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A B S T R A C T

Indocyanine green (ICG) is an FDA-approved, strongly photo-absorbent/fluorescent probe that has been
incorporated into a clinically-relevant PEGylated liposome as a flexible optoacoustic contrast agent
platform. This study describes the engineering of targeted PEGylated liposome-ICG using the anti-MUC-
1 “humanized”monoclonal antibody (MoAb) hCTM01 as a tumour-specific theranostic system.We aimed
to visualise non-invasively the tumour accumulation of these MoAb-targeted liposomes over time in
tumour-bearing mice using multispectral optoacoustic tomography (MSOT). Preferential accumulation
of targeted PEGylated liposome-ICG was studied after intravenous administration in comparison to non-
targeted PEGylated liposome-ICG using both fast growing (4T1) and slow growing (HT-29) MUC-
1 positive tumour models. Monitoring liposomal ICG in the tumour showed that both targeted and non-
targeted liposome-ICG formulations preferentially accumulated into the tumour models studied. Rapid
accumulation was observed for targeted liposomes at early time points mainly in the periphery of the
tumour volume suggesting binding to available MUC-1 receptors. In contrast, non-targeted PEGylated
liposomes showed accumulation at the centre of the tumour at later time points. In an attempt to take
this a step further, we successfully encapsulated the anticancer drug, doxorubicin (DOX) into both
targeted and non-targeted PEGylated liposome-ICG. The engineering of DOX-loaded targeted ICG
liposome systems present a novel platform for combined tumour-specific therapy and diagnosis. This can
open new possibilities in the design of advanced image-guided cancer therapeutics.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the original description of phospholipid self-assembly
into closed bilayer vesicles in aqueousmedia (Bangham andHorne,
1964) liposomes have received significant attention as drug
delivery systems and made considerable contributions in various
fields including clinical medicine (Al-Jamal and Kostarelos, 2011).
Their versatility to cargo either hydrophilic (entrapped in the inner
aqueous core) or hydrophobic (incorporated within the lipid
bilayer) entities, combined with tuneable size and surface

properties have proven clinically useful (Al-Jamal et al., 2011;
Sawant and Torchilin, 2010; Schwendener and Schott, 2010).

Liposomes have been engineered to circulate longer in the
bloodstream and evade capture by the reticuloendothelial system,
typically using polyethylene glycol (PEG) grafting on their outer
surface (Gabizon et al., 1994). These surface-modified nanoscale
vesicles have been applied to transport anti-neoplastic small
molecules, such as doxorubicin (DOXIL1) and have been clinically
used against various cancer indications (Barenholz, 2012; Eitan
et al., 2014; Gabizon et al., 2012; Minisini et al., 2008; Tejada-
Berges et al., 2002). PEGylated nanoparticles in general, including
liposomes, have been described to preferentially accumulate
within the interstitium of tissues with a leaky vascular bed
through the enhanced permeation and retention (EPR) effect (Fang
et al., 2011; Iyer et al., 2006; Maeda, 2012; Maeda et al., 2013).
However, the accumulation of liposomes into the tumour is a
highly heterogeneous process that varies between tumour models
and consequently among patients (Jain and Stylianopoulos, 2010).
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In addition, the clinical potential of the EPR effect is not yet
conclusive (Prabhakar et al., 2013), therefore, the development of
image-guided drug delivery systems would be highly advanta-
geous in order to determine spatially and temporally the optimum
distribution of the liposomes into the pathological sites for both
diagnostic and theranostic purposes.

Active targeting of liposomes, engineered with targeting
ligands that bind specifically to overexpressed receptors at target
diseased sites and cell populations, has also been a promising
strategy to improve liposomal drug delivery (Allen, 2002; Kirpotin
et al., 2006; Torchilin, 2008). PEGylated liposomes are more
difficult to internalise within tumour cells in vitro and in vivo
(Gabizon et al., 2010) and active targeting can be employed to
achieve not only target cell recognition, but also specific binding
and cellular uptake resulting in increased therapeutic potential
(Mamot et al., 2005; Park et al., 2001). Targeted liposome
internalisation within tumour cells may also lead to better drug
bioavailability, especially for drugs acting against intracellular
targets (Sapra and Allen, 2002). Kirpotin et al. showed that anti-
HER2 targeted liposomes have improved intra-tumoural micro-
distribution and cellular localisation compared to non-targeted
anti-HER2 liposomes. A significant portion of HER2-targeted
liposomes was observed within cancer cells, whereas, non-
targeted liposomes were mainly found in stromal cells (Kirpotin
et al., 2006). Similarly, transferrin-targeted oxaliplatin liposomes
showed significant tumour growth control in comparison to non-
targeted liposomes as a result of intracellular drug transport into
the cytoplasm of colon 26 tumour cells by transferrin receptor-
mediated internalisation (Suzuki et al., 2008).

Using recent advances in instrumentation, image reconstruc-
tion and spectral unmixing techniques, multispectral optoacoustic
tomography (MSOT) is emerging as a potent modality for
visualisation in nanomedicine (Ntziachristos and Razansky,
2010). Using spectral differentiation, MSOT can enable sensing
of optical contrast signals in the absence of baselinemeasurements
at high resolution. This is a unique combination of imaging features
not available to other modalities that is ideally suited for sensing
optical contrast in three dimensions. IntrinsicMSOT tissue contrast
is attributed primarily to haemoglobin, melanin, water and lipids.
Contrast enhancement can be achieved by metallic nanoparticles
(most notably gold) and organic chromophores or fluorochromes.
Organic fluorochromes, while preferred for labelling in preclinical
and clinical optical imaging, are often not ideal as they typically
lose their light absorbing properties following light exposure. We
have recently developed a powerful in vivoMSOTcontrast agent by
incorporating the strong photo-absorbing probe indocyanine
green (ICG) into PEGylated liposomes (Beziere et al., 2015),
demonstrating enhanced optoacoustic imaging characteristics
compared to gold nanorods (Bao et al., 2013; Herzog et al.,
2012; Lozano et al., 2012) for the same number of nanoparticles
injected.

Liposome systems labelled with ICG have been considered
previously as fluorescent agents for subcutaneous or intradermal
administration in the footpad region of healthy animals, mainly
intended for lymph-node imaging using the IVIS or Maestro
systems (Jeong et al., 2013; Proulx et al., 2010; Zhuang et al., 2012).
However, none of those systems was designed with the intention
for intravenous administration and systemic targeting and
visualisation of tumours. Fluorescence imaging can be used for
whole-body tracking of nanoparticle localisation, while MSOT
imaging aims to visualise nanoparticles deeper within the tissue at
high resolution and quantitatively, the latter not allowed by planar
epi-illumination imaging.

The goal of the present study was to re-engineer the clinically-
used PEGylated liposomes (the basis of the intravenous drug
DOXIL1) by incorporating both optoacoustic imaging functionality

(using ICG) and a therapeutic agent (using the anticancer drug
doxorubicin (DOX)). In addition, in order to improve the specificity
of this system and tumour micro-distribution, surface conjugation
of the “humanised” monoclonal antibody hCTM01 was performed
to achieve tumour active targeting. hCTM01 is a high purity,
clinical grade antibody that has been tested in human trials and has
been proven very stable over long-term storage. hCTM01 Ab has
been clinically evaluated by studying its biodistribution and
therapeutic activity (Davies et al., 1997; Prinssen et al., 1998). In
addition, hCTM01 antibody has shown great potential for the
delivery of anticancer drugs and reduction of systemic toxicity due
to its cellular internalising capacity, as in the case of the clinically
tested hCTM01-calicheamicin immunoconjugate (Chan et al.,
2003; Gillespie et al., 2000; Hinman et al., 1993).

The aim of the liposome systems engineered in this study was
to build a biocompatible and biodegradable multi-functional
vesicular platform, consisting of molecular components with
clinically established toxicity profiles studied by in vivo MSOT
imaging. The MoAb-targeted, PEGylated ICG liposomes were
imaged using MSOT for non-invasive and longitudinal imaging
of their distribution within the MUC-1 positive tumour models.

2. Materials and methods

2.1. Materials

L-a-Phosphatidylcholine, hydrogenated (HSPC) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG2000) were kind gifts from Lipoid
GmbH (Ludwigshafen, Germany). Cholesterol (Chol) and doxoru-
bicin hydrochloride (DOX) were purchased from Sigma–Aldrich
(UK). Indocyanine green (ICG) was obtained from Pulsion Medical
Systems (Germany). Chloroform and methanol were purchased
from Fisher Scientific (UK) and used as received. hCTM01; anti
MUC-1 IgG mAb (150 kDa, Lot: 28735SC) was a kind gift from UCB
(UK). McCoy’s 5A (Modified) medium, Advanced RPMI 1640
(Roswell Park Memorial Institute) and L-glutamine (200mM)
were from Gibco Life Technologies (UK).

2.2. Culture of cancerous cell lines HT-29 and 4T1

4T1, murine breast cancer cells, and HT-29, human colon
adenocarcinoma cells were grown in advanced RPMI 1640 and
McCoy’s 5A (modified) medium, respectively, supplemented with
10% FBS and 1% penicillin/streptomycin. Cells were cultured in
75 cm2 sterile tissue cultureflask (TPP, Switzerland) at 37 �C and 5%
CO2 level. Cells were passaged twice a week using trypsin-EDTA
(Ca2+ and Mg2+ free) (Gibco) when reaching 80% confluency.

2.3. Cellular binding of anti-MUC-1 Ab

4T1 and HT-29 cancer cell line were selected after evaluation of
their expression to MUC-1 antigen. 4T1 and HT-29 were grown on
glass cover slip over night to reach confluency in 24 tissue culture
well plate (corning USA) at 25,000 and 40,000 cells per well,
respectively. Cells were then incubated with anti-MUC-1 antibody
at 1mg/ml and 5mg/ml for 3h at 37 �C. At the end of 3h incubation
cells were washed with PBS and fixed with PFA 4% (Thermo-
scientific, UK) for 10–15min at room temperature. Cells were then
washed with PBS and permeabilised with 0.5% triton X-100 for
10min and incubated with blocking solution composed of 4% goat
serum and 3% BSA in PBS for 30min. At the end of incubation cell
were washed and incubated with anti-human Cy3-labelled
secondary antibody at 1:220 dilution in blocking solution (2h at
room temperature protected from light). After 2h, Cy3-labelled
antibody was removed and cells were mounted using 3ml
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Vectashiled mounting medium with DAPI H-1200 (Vector Labora-
tories). Cells were then imaged using confocal laser scanning
microscopy (CLSM) Zeiss LSM 710 (Obserkochen, Germany) at
405nm and 514nm laser excitation source, 410–585nm output
filter, and EC Plan-Apochromat 40x/1.3 oil to detect DAPI and
Cy3 fluorescence signals, respectively.

2.4. Preparation of liposomes

PEGylated liposome-ICG vesicles were prepared using the lipid
film hydration method followed by freeze-fracture cycles and
extrusion, as previously described (Beziere et al., 2015). Briefly,
HSPC/Chol/DSPE-PEG2000 (56.3:38.2:5.5) were dissolved in chlo-
roform/methanol (4:1, v/v), and the organic solvents were
evaporated under pressure using a rotary evaporator. The resulting
thin lipid filmwas hydrated in 5% dextrose solution containing ICG.
The dispersion was freeze-thawed in six cycles and then extruded.
The unbound ICGwas removed by using a de-salt spin column. The
lipid concentration was determined by Stewart assay. The ICG
content within the liposomes was measured by UV–vis spectro-
photometer at 780nm by dissolving the liposomes in DMSO and
compared with the standard curve of ICG alone. For the PEGylated
liposome-ICG-DOX, the DOX encapsulation was performed at the
hydration step at the same time as the ICG in 5% dextrose and the
unbound DOX was also removed by using the de-salt spin column.
1:20 DOX:total lipid mass ratio was used, and 5% was the
encapsulation efficiency.

2.5. Dynamic light scattering (DLS) and z-potential

Hydrodynamic diameter (Ø) and electrophoretic mobility (m)
were measured at 25�0.1 �C by a Malvern Zetasizer unit, Nano ZS
series HT. The hydrodynamic diameter is based on dynamic light
scattering (DLS) technique in back scattering mode, at 173� and
l =632.8 nm. For m measurements the same dispersions were
placed into U-shaped cuvettes, equipped with gold electrodes. The
z-potential is related to the m by Henry’s equation valid in the
Smoluchowski approximation, when the screening length is much
smaller than the particle radius.

2.6. UV–vis spectroscopy

The absorbance measurements were performed in a Varian
Cary winUV 50 Bio spectrophotometer (USA). The optical density
(OD) corresponds to the absorbance values by the diluted factor.

2.7. Conjugation of hCTM01 antibody to PEGylated liposome-ICG with
and without DOX

hCTM01 anti-MUC-1 antibody was first thiolated as previously
described (Al-Ahmady et al., 2014) by mixing with Traut’s reagent
at Ab:Traut’s reagent molar ratio of 1:20 for 1h at room
temperature with continuous stirring at concentration of 10mg
Ab/ml buffer, pH 8.0 (25mM HEPES, 140mM NaCl, 3mM EDTA).
Unreacted Traut’s reagent was removed using Sephadex
G50 column equilibrated with deoxygenated HBS (pH 7.4). The
coupling reaction was run by mixing thiolated Ab with mal-DSPE-
PEG2000 micelles at 1:10 molar ratio in HBS (pH 7.4) overnight at
room temperature. All above reactions were performed at oxygen
free conditions. At the end of the reaction, any uncoupled mal-
DSPE-PEG2000 groups were blocked bymixing with cysteine HCl to
a final concentration of 1mM for 30min (Loomis et al., 2010). Ab
micelles were then concentrated by centrifugation using Viva spin
6 columns (Sartorius, fisher) at 9000 rpm for 10–12min. Mal-
DSPE-PEG2000-Ab micelles were then post inserted into preformed
PEGylated liposome-ICG with and without DOX at Ab:lipids molar

ratios (1:500) by 1h incubation at 60 �C. Targeted PEGylated
liposome-ICG then separated from non-incorporated mal-DSPE-
PEG2000-Ab micelles by using Sepharose CL-4B column in HBS (pH
7.4). In order to allow for direct comparison, PEGylated liposome-
ICG and targeted PEGylated liposome-ICG liposomes with and
without DOX were prepared following the same steps, except for
the post-insertion process where HBS (pH 7.4) was used instead of
mal-PEG2000 Abmicelles. Post-insertion efficiencywas determined
by collecting elution fractions (1ml each) and analysed spectro-
photometrically for the presence of Ab (BCA protein assay, at
562nm) (Yang et al., 2007) and liposomes (Stewart assay at
485nm), using Cary 50 bio spectrophotometer (Agilent Technolo-
gies).

2.8. Animal models for optoacoustic imaging experiments

All procedures involving animal experiments were approved by
the Government of Upper Bavaria (ref. 55.2.1.54-2632-102-11).
Two xenographted tumour models were employed one represen-
tative of a slow growing tumour, using HT-29 human adenocarci-
noma cells and one representing rapid growth based on
4T1 murine breast cancer cells. 8 weeks old adult female Athymic
Nude-Foxn1 mice (Harlan, Germany) were inoculated subcutane-
ously in the middle of the back in the region of the upper pelvis
with cell suspensions (either 0.8�106 4T1 (CRL-2539) cells or
1.5�106 HT-29 (ATCC-HTB-38) cells) in 50ml PBS. Animals were
imaged only after tumours reached a size of approximately 8mm
diameter.

2.9. Multi-spectral optoacoustic tomography

All optoacoustic measurements were performed in a real-time
whole-bodymouse imagingMSOTsystem. An earlier version of the
system was described previously (Buehler et al., 2010). Briefly,
optical excitationwas provided by a Q-switched Nd:YAG laser with
a pulse duration of around 10ns and a repetition rate of 10Hz and a
tuneable range of 680–900nm. Light was homogeneously deliv-
ered to the sample using a fibre bundle split into 10 output arms.
The emitted ultrasound signal was detected using a 64 element
transducer array cylindrically focused and having a central
frequency of 5MHz, allowing acquisition of transverse plane
images. The fibre bundle and transducer arraywere stationary, and
the sample could be moved to acquire different imaging planes
using a moving stage. Measurements took place in a temperature
controlled water bath at 34 �C for acoustic coupling, and the
samples were kept dry using a thin clear polyethylene membrane
attached to the sample holder. We note that more recent versions
of this system utilise 256 element arrays and up to 270� mouse
coverage, however this system was not available during the
original phase of the studies herein.

Animal imaging was performed under anaesthesia using 1.8%
isoflurane in oxygen. Data were acquired along the animal,
typically acquiring cross-sectional images at one position in the
liver region, one position in the kidney region, and throughout the
tumour when applicable using 1mm steps. For animal imaging,
20 averages were acquired per wavelength at 680, 710, 740, 770,
800, 830, 860 and 900nm. Images were acquired before liposomal
injection and after intravascular tail-vein injection of 200ml of
liposomes. Post-injection images were acquired at different time
points at 5min, 4 h and 24h. We note that measurements acquired
before liposomal injection were not used as baseline measure-
ments but as control measurements, to examine possible cross-
talk of the spectral unmixing method employed to indicate
presence of liposomes.
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3. Results and discussion

The expression of MUC-1 antigen in 4T1 murine breast and HT-
29 human colon cell lines was validated by testing the binding
capacity of hCTM01 anti-MUC-1 Ab alone after 3h incubation at
37 �C using 1mg/ml and 5mg/ml Ab concentration. Immuno-
staining with Cy3-labelled secondary antibody and visualisation
with confocal microscopy (Fig. 1) was used to examine hCTM01 Ab
binding affinity and internalisation into 4T1 and HT-29 cells.
Both 4T1 and HT-29 proved to have positive expression of
MUC-1 antigen indication by the clear binding and internalisation
of hCTM01 Ab. However, anti-MUC1 antigen expression was
different between the two cell-lines. This can be seen from the
higher binding affinity of HT-29 cells to hCTM01 Ab compared to
4T1 cells.

PEGylated liposome-ICG formulation was prepared using the
lipid film hydration method followed by freeze-fracture cycles and
extrusion, protocol previously described (Beziere et al., 2015). To
engineer the targeted PEGylated liposome-ICG, we followed the
previously reported post-insertion method that is based on the
translocation of DSPE-PEG2000-Ab micellar lipids into pre-formed
liposomal bilayers(Moreira et al., 2002). Briefly, hCTM01 was first
conjugated to DSPE-PEG2000-Malemide micelles followed by post-
insertion into the pre-formed PEGylated liposome-ICG (Fig. 2A). In

this way, the Ab ligand will be presented at the outer surface of the
liposomes and maintain its binding capacity (Sofou and Sgouros,
2008). The quantification of the monoclonal antibody
hCTM01 conjugated to the liposomes was assessed by using the
BCA assay combined to the Stewart assay for the lipid quantifica-
tion at different eluted fractions after purification in Sepharose
CL-4B (Fig. 2B). The amount of Ab conjugationwas found to be 14%
of the monoclonal antibody used (150mg) in the eluted fractions
4–6 which contain 92% of the liposomes.

To elucidate the optical properties of the novel targeted
liposome-ICG engineered, the optical density (OD) overtime was
studied (Fig. 2C). The optical signal intensity at 810nm performed
over 5 days remained almost constant for both targeted and non-
targeted liposomes. In order to exclude any possible effect of post-
insertion process on the optical stability of the systems, non-
targeted PEGylated liposome-ICG was included as a control. To
allow direct comparison, both targeted and non-targeted PEGy-
lated liposome-ICG were prepared following the same steps,
except for the post-insertion process where HBS (pH 7.4) was used
instead of mal-PEG2000 Ab micelles.

The characterisation of PEGylated liposome-ICG before post-
insertion and after post-insertion process for both targeted and
non-targeted systems were assessed by measuring the lipid
concentration using the Stewart assay and ICG quantification by

[(Fig._1)TD$FIG]

Fig. 1. Confocal images of 4T1 murine breast cell line and HT-29 colon adenocarcinoma cell line (MUC1 +) after 3h incubationwith (A) Ab free cell culture medium, (B) 1mg/
ml and (C) 5mg/ml of hCTM01Ab. After incubationwith hCTM01Ab cellswerewashed and stainedwith Cy3-labelled secondary antibody and imagedwith CLSM. Red channel
represents Cy3-labelled secondary antibody. Co-localization with DAPI stain (blue channel) of the nucleus is shown in the overlay images. Scale bar is 20mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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UV at 780nm wavelength after breaking the liposomes with
DMSO. In addition, the amount of antibody conjugation was also
quantified with BCA assay and hydrodynamic diameter (Ø),
polydispersity index (PdI) and z-potential were measure using
theMalvern Zetasizer instrument (Fig. 2D). Both targeted and non-
targeted PEGylated liposome-ICG contained almost the same
amount of ICG after post-insertion so the conjugation of
hCTM01 Ab did not affect the ICG incorporation into the liposomes.
The hydrodynamic diameter increased from 110 to 130nm for both
systems after post-insertion but still within the suitable range to
be intravenous administration for evaluation with MSOT imaging.
The z-potential became slightly more negative for both post-
inserted liposomes in agreement with other previous studies
(Chen, 2011; Yang et al., 2012).

To evaluate the tumour distribution of the targeted and non-
targeted PEGylated liposome-ICG in HT-29 human colon adeno-
carcinoma (slow growth) and 4T1 murine breast tumour (fast
growth), in vivo MSOT imaging was used (Fig. 3). For the pre-
injection images, the cross-sectional anatomical images through
the mouse at the tumour area were acquired at 800nm as an
anatomical guidance. MSOT images obtained from the 4T1 and HT-
29 animal models after intravenous injection of both liposomes
were shown in colour superimposed on anatomical cross-sectional
images of the mouse obtained at 800nm and plotted in grey scale.
The presence of liposome-ICG on the MSOT images is identified
based on its absorption spectrum after spectral unmixing of MSOT
images obtained at multiple wavelengths as explained in the
methods. Both liposomes provided an intense signal congruent
with vascular structures identified on the anatomical imagewithin
the first minutes after injection. This is consistent with the
previously reported pharmacokinetic profile of PEGylated

liposomes (Al-Jamal et al., 2012) and indicated that both liposomes
at the early time points post-administration remained confined
within the vascular system and did not localisewithin other tissues
or deoxygenated regions of limited blood supply. Preferential
accumulation was observed for the 4T1 tumour model, known for
its faster growth compare to HT-29, regardless the presence of the
antibody. However, the targeted liposomes accumulated faster at
early time points. The non-targeted PEGylated liposomes accumu-
lated in the centre of the tumour at later time points while a more
diffuse tissue distribution in the periphery of the tumour and
decrease of visible signal in the vasculature was observed for
targeted liposomes. These observations indicated the potential of
liposome-ICG in combination with MSOT live-imaging to provide
non-invasively a better understanding of liposomal cancer
treatment efficacy. We would also like to emphasize here on the
effective role of hCTM01 antibody to improve the microdistribu-
tion of liposomes after accumulation into the tumour compared to
non-targeted liposomes.

Taking this a step further, we encapsulated the anticancer drug,
doxorubicin (DOX) into both targeted and non-targeted PEGylated
liposome-ICG in order to combine both therapy and diagnosis. As
described earlier in the Method section, DOX was encapsulated in
the hydration step at the same time of ICG incorporation. Fig. 4A
showed the post-insertion scheme of the PEGylated liposome-ICG-
DOX with the DSPE-PEG2000-Ma-hCTM01 micelles. DOX encapsu-
lation into both targeted and non-targeted liposome-ICG did not
affect hCTM01 Ab conjugation to liposomes. The amount of
monoclonal antibody hCTM01 conjugation was 11.6%, practically
similar to what observed from the liposomes without DOX
(Fig. 4B). The optical density of non-targeted PEGylated lipo-
some-ICG encapsulated with DOX was higher than the targeted

[(Fig._2)TD$FIG]

Fig. 2. Engineering of DSPE-PEG2000-maleimide-hCTM01 incorporation onto PEGylated liposome-ICG. (A) Schematic depiction of the post-insertion of the monoclonal
antibody hCTM01-conjugated to DSPE-PEG2000-Maleimide micelles into the preformed PEGylated liposome-ICG in 5% dextrose. (B) Percentage of lipid recovery by using
Stewart assay (circles) and percentage of antibody hCTM01 recovery by using the BCA assay (squares) for the 18 fractions of 1ml eluted after Sepharose CL-4B purification. (C)
Optical density (OD) at 810 nm for the targeted (solid line) and non-targeted (dashed line) PEGylated liposome-ICG. (D) Summary of the physico-chemical characterization of
the targeted and non-targeted PEGylated liposome-ICG before and after post-insertion.
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systemwith the drug (Fig. 4C). This difference in the optical density
between targeted and targeted systems was not observed for the
liposomes without DOX. In spite of this difference, the optical
density remained constant for both systems over the time tested
(5 days). In general, a noticeable increase in the size of PEGylated
liposome-ICG was observed with DOX encapsulation compared to
empty ones. (Fig. 4D). Similar to liposomes without DOX a slight
increase in size was also observed after post insertion process for
both targeted and non-targeted PEGylated liposome-ICG-DOX.
Similar to systems studied without drug, slightly–ve z-potential
was detected after DOX encapsulation. Intra-tumoural distribution
of targeted DOX loaded PEGylated liposome-ICG was then
evaluated in 4T1 murine breast tumour bearing mice in vivo using
MSOT live imaging (Fig. 4E). 4T1 tumour model was selected for
this study as it showed higher tumour accumulation of liposome-
ICG compared to HT-29 tumour model. MSOT images showed
similar tumoural distribution of DOX-loaded targeted PEGylated
liposome-ICG into 4T1 tumour model compared to those without
DOX. As early as 5min after intravenous injection ICG signal was
able to be detected in the vasculature of the tumour. However, after
prolonged time points (4 h and 24h), a reduction in ICG signal in
the vasculature was observed with higher localised homogenous
tumour accumulation.

Significant progress has been made in the area of both passive
and active drug targeting to tumours both at the preclinical and at
the clinical level. Although such technologies have improved the
understanding of the pathological and physiological principles of
drug targeting to tumours, it has also identified several important
pitfalls in this area (Lammers, 2012). Among those is the
inadequate exploitation of non-invasive imaging techniques that
could allow personalisedmedical treatment. An important issue in
the field of tumour drug targeting that has been underestimated is
that tumour animal models used in pre-clinical studies may not

represent adequately the clinical situation. This discrepancy
between the pre-clinical and clinical situation is due to many
factors, among them the difference in tumour growth rate,
vascularity and different immune responses between animal
models and humans. Therefore, combining diagnosis with therapy
through theranostics drug design is thought to offer more valuable
information for prediction and measurement of therapeutic
responses that could facilitate their translation to the clinic
(Lammers, 2012). Liposomal drug delivery systems are highly
suitable for this purpose as they offer a modular platform, able to
be adapted in afacile manner and incorporate imaging (Lozano
et al., 2012) and therapeutic agents (Tejada-Berges et al., 2002).

Indeed image-guided delivery systems have been proved to be
highly effective in the evaluation of tissue distribution and efficacy
in tumour-specific drug delivery. Examples of that are Indium-
111 radiolabelled PEGylated liposomes (Harrington et al., 2000)
and MR image-guided thermosensitive liposomes co-encapsulat-
ing [Gd(HPDO3A)(H2O)] and doxorubicin (de Smet et al., 2013).
Similarly, we have shown previously that ICG-labelled PEGylated
liposomes in combinationwithMSOTcan allow for highly effective
non-invasive optical imaging, able to monitor liposomal tumour
accumulationmore accurately (Beziere et al., 2015). To improve the
binding specificity and add a therapeutic functionality to this
system, an active targeting moiety (hCTM01 Ab) and an anticancer
drug (DOX) were incorporated into PEGylated liposome-ICG
vesicles.

Targeted liposomes were shown to be effective in increasing
cellular uptake, cytotoxicity and improve the intra-tumoural
liposomal distribution even if the overall accumulation did not
increase (Kirpotin et al., 2006; Lopes de Menezes et al., 1998;
Lukyanov et al., 2004). In agreement with these studies, targeted
PEGylated liposome-ICG vesicles developed in this work showed
homogenous tumour distribution in the tumourmass compared to

[(Fig._3)TD$FIG]

Fig. 3. In vivoMSOT imaging for HT-29 human colon and 4T1murine breast tumourmodels after intravenous injection of the non-targeted and targeted PEGylated liposome-
ICG. Liposome signal (hot scale) overlayed on single wavelength illumination images (800nm, grey scale).
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non-targeted vesicles that was not affected by DOX encapsulation.
Similar to other ex vivo liposomal tumour accumulation quantifi-
cation techniques (Al-Jamal et al., 2012), ICG-labelled liposomes
with and without Ab coupled with MSOT imaging allowed both
immediate and long-term detection of liposomes in the tumour. In
addition, the differences in tumour mass accumulation and spatial
distribution between targeted and non-targeted PEGylated lipo-
some-ICG vesicles were observed between the two tumour
models. MSOT imaging was able to reveal that such differences
were mainly determined by the variability in growth rates and
vascularisation among these tumour models. MoAb-targeting of

liposomes was not able to enhance significantly the accumulation
within the HT-29 tumours that were not vascularised enough.
However, in the case of the highly vascular 4T-1 model, more rapid
accumulation was observed with the targeted systems. Encourag-
ingly, remote-loading of DOX within such liposomes is feasible,
albeit the low concentration of therapeutic agent encapsulated.
Further work is under development in our laboratories to increase
this to therapeutic doses.

The advantage of the vesicle system proposed in this study is
the combination of non-invasive, high-resolution optoacoustic
imaging (via the ICG component) and specific receptor-targeting

[(Fig._4)TD$FIG]

Fig. 4. Engineering, characterisation and MSOT imaging of monoclonal antibody (hCTM01)targeted PEGylated liposome-ICG-DOX vesicles. (A) Schematic depiction of the
post-insertion of the monoclonal antibody hCTM01-conjugated to DSPE-PEG2000-Maleimide micelles into the preformed PEGylated liposome-ICG-DOX in 5% dextrose. (B)
Percentage of lipid recovery by using Stewart assay (circles) and percentage of antibody hCTM01 recovery by using the BCA assay (squares) for the 18 fractions of 1ml eluted
after Sepharose CL-4B purification. (C) Optical density (OD) at 800 nm for the targeted (solid line) and non-targeted (dashed line) PEGylated liposome-ICG-DOX. (D) Summary
of the physico-chemical characterization of the targeted and non-targeted PEGylated liposome-ICG-DOX before and after post-insertion. (E) In vivo MSOT imaging for
4T1 murine breast tumour model after intravenous injection of targeted PEGylated liposome-ICG-DOX. Liposome signal (hot scale) overlayed on single wavelength
illumination images (800nm, grey scale).

8 N. Lozano et al. / International Journal of Pharmaceutics 482 (2015) 2–10



(via the hCTM01 surface conjugation) functionalities that are
considered highly advantageous for both pre-clinical and clinical
studies. In addition, the biocompatibility of both targeted and non-
targeted PEGylated liposome-ICG systems and their long-term
optical stability can facilitate their clinical translation. Systems like
the ones described here, could certainly offer great advantage in
the clinical setting to help identify which tumours are suitable for
passive or active drug targeting and thereby predict which patients
will be more likely to respond or not to treatment. In addition they
could allow non-invasive follow-up after treatment by measure-
ment of tumour volumes.

In conclusion, this study demonstrated the successful engi-
neering of a monoclonal antibody-targeted PEGylated liposome-
ICG system containing doxorubicin as a potential theranostic
anticancer drug delivery system. Using this system in combination
with MSOT imaging allowed the non-invasive monitoring in real-
time of the vesicle tumour accumulation. Combination of
technologies in this manner can open new insights into
personalised therapeutics using image-guided theranostics.
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