cells were lysed with TRIzol® reagent and total
cellular RNA was extracted according to manufacturer’s
instructions (Invitrogen, CA). RNA was reverse tran-
scribed into cDNA synthesis with oligo (dT) primer using
Superscript III First Strand Synthesis System (Invitrogen,
CA). Primer sequences listed in Table 1 were designed
using Primer3 software. The concentration of primers
was 200 nM for forward and reverse primers. PCR ampli-
fication conditions include the following: 50 °C for
30 min, 1 cycle; 94 °C for 5 min, 1 cycle; 35 cycles of
94 °C for 45 s, 55-58 °C for 45 s, and 72 °C for 2 min; and
68 °C for 7 min, 1 cycle. Ten microliters of PCR amplifi-
cation product and a 123-bp DNA ladder were separated
using agarose (1.5%) gel electrophoresis. Gels were
stained with ethidium bromide and photographed under
ultraviolet transillumination. Results were expressed as rel-
ative intensity of each gene with respect to corresponding
[3-actin band (internal control). The band intensities were
analyzed using Image]J software (NIH, MD). A standard
Western blot analysis was performed to estimate protein
expression levels of av and 33 subunits.
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Table 1  Primer sequences of av[33 integrin receptor subunits used for RT-PCR assays

Primer Primer sequence (5'—3") Product size® Tm (°C) Genbank access no.
av-integrin forward primer 5'-AGGCAATATGGTGACTGTTC-3' 172 55.0 AF026510.1
av-integrin reverse primer 5"-CTTTCTATGCAGCCTCTTGT-3'

[33-integrin forward primer 5'-ACCATTTTCATGGAGTATCG-3' 203 55.0 NM_008402.3
[33-integrin reverse primer 5'-GTTGTCGTCCCCAATATAGA-3'

[3-actin forward primer 5'-CATTGCTTTCGTGTAAATTATG-3' 213 55.0 NM_001101

[3-actin reverse primer

5"-TTATTCAACTGGTCTCAAGTCA-3’

*represents number of base pairs
Imaging Studies

In vivo NIRFI studies were conducted in a custom-assembled
photometric Chemipro imaging station with fluorescence ca-
pabilities (Roper Scientific, Trenton, NJ). In brief, solid
tumor-implanted nude mice were anesthetized. Following sys-
temic administration of liposomes, real-time NIRF images
were acquired at 0.5 (earlier), 0.08, 3, 6, 12, 24, and 48 h.
Images acquired 0.5 h (earlier) mean control images were
acquired 0.5 h earlier to the administration of fluorescence
liposomes. Animals were placed inside a black color-coated
light-tight box and images were acquired in excitation/
emission module. For whole-body imaging, NIR and white
light were supplied by fiber-optic light system connected to
a 175-W Xenon source, which was used to guide multiple
excitation filter wheels (Sutter Instruments Co., Novato,
CA). Fluorescence excitation light was filtered through 710-
nm band-pass filter (Chrom Technology, Rockingham, VT).
Filtered excitation light was passed through NIRF emission
filter, 780 nm (Andover, Salem, NH). Thereafter, NIRF im-
ages were acquired with liquid nitrogen-cooled charge-
coupled device (CCD) camera (Roper Scientific, NJ). Image
acquisition and analysis were performed with Metamorph
software (Universal Imaging, PA). A pseudo-color image
was generated for each captured image. For image quantita-
tive analysis, a defined standard region of interest (ROI) was
selected over organ or tissue image and intensity/area estima-
tion was performed. Background images were acquired at
every time point to calculate signal-to-noise (S/N) ratios.
Images were integrated as mean fluorescence intensities
(MFI) and then were converted to S/N ratios. S/N ratio at a
definite time point was calculated using Eq. 4:

S

N~ (MFI from an area of ROI)/ (4)

(MFI of the corresponding ROl background)

Blood and Tumor Distribution Studies

Following image acquisition, mice (n = 4 mice per time point)
were sacrificed for collection of blood and tumor tissue at

defined time points, 0.08, 3, 6, 12, 24, and 48 h. Frozen tissues
were minced and extracted for DiR,g fluorophore in methanol.
As described previously [25], with a modification, DiR;g con-
centration in serum and methanol extracts of tissues was ana-
lyzed by RP-HPLC method. In brief, HPLC analysis was carried
using mobile phase composition, solvent A: 70% water/0.07%
trifluoroacetic acid and solvent B: 30% acetonitrile/0.03%
trifluoroacetic acid. Fluorescence quantification of DiR;g was
performed at 750 nm (\,,2x), and retention time was 15.8 min.

Statistical Analysis

All in vivo data were reported in arithmetic means. Error bars
represent one standard error of mean (SEM) or standard devi-
ation (SD). Difference between the means of indicated groups
was analyzed by one-way ANOVA. The p values less than
0.05 (p < 0.05) were considered significance.

Results
I-optimal Design of Formulation Composition

Multi-linear regression analysis and ANOVA were performed
to fit the J-optimal model and examine statistical significance
of the terms. The /-optimal design emphasizes prediction of
response rather than coefficients [26]. This design determines
the optimum region (e.g., composition, process conditions) in
the design space where response falls within the acceptable
range. Also, the /-optimal design minimizes average predic-
tion variance inside the region of independent variable limits
[27, 28]. At the center of the design space, average variance is
0.1667 compared to 0.25 of the D-optimal design, which
means shorter confidence intervals for precise prediction of
response variables. Table S2 (supplementary material 2) pre-
sents estimated regression coefficients of independent vari-
ables affecting response variables, R? values, adj—R2 values,
and p values. The R* values for ligand graft efficiency and
mean diameter of liposomes were 0.974 and 0.979, respec-
tively, indicating that the /-optimal model was suitable to pre-
dict response variables. Also, adj-R> values were used to
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evaluate the fit model. The adj-R* values for graft efficiency
and mean diameter were 0.94 and 0.95, respectively, indicat-
ing that non-significant terms were not included in the model.

The /-optimal design evaluated linear, quadratic, and interac-
tion effects of independent variables on response variables. Fig. 2
a, b demonstrates effects of HSPC/CHOL ratio and conjugate
concentration and their interaction effects on graft efficiency and
mean diameter, respectively. Only HSPC/CHOL ratio showed
significant effect (p < 0.0001) on ligand graft efficiency, whereas
HSPC/CHOL ratio (p < 0.0001) and conjugate concentration
(p < 0.005) influenced mean diameter of liposomes to a greater
degree. A non-linear relationship between HSPC/CHOL ratio
and ligand graft efficiency was observed (i.e., graft efficiency
increased with an increase of HSPC/CHOL ratio and decreased
at the upper limit of HSPC/CHOL ratio), while a linear relation-
ship between HSPC/CHOL ratio and mean diameter of lipo-
somes was observed. Conjugate concentration showed an in-
verse relation on mean diameter of liposomes. It has no effect

on ligand graft efficiency. Cholesterol appeared to show varied
effects on the stability of liposomal membranes. Higher choles-
terol concentration had generated vesicles in the micellar size
range, 30-80 nm, which reduced graft efficiency. Lower choles-
terol concentration destabilized membranes leading to large and
polydispersed liposomes.

Figure 2c, d shows effects of HSCP/CHOL ratio and incu-
bation temperature on graft efficiency and mean diameter of
liposomes, respectively. Incubation temperature showed a sig-
nificant effect (p < 0.0001) on graft efficiency and mean di-
ameter of liposomes. A linear relationship was observed be-
tween incubation temperature and graft efficiency, i.e., graft
efficiency increased with an increase of incubation tempera-
ture. And, an inverse relation was observed between incuba-
tion temperature and mean diameter. Above Tm of lipids, lipid
layers exhibit a liquid-crystalline nature. These liquid-
crystalline domains intercalated lipid-peptide ligand grafts,
resulting in higher targeting ligand graft efficiency.

Fig. 2 Response surface plots a
demonstrating the effect of
independent variables on
response variables of targeted
nanoliposomes. Response
variables: targeting ligand
grafting efficiency and mean
diameter of nanoliposomes as a
function of independent variables:
HSPC/CHOL ratio and conjugate
concentration (a, b);
HSPC/CHOL ratio and
incubation temperature (c, d).
Values in brackets of axis titles

b

represent low and high levels

used for experimental and Cc
prediction purposes. e, f
Correlation between actual and
predicted values of ligand graft
efficiency and mean diameter,
respectively. Number in brackets
of HSPC/CHOL ratio represents
molar ratio of HSPC lipid to
cholesterol. Conjugate
concentration in brackets
represents molar concentration
(expressed in mM) of lipid-
peptide conjugate
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From Table S2 (supplementary material 2), it can be ob-
served that HSPC/CHOL ratio and incubation temperature
exhibited significant quadratic effects (»p < 0.0001) on graft
efficiency and mean diameter of liposomes. Quadratic surface
effects tend to optimize probabilities of lower or higher re-
sponses from different runs of the same independent factor.
These effects optimize towards maximization of favorable re-
sponses. The I-optimal design encompassed six interactions
for four independent factors. X1X4 (p < 0.0027) and X2X3
(p < 0.004) interactions showed significant effects on ligand
graft efficiency, whereas X1X4 (p < 0.0001) and X3X4
(p < 0.0046) interactions exhibited significant effects on mean
diameter of liposomes. Higher HSPC/CHOL ratio and incu-
bation temperature destabilized liposome membranes. Below
Tm, HSPC exists in a rigid crystalline state (tight lipid mole-
cule domains), which posed unfavorable condition for ligand
grafting. Mean diameter of liposomes remained stable in the
crystalline state of phospholipids (i.e., < 45 °C).

Figure 2e, f represents correlation of predicted and exper-
imental R* values for graft efficiency and mean diameter of
liposomes. Higher R values indicated that experimental
values were close to predicted values. Optimized independent
variables were found to generate stable liposomes with ligand
graft efficiency, 85.6% and mean diameter, 132 nm. From
Tables 2 and 3, optimum formulation conditions indicated
that predicted response variables were reliable.

Characterization of Nanoliposomes

DSPE-PEG2000-Mal-cRGD graft was formed by Michael
addition reaction between maleimide group of DSPE-
PEG2000-Mal and sulfhydryl group (cysteine amino acid)
of cRGD-peptide, respectively. MALDI-TOF analysis corre-
lated theoretical molecular weight of the conjugate,
3458.19 Da with estimated molecular weight
(m/z = 3459.19 Da for [M + H]") (unpublished data). The
yield of the conjugate was 92% (gravimetric basis after puri-
fication). For receptor targeting, liposomes were surface mod-
ified with targeting ligand (DSPE-PEG2000-Mal-cRGD con-
jugate). Approximately, 85% grafting efficiency was ob-
served. Total number of DSPE-PEG2000-Mal-cRGD grafts
was determined on the basis of liposome number (Nvol)
(supplementary material 1). Approximately, 150 targeting

Table 2  Predicted and optimum values of independent variables

Independent variable Low High Optimum

HSPC/CHOL ratio 05 2 1.225
DSPE-PEG2000 (molar ratio) 0 5 2.5
DSPEG2000-Mal-cRGD-peptide ligand (mM) 6.26 27.04 13.52
Incubation temperature (°C) 50 60 55

Table 3  Predicted and experimental values of response variables for
targeted liposomes

Independent variable Predicted value Experimental value
Ligand graft efficiency 82.05 85.6
Mean diameter 158.1 131.4

Results are expressed as mean + SEM (n = 3); ligand graft efficiency is
expressed as %; mean diameter was measured in terms of nanometers
(nm)

ligands per liposome were intercalated into lipid bilayers of
liposomes.

Due to lipophilic nature, DiR;g fluorophore was incor-
porated into lipid bilayers of liposomes. DiR g entrapment
in targeted and plain liposomes was found to be 96.8% w/v
and 98.1% w/v, respectively. Total lipid concentration was
74.7 and 74.5 mM, respectively. As shown in Fig. 3a, b,
mean diameter of targeted and plain liposomes was 131 + 7
and 114 + 12 nm, respectively. Polydispersity index was
< 0.1, which indicates unimodal liposomal particle size
distribution. The zeta potential of targeted and plain lipo-
somes was — 17.4 +4.8 and — 22.1 + 7.9 mV, respectively.
Negative charge of liposomes was due to negatively
charged HSPC in the lipid bilayers of liposomes. Short-
term (1 week) and long-term (6 months) colloidal stability
studies were conducted at three different thermal condi-
tions, 2—8, 15, and 25 °C. These stability studies indicated
that the liposome formulations were stable at 2—8 °C for
6 months. Accordingly, liposome formulations were stored
at 2—-8 °C. Zeta potential and polydispersity indices were
used to determine colloidal stability of formulations.

Affinity Studies

Integrin receptor-binding characteristics of cRGD-peptide
domain of DSPE-PEG2000-Mal-cRGD conjugate and
targeted liposomes were determined in competitive
receptor-binding experiments. As shown in Fig. 4, we mea-
sured IC50 values by competitive binding measurements be-
tween '*I-echistatin and RGD-peptide. The binding of '*I-
echistatin to av(33 integrin receptors on HUVECs was
inhibited by cRGD-peptide, DSPE-PEG2000-Mal-cRGD
conjugate, and targeted liposomes in a log-concentration-
dependent manner. The measured IC50 values of competing
ligands, cRGD-peptide, DSPE-PEG2000-Mal-cRGD conju-
gate, and targeted liposomes were 6.3 +2.5, 50.1 £ 10.2, and
316.3 + 21.3 nmol/L, respectively. Targeted liposomes re-
quired high concentration for affinity to integrin receptors.
Low binding affinity of cRGD-peptide domain of targeted
liposomes could be due to steric hindrance of PEG chains.
Non-specific peptide, cRAD-peptide, showed no competitive
binding to ocv33 integrin receptors.
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In tumor tissue, mRNA and protein expression of ocv and 33
integrin subunits was detected by RT-PCR and Western blot
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Fig. 4 Competition of specific binding of '*’I-labeled echistatin with
ligands. Ligands include cRGD-peptide, lipid-peptide conjugate
(DSPE-PEG2000-Mal-cRGD conjugate), and targeted liposomes to
avB3 integrin receptors. Receptor bound by '**I-echistatin was
displaced by cRGD-peptide, conjugate, and targeted liposomes.
Specific radioactivity of '**I-echistatin bound to integrin receptors in
the absence of competing ligands was considered as 100%. cRAD-
peptide was considered a non-specific control. IC50 values were
reported as equivalent to cRGD concentration. Compared to cRGD-
peptide and conjugate, targeted liposomes exhibited high IC50 values.
Steric hindrance was assumed to be responsible for high IC50 values of
targeted liposomes. Each point represents mean = SEM of three
experiments. The black circle, black up-pointing triangle, black square,
and white square represent cRGD-peptide, lipid-peptide conjugate,
targeted liposomes, and cRAD-peptide, respectively
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techniques, respectively. Figure 5a shows a representative
agarose gel demonstrating mRNA expression of «v and 33
integrin subunits. Compared to normal muscle tissue, tumors
showed an elevated mRNA expression of v and 33 subunits
(Fig. 5b) (10 days post-tumor implantation). Figure Sc repre-
sents Western blot analysis of av and (33 subunits in tumor
tissue. As shown in Fig. 5d, protein levels of av and (33
subunits increased to 1.7- (p < 0.05) and 1.9- (p < 0.05) folds,
respectively. From data, it can be observed that tumor forma-
tion resulted in the upregulation of ocv33 integrin receptors.

Real-Time NIRFI

NIRFI was used for non-invasive visualization and quantita-
tion of targeted liposomal uptake in tumor xenografts.
Figure 6a, b shows NIRF images of C6 glioblastoma
xenograft-bearing mice groups administered with targeted
and plain liposome formulations. In both the groups, NIRF
images of fluorescent liposome deposition in tumor could be
observed. Compared to plain liposomes, targeted liposomes
showed significant uptake in tumors. As shown in Fig. 6c,
tumor sites exhibited peak NIRF levels, 12- and 24-h post-
administration of plain and targeted liposomes, respectively.
The intensity of NIRF image in targeted liposome adminis-
tered group was 2.8-folds (p < 0.05) higher than that of control
mice. At the end of 72 h, fluorescence levels were still detect-
able in targeted liposome group (unpublished data).
Compared to plain liposomes, targeted liposomes exhibited
significant reticuloendothelial system (RES) uptake of
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Fig. 5 RT-PCR data. a Expression of av and (33 integrin subunits in
solid tumor implanted on right plank of athymic nu/nu mice. Gel
photographs show corresponding RT-PCR-amplified integrin subunits
from tumor tissue, where lane 1 represents non-tumor plank tissue
(negative for integrin receptor subunits), and lanes 2, 3, 4, 5, and 6
represent tumor tissues from five mice, respectively. b Histograms
show densitometry analysis of av and 33 integrin subunits
amplification relative to the amount of corresponding (3-actin
amplification, expressed as percent of control where control is 100%.
Data are from pooled tumor tissues of n = 5 mice. Values are a

liposomes. The RES uptake of targeted liposomes continued
to increase till 24 h and decreased thereafter.

To further determine the presence of integrin receptors,
mice were injected with cRGD-peptide prior to injection of
targeted liposomes. At 24 h, NIRF signal emitted from tumor
was suppressed compared to that of mice administered with
targeted liposomes alone (Fig. 6DIII). cRGD-peptide in vivo
was consistent with in vitro data, i.e., cRGD-peptide compet-
ed with targeted liposomes for interacting with integrin recep-
tors. NIRF signal was not detected in skeletal muscle, which
can serve as negative control for the presence of integrin re-
ceptors. From the above data, it can be observed that targeted
DiR g liposomes detected integrin receptors expressed on sol-
id tumors.

Tumor and Blood Distribution Kinetics of Liposomes

In vivo distribution kinetic studies of targeted and plain lipo-
somes were performed in mice bearing subcutaneous C6 glio-
blastoma xenografts. Figure 7a demonstrates tumor-to-blood
(T/B) mean fluorescence intensity (MFI) ratios of targeted and
plain liposome formulations in tumor-bearing mice.
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mean + SEM of three auto-radiograms data; asterisks indicate statistical
significance at p < 0.0001 from non-tumor tissue. ¢ Total tissue
expression of av and (33 integrin subunits was determined by Western
blot method. Lane 1 represents non-tumor tissue expression of integrin
subunits, whereas lanes 2, 3, 4, 5, and 6 represent tumor tissues from five
mice, respectively. Equal amount (25 pg) of total protein was loaded onto
wells. d Relative expression of integrin subunits was determined by
densitometry analysis of stained blot. Data are from pooled tumor
tissues of 7 = 5 mice. Values are a mean + SEM of three blots data

Corroborating NIRF signal intensities, tumor tissue-extracted
DiR g concentration of targeted liposomes was maximum 24-
h post-administration. And thereafter, fluorescence decreased.
Targeted and plain liposome groups showed maximum T/B
values, 8.3-folds (p < 0.01) and 3.1-folds (p < 0.05) at 24- and
12-h post-administration of liposomes, respectively. Higher
tumor (T)-to-blood (B) ratio was due to lower blood activity
and higher deposition of targeted liposomes in tumor site. At
48 h, T/B value in mice administered with targeted liposomes
was 4.5-folds (p < 0.01). For calculation purpose, MFI of
tumor was normalized to 1 mm® and MFI of blood was nor-
malized to 15 pL (approximately, 1% of total blood volume of
mouse).

Discussion

Molecular imaging technologies (e.g., CT, MRI, and PET)
have been used for diagnosis of tumors in pre-clinical and
clinical models [10, 29-31]. Here, we applied NIRF optical
imaging for non-invasive detection of tumors and tracing of
injectable carriers. However, NIRFI suffers from limited
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Fig. 6 CD1 athymic mice were implanted with GFP (green fluorescence
protein)-transfected C6 glioma cells. GFP tumor and NIRF background
indicate image acquisition of tumor with fluoro-isothiocyanate (FITC)
(500-600 nm) and NIRF (700-800 nm) filters, before injection of a
targeted liposomes and b plain liposomes (control). Post-administration
(retro-orbital plexus injection) of 100 pL of liposomes, NIRF images
were acquired at definite time intervals, 0.08, 3, 6, 12, 24, and 48 h. All
NIRF images were acquired with a 5-s exposure time. Fluorescence signal
from DiR;g3 dye was pseudo-colored, and representative images
demonstrate tumor and organ uptake of liposomes (inset shows the
liposome injection site, lungs, diaphragm, RES (liver and spleen), and
tumor regions after administration of liposomes), ¢ quantification of
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NIRF signal (emitted from tumor site) as a function of time after
administration of targeted (black square) and plain (black circle)
liposomes in tumor-bearing mice. Mean fluorescence intensity of NIRF
signals was expressed in p/s/cm?/sr units. Data points are a mean = SEM
of samples from n = 3 mice/time point in tumor or control groups, d
blocking of integrin receptors with cRGD-peptide (unlabeled; 30 pg/kg;
retro-orbital plexus injection) prior to administration of targeted liposomes.
DI. GFP tumor illuminated with FITC, DII. NIRF background and DIII.
NIRF image acquisition 24-h post-administration of targeted liposomes.
Herein, MFI of NIRF signal (competitive binding) is 1254.8 % p/s/cm?/sr
compared to 4527.1 + 129.3 p/s/cm?/sr of plain liposomes and
17,577.3 + 258.5 p/s/em?/sr of targeted liposomes signals
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specificity and sensitivity, which are dependent on the follow-
ing: (a) density of target molecule in a disease site, (b) affinity
of targeted ligand for the receptor, (c) payload (e.g., tracer dye
or drug) of the targeted carrier, and (d) permeation character-
istics of the targeted carrier. To impart specificity and sensi-
tivity, we developed cRGD-peptide-conjugated liposomes for
targeting integrins on tumor vasculature in C6 glioblastoma
xenograft rodent model. Liposomes were surface modified
with targeting ligands and incorporated with DiR;g fluores-
cent dye. These NIRF imaging probes possess greater photon
penetration into living tissues, which may be desirable for
imaging deep-seated organs [32]. Desu HR et al. demonstrat-
ed emission of fluorescence from deep-seated tissues such as
the lungs [33]. In similar terms, non-invasive detection of
deep-seated tumors can be observed using NIRF imaging.

NIRFI station acquired an overlay of pseudo-color fluores-
cence image superimposed on gray-scale photographic image.
Since fluorescence intensity and contrast ratios of NIRF im-
ages were dependent on viewing angles and optical path
length between excitation light and imaging animal, a fixed
angle (60° mounting angle of mice) and path length were
maintained for image acquisition [34]. At 10-uM DiR ;g con-
centration (of liposome formulations), NIRFI visualized tu-
mor tissue of mice. Higher DiR;g concentration (> 50 M)
caused saturation of acquired images. The tumor-to-normal
tissue contrast ratio measured by in vivo imaging was less
than an isolated tumor tissue (exogenous tissue). Non-
invasive whole-body imaging in mice (nu/nu) resulted in fluo-
rescence attenuation (compared to imaging of isolated tumor
tissue), which could be due to loss of emission and scattering
of light occurred during transmission across the skin.

In comparison to normal tissues, tumors possess defective
vasculatures with substantial location-dependent heterogene-
ity; the net effect has lower blood flow, which impedes expo-
sure of targeted nanoparticles to tumors. On the other hand,

tumor vasculature has a discontinuous endothelium, which
can be more permeable (100- to 780-nm pore size) compared
to normal vasculature (< 6 nm in postcapillary venules; 50—
150 nm in hepatic/splenic sinusoidal endothelium) [35].
Along with mean diameter, ligand density influences targeting
properties of nano-sized carriers.

The use of design of experiments (DoE) for preparing
targeted liposomes is relatively a new analytical tool in the
field of advanced drug delivery. In contrast to the popular
method for preparation of targeted liposomes, the authors
adopted a post-incorporation method for intercalation of
targeting ligands into lipid bilayers of fluorescent liposomes.
Earlier, Saul et al. demonstrated that post-incorporation meth-
od had improved targeting efficiency of liposomes [12]. In
these experimental studies, authors utilized the same post-
incorporation method for surface modification of liposomes
with targeting ligands. Such a method involves numerous
composition and process variables for optimization of targeted
liposomes. Henceforth, the authors considered DoE as an an-
alytical approach to minimize the number of experiments to be
performed for preparing optimized targeted liposome formu-
lation. In practice, authors had conducted fewer experiments
(25 in number) that otherwise require over 150 experiments.
Authors had validated the optimum engraftment efficiency
using lower and higher (saturated concentration) ligand con-
centrations for surface modification of liposomes with
targeting ligands. Over the saturated targeting ligand concen-
tration, liposome bilayers ruptured and exhibited multimodal
distribution in size. In fact, DoE studies were performed to
optimize formulation composition that favors tumor-targeting
properties of liposomes. Optimized liposomes with 150
targeting ligands/liposome and mean diameter in the range
100-150 nm were used for targeting purpose.

Angiogenesis is an important phenomenon in proliferation
and growth of primary and secondary (metastasis) tumors [2,
36]. During angiogenesis, integrin receptors on sprouting cap-
illary vessels mediate tumor cell adhesion to vessels, and thus
play a key role in the survival of tumor cells [37]. Therefore,
integrin receptors on tumor vasculature were considered prom-
inent targets for NIRFI. Molecular studies showed upregulation
of av33 integrin receptors in tumor tissues. Mice administered
with targeted liposomes showed an intense NIRF signal, which
may be due to interaction of a large population of targeted
liposomes with upregulated integrins on tumor vasculature.

Compared to passive liposomes, targeted liposomes were
deposited in tumor areas to a greater degree. Tumors and
reticulo-endothelial system have constitutive expression of
«3v integrin receptors [6, 38, 39]. And thereby, tumor and
RES-expressed integrins could have triggered adherence of
cRGD-peptide-anchored nano-sized liposomes to the RES ar-
ea. This phenomenon might have prompted deposition of
targeted liposomes in tumor xenografts and the RES region.
In contrast to plain liposomes (3-h post-administration), an
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immediate uptake of targeted liposomes (0.08-h post-admin-
istration) in tumors was observed. Intensity of NIRF signal in
targeted liposome group continued to increase till 24 h and
decreased thereafter. Besides fluorescence intensity, the area
of NIRF signal in targeted liposome group was larger than that
in plain liposome group. The difference could be accounted
for the interaction of a large population of targeted DiR g
liposomes with integrin receptors. In vitro receptor-binding
studies and in vivo integrin receptor-blocking studies showed
significant interaction of targeted liposomes with av[33
integrins. In addition, enhanced permeation retention (EPR)
of liposomes in tumor vasculature was assumed to contribute
to liposome localization in tumors. Corroborating NIRF im-
age signals, tissue-extracted DiR;g concentration (i.e., T/B
value) of targeted liposomes in tumor tissue was significantly
(p < 0.01) higher. Plain liposomes also exhibited localization
in tumor tissue, which could be due to EPR effect of leaky
tumor vasculature, i.e., passive influx of nanoliposomes
(< 120 nm) in tumor tissue.

Clearance of liposomes is dependent on various factors, such
as formulation composition, size, targeted receptor, targeting
ligand, targeted organ, receptor-ligand interactions, and species.
Here, differences in PK profiles (MFI kinetics) could be due to
receptors on tissues (including tumor tissues) and their interac-
tions with targeting ligands. Receptor-mediated uptake of
ligands/targeted carriers could have facilitated rapid influx of
targeted carriers. This receptor-mediated uptake of targeted car-
riers was assumed for fast blood clearance into tissues. In con-
trast, passive carriers undergo slower blood clearance into tis-
sues through intercellular channels. And, tissue clearance of
liposomes is largely dependent on receptor-ligand interactions
and tissue vasculature properties. Integrin-RGD peptide inter-
actions and EPR effect might have slowed down clearance of
targeted liposomes from tumors. The abovementioned two
events could be the causative factors for slower tissue clearance
and significant tumor deposition of targeted liposomes. In con-
trast, these could also be the reasons for faster tumor clearance
and lower tumor deposition of passive liposomes.

Elimination of liposomes can be explained by two clear-
ance processes, one is the degradation of liposomes in blood
and the other is uptake by RES, especially the liver.
Degradation process can be approximated by the first-order
degradation rate constant which is suggested to be governed
by the affinity of liposomes to complement activation factors.
Again, the affinity of liposomes to complement activation
factors could be influenced by size of liposomes. It has been
shown that the percentage of liposomes recognized by com-
plement activation factors was lower in the small liposomes
(£ 0.2 um) [38-40]. In our studies, we used liposomes less
than 0.2 pum in size. Therefore, size-dependent degradation of
liposomes can be minimal so forth. And, size-dependent dif-
ferences in liposome recognition can be attributed to different
curvatures. It has been recognized that the lipid bilayer
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composition of liposomes (e.g., lipids, cholesterol,
PEGylated lipids) could alter degradation of liposomes in
blood [40]. Liposomes with composition HSPC/CHOL/
DSPE-PEG2000 were used in vivo. PEGylated lipids could
impart stealth factor to liposomes. This stealthness could have
protected liposomes from degradation due to complement ac-
tivation factors. On the other hand, RES uptake was observed
with surface-modified liposomes. Compared to passive lipo-
somes, surface-modified liposomes (or RGD-peptide-
conjugated liposomes) exhibited significant RES uptake.
Probably, an integrin receptor-positive liver could be a causa-
tive factor for RES uptake of targeted liposomes rather than a
complement activation-triggered elimination mechanism.

Advantages of NIRFI probe are cost-effective, biodegradable,
and safe. Preparation of targeted liposomes involved intercalation
of targeting ligands into lipid bilayers of liposomes by post-
incorporation method. With this method, density of targeting
ligands can be modulated to improve targeting efficiency.
Fluorescent dye concentration can be changed without altering
ligand density of liposomes to improve sensitivity of the NIRF
method. Also, targeted fluorescent liposomes can be utilized for
delivery of encapsulated or entrapped drug moieties to tumor
sites. On the other side, liposomes have the tendency to undergo
RES uptake due to their particulate nature. Disposition kinetics of
fluorescent liposomes can be determined by disposition of lipo-
somes themselves rather than fluorescent dye.

Compared to CT, MRI, and PET, acquisition of images
through near-infrared fluorescence method is a complex pro-
cedure. Due to diffusion of fluorescence in visible light, image
acquisition requires dark backgrounds. Also, it requires image
reconstruction with sophisticated image-processing algo-
rithms that create images, akin to tomographic images.
Rasmussen et al. successfully utilized NIRFI for rapid and
economical assessment of lymphatic contribution to edema
that was associated with venous disease in humans [41].
This study has demonstrated reduction of fluorescence diffu-
sion using indocyanine green (ICG) and Food and Drug
Administration (FDA)- and Institutional Review Board
(IRB)-approved use of indocyanine green (ICG) for lymphatic
imaging of human subjects. In near future, it could be possible
that NIRFI could be utilized for non-invasive detection and
imaging of tumors and tumor vasculature in humans.

Conclusion

Targeted fluorescent liposomes were evaluated for imaging of
solid tumors. In vitro, receptor-binding studies demonstrated
binding of cRGD-peptide domain of targeted liposomes to
integrin receptors. Rapid uptake and prolonged retention of
targeted liposomes in tumor tissue were observed. The strong
NIRF signal from tumors was assumed due to interaction be-
tween avf33 integrin receptors and cRGD-peptide of targeted
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liposomes. From the studies, it can be inferred that non-invasive
localization of tumors and tracing of liposome carriers were
possible using receptor targeting and NIRFI approaches.
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