Biomaterials 37 (2015) 415—424

Contents lists available at ScienceDirect - :
| Biomaterials

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

Dynamic imaging of PEGylated indocyanine green (ICG) liposomes
within the tumor microenvironment using multi-spectral
optoacoustic tomography (MSOT)

@ CrossMark

Nicolas Beziere * ', Neus Lozano ™, Antonio Nunes ?, Juan Salichs ¢, Daniel Queiros ¢,
*kk g . . *
Kostas Kostarelos ™ ¢, Vasilis Ntziachristos

2 Institute for Biological and Medical Imaging (IBMI), Technische Universitat Miinchen and Helmholtz Zentrum Miinchen, Ingolstadter Landstrasse 1,
85764 Neuherberg, Germany

b Nanomedicine Lab, Faculty of Medical & Human Sciences, University of Manchester, AV Hill Building, Manchester M13 9PT, UK

€ UCL School of Pharmacy, Faculty of Life Sciences, University College London, Brunswick Square, London WCIN 1AX, UK

ARTICLE INFO ABSTRACT

Article history:

Received 21 July 2014

Accepted 2 October 2014
Available online 23 October 2014

Multispectral optoacoustic tomography (MSOT) is a powerful modality that allows high-resolution im-
aging of photo-absorbers deep within tissue, beyond the classical depth and resolution limitations of
conventional optical imaging. Imaging of intrinsic tissue contrast can be complemented by extrinsically
administered gold nanoparticles or fluorescent molecular probes. Instead, we investigated herein gen-
eration of re-engineered clinically-used PEGylated liposomes incorporating indocyanine green (LipoICG)
as a contrast strategy that combines materials already approved for clinical use, with strong photo-
absorbing signal generation available today only from some metallic nanoparticles (e.g. gold nano-
rods). Using MSOT we confirmed LipoICG as a highly potent optoacoustic agent and resolved tissue
accumulation in tumor-bearing animals over time with high-sensitivity and resolution using two tumor

Keywords:
Tumor
Optoacoustic
Photoacoustic

Liposome
Indocyanine green models of different vascularisation. We further showcase a paradigm shift in pharmacology studies and
Imaging nanoparticle investigation, by enabling detailed volumetric optical imaging in vivo through the entire

tumor tissue non-invasively, elucidating never before seen spatiotemporal features of optical agent
distribution. These results point to LipolCG as a particle with significant advantageous characteristics
over gold nanoparticles and organic dyes.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the original description of phospholipid self-assembly into
closed bilayer vesicles in aqueous media [1], liposomes have
received significant attention as drug delivery systems and made
considerable contributions in various fields including clinical
medicine [2]. Their versatility to cargo either hydrophilic (entrap-
ped in the inner aqueous core) or hydrophobic (incorporated
within the lipid bilayer) entities, combined with tunable size and
surface properties have proven clinically useful [2—4]. Liposomes
have been engineered to circulate longer in the bloodstream and
evade capture by the reticulo-endothelial system, typically using
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polyethylene glycol (PEG) grafting on their outer surface [5]. These
surface-modified nanoscale vesicles have been applied to transport
of anti-neoplastic small molecules, such as doxorubicin (Doxil®),
clinically used against various cancer indications [6,7]. PEGylated
nanoparticles, including liposomes, have been described to pref-
erentially accumulate within the interstitium of tissues with a leaky
vascular bed (e.g. some tumors, infarcted or inflamed sites, dis-
rupted blood—brain barrier) via the enhanced permeation and
retention (EPR) effect [8].

Despite the widespread utilization of liposomes, there have been
challenges in assessing their interstitial tissue localization and dis-
tribution in vivo [9—11]. Liposome visualization in vivo relies on their
labeling with contrast agents. Paramagnetic agents, such as gado-
linium [12] or manganese [13], have been employed for high-reso-
lution MRI-based particle mapping, however such approaches suffer
from low sensitivity, and generally require doses in the order of
100 pg/kg of metal. lodine-based liposome loading has been inves-
tigated for CT imaging, but excessive concentrations were also
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reported [14,15]. Typically, the labeled liposome distribution is ob-
tained as a difference image, i.e. a subtraction of an image obtained
before liposome administration (baseline image) from an image
obtained after liposome administration. The need for baseline
measurements makes long-term longitudinal studies impractical
and sensitive to motion with time. The use of radiotracers for PET
and SPECT imaging has been considered as a higher sensitivity
alternative to MRI and CT [11,16]. Nuclear imaging however, suffers
from low spatial resolution and the relatively short time-course
allowed for imaging due to the energy-decaying radionuclides
employed, in particular with '8F nuclear tracers, although alterna-
tives such as 89Zc are explored as longer half-life alternatives.
Gamma-ray imaging has provided valuable data on tissue distri-
bution and the pharmacokinetic profile of radiolabelled liposomes,
however was limited in revealing interstitial localization within
tissues and accumulation over several days. Epi-illumination fluo-
rescence imaging [ 17,18] of fluorescently-labeled liposomes has also
been considered, but is limited to qualitative observations of surface
recorded activity. Overall, current imaging modalities exhibit limi-
tations in studying nanoparticle distribution in high-resolution and
over time, as has been recently pointed out by others [9].

Using recent advances in instrumentation, image reconstruction
and spectral unmixing techniques, Multispectral Optoacoustic To-
mography (MSOT) is emerging as a potent modality for visualiza-
tion in nanomedicine [19]. Using spectral differentiation, MSOT can
enable sensing of optical contrast at the absence of baseline mea-
surements, at high resolution. This is a unique combination of
imaging features, not available to other imaging methods, and is
ideally suited for sensing optical contrast in three dimensions.
Intrinsic MSOT tissue contrast is attributed primarily to hemoglo-
bin, melanin, water and lipids. Contrast enhancement can be ach-
ieved by metal nanoparticles (most notably gold), organic
chromophores and fluorochromes, as well as non-metallic nano-
particles [20—22]. Fluorochromes, while preferred for labeling in
preclinical and clinical optical imaging, are not strong optoacoustic
signal generators. Due to plasmon resonance, gold nanoparticles
exhibit strong optoacoustic responses; however their path to clin-
ical acceptance may be more problematic — due to the typically
long retention times in tissues. They remain nevertheless the cur-
rent standard for signal generation in optoacoustic imaging, thanks
to their signal strength and photo-stability.

Liposome systems have been labeled with ICG previously
[18,23,24] however solely as a fluorescent probe and only for sub-
cutaneous or intradermal administration, intended mainly for
lymph-node imaging. Moreover, there is very limited information
on the methodology of ICG incorporation into liposomal bilayers.
No previous study has attempted to re-engineer the clinically-used
PEGylated liposomes intended for systemic blood circulation, tar-
geting and visualization of tumors. The first goal of the present
study was to investigate whether a non-metal nanoparticle
composed of organic fluorescent dyes of clinical relevance could
yield stronger optoacoustic signals than the “gold-standard”, i.e.
gold nanoparticles. For this reason we re-engineered clinically-used
PEGylated liposomes (the basis of the intra-venous drug DOXIL®),
and combined them with the FDA approved fluorochrome indoc-
yanine green (ICG). Non-covalent, molecular self-assembly princi-
ples were applied to maximize the clinical translation potential of
the liposomal ICG (LipoICG) constructs. LipolCG were built as
biocompatible and biodegradable vesicles, consisting of molecular
components with clinically established toxicity profiles compared
to other photo-absorbing nanoparticles, such as gold or carbon-
based nanoconstructs. We particularly interrogated whether Lip-
oICG could be engineered to generate strong optoacoustic signals
and how such particles could measure against the most potent
optoacoustic contrast agents, i.e. gold nanorods.

The second goal was to elucidate the distribution of LipoICG in
tissues and the tumor environment by using MSOT. MSOT is shown
herein as a modality to non-invasively study and longitudinally
follow the fate of liposomes within tumors and tissues.

2. Materials and methods
2.1. Engineering of liposomal indocyanine green (LipolCG) & characterization

Liposomal ICG formulations were prepared using the lipid film hydration
method followed by freeze-thawing (Fig. 1A). L-a-phosphatidylcholine, hydroge-
nated (HSPC, Lipoid, Germany), cholesterol (Chol, Avanti Polar Lipids, USA) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG2g00, Lipoid, Germany) were dissolved in chloroform/methanol
(4:1, v/v) and the organic solvents were evaporated using a rotary evaporator. The
resulting thin lipid film was hydrated in 5% dextrose solution containing indoc-
yanine green (ICG, Pulsion Medical Systems, Germany). The dispersion was freeze-
thawed in six cycles and then extruded. The free ICG was removed by using a spin
desalting column. The ICG incorporation efficiency (%) was determined by UV-Vis
spectroscopy in a Varian Cary WinUV 50 Bio spectrophotometer (USA) after sam-
ple dilution in DMSO. Three different concentrations of ICG were incorporated into
5 mm liposomes: 25 pm (LipolCGys), 50 um (LipolCGsp) and 75 um (LipolCG7s).
Transmission electron microscopy (TEM) micrograph was performed with a Tecnai
12 instrument operated at 120 kV accelerating voltage. Particle diameter was
measured at 25 + 0.1 °C by a Nano ZS series HT (Malvern, UK) in back scattering
mode, at 173° and 1 = 632.8 nm. Stability studies for the liposomal ICG formulations
were followed over 5 days in a Varian Cary winUV 50 Bio spectrophotometer (USA).

2.2. Near-infra red (IVIS) in vivo imaging

8-week old female CD-1 albino mice (ICR(CD-1), Harlan, UK) were injected
intravenously via tail vein with 200 pL of free ICG and LipolICG at 25 um (5 nmol),
50 um (10 nmol) and 75 pm (15 nmol) ICG. Whole-body NIR fluorescence imaging
was performed on clipped animals under anesthesia (2% isoflurane). Imaging was
performed at 5 min, 1 h, 5 h and 24 h post-injection using an IVIS Lumina and the
Living Image software (Xenogen, Caliper Life Sciences). Imaging parameters:
Jbkg = 605 NM, Aexc = 745 nm, lem = 810—875 nm, exposure time 2 s and f/stop 2.
24 h post-injection, animals were killed by carbon dioxide overdose and liver,
spleen, kidney, heart and lung were harvested and imaged at the same settings
described above.

2.3. Optoacoustic phantom preparation

Cylindrical phantoms of 2 cm diameter were prepared using a gel made from
distilled water containing Agar (Sigma—Aldrich, St. Louis, MO, USA) for jellification
(1.3% w/w) and an intralipid 20% emulsion (Sigma—Aldrich, St. Louis, MO, USA) for
light diffusion (6% v/v), resulting in a gel presenting a reduced scattering coefficient
of 1 = 10 cm™. A cylindrical inclusion containing the sample of approximately
3 mm diameter was put approximately in the middle of the phantom, along with a
tube containing classical black ink with an optical density of around 0.2 at 800 nm
for intensity measurement references.

2.4. Animal models for optoacoustic imaging experiments

All procedures involving animal experiments were approved by the Govern-
ment of Upper Bavaria (ref. 55.2.1.54-2632-102-11). LipolCG75 and ICGys bio-
distribution assay by optoacoustic imaging were performed using female CD-1
albino mice. Two xenographted tumor models were employed one representative of
a slow growing tumor, using HT-29 human adenocarcinoma cells and one repre-
senting rapid growth based on 4T1 murine breast cancer cells. 8 weeks old adult
female Athymic Nude-Foxn1 nude mice (Harlan, Germany) were inoculated sub-
cutaneously in the middle of the back in the region of the upper pelvis with cell
suspensions (either 0.8 million 4T1 (CRL-2539) cells or 1.5 million HT29 (ATCC-HTB-
38) cells) in 50 pL PBS. Animals were imaged only after tumors reached a size of
approximately 8 mm diameter.

2.5. Macroscopic multi-spectral optoacoustic tomography

All optoacoustic measurements were performed in a real-time whole-body
mouse imaging MSOT system. An earlier version of the system was described pre-
viously [25]. Briefly, optical excitation was provided by a Q-switched Nd: YAG laser
with a pulse duration of around 10 ns and a repetition rate of 10 Hz and a tunable
range of 680—900 nm. Light was homogeneously delivered to the sample using a
fiber bundle split into 10 output arms. The emitted ultrasound signal was detected
using a 64 element transducer array cylindrically focused and having a central fre-
quency of 5 MHz, allowing acquisition of transverse plane images. The fiber bundle
and transducer array were 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 utilize 256 element arrays



N. Beziere et al. / Biomaterials 37 (2015) 415—424 417
LipolCG
A = 2l Lipid film ¢ h
formation 5 reeze-thaw
hydration cycles d

HSPC : Chol : i Extrusion ’ .
DSPE-PEG ICG in B Purification

2000 5% dextrose fe > @ ~ 130nm EE ~ 40%

Cc

w

100%

200 4 R
Incorporated .-

175
150
125
100 4

36%

75 4

ICG Incomporated (M)

504

254"

75 100 125 150 175 200

Initial ICG (uM)

m

Optical density (OD)

T - T i
700 900 1000

600

800
Wavelength (nm)

@=1317+29nm
D ri=0057:0011

20
15
g
Z
®» 104
s
2
=
5
0 T g
10 100 1000
Hydrodynamic diameter
(nm)
F
12 ]
g 10 AA'\.R'“‘HI
.'4
; \. \. -
= Ry
¥ 8- 0——_______‘
& . : o .
o 7
S 8
5
(@) 2 O ‘AEI< )
R 05 &g e 2 i g
T T T T . T .!:Il
0 1 2 3 4 5
Time (days)

Fig. 1. Liposomal indocyanine green (LipolCG) engineering and characterization. (A) Schematic depiction of the protocol used for the incorporation of ICG in liposomes (LipoICG).
The lipid film formed by HSPC:Chol:DSPE-PEG,000 Was hydrated in 5% dextrose solution containing ICG. The dispersion was freeze-thawed and then extruded. The free ICG was
removed by using a spin desalting column. (B) Concentration of ICG incorporated in the liposomes as a function of the initial ICG concentration used for the preparation of LipolCG
(incorporation efficiency) for the three systems studied: LipolCG75 (36%), LipolCGsg (46%) and LipolCG;s (45%). (C) TEM micrograph and (D) hydrodynamic diameter for the Lip-
0ICGys. (E) UV-Vis absorption spectra on day of preparation and (F) maximum absorbance over 5 days of LipoICG (solid lines) and free ICG (dotted lines) at 75 um (black lines), 50 um
(red lines) and 25 pm (green lines) ICG. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and up to 270° mouse coverage, however this system was not available during the
original phase of the studies herein.

Imaging of the phantoms was done at a single position, located approximately in
the middle of the phantom. Data acquisition was performed in the wavelength range
680—900 nm in steps of 5 nm, using 10 averages per wavelength resulting in 1 s
acquisition time per wavelength. Image reconstruction was based on a model based
image reconstruction published previously [26,27], which delivers accurate per-
formance and quantification over conventional back-projection algorithms.
Following image reconstruction, spectral unmixing was performed using a linear
model assuming that the spectra acquired were a linear mix of the ICG spectrum
with background spectra. For each pixel in the image, the algorithm fitted the
measured optoacoustic [28] spectrum, normalized for variations in laser energy per
wavelength, to the known absorption spectra of the chromophores assumed in the
image.

Animal imaging was performed under anesthesia using 1.8% isoflurane in oxy-
gen. 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 tumor when applicable using 1 mm steps. For animal imaging, 20 averages were
acquired per wavelength at 680, 710, 740, 770, 800, 830, 860 and 900 nm. Images
were acquired before LipolCG75 injection and after intravascular tail vein injection of
200 pL of LipolCG75 corresponding to an amount of ~ 15 nmol of ICG. Post-injection
images were acquired at different time points at 5 min, 1 h, 4 h and 24 h. We note

that measurements acquired before LipolCG7s injection were not used as baseline
measurements but as control measurements, to examine possible cross-talk of the
spectral unmixing method employed to indicate presence of LipolCG75 Data before
LipolCG75 administration.

Semi-quantitative processing of the data was performed defining various re-
gions of interest within a 2D image, plotting the maximum signal against time. Three
regions of interest were defined: “body”, defined as the entire transverse section of
the animal minus the tumor; “muscle”, defined as the muscles alongside the spine;
“tumor”, defined as the core of the tumor and excluding the blood vessels on its
periphery.

2.6. Ex vivo fluorescence and histological imaging

Following the in vivo imaging experiments, animals were sacrificed by Ketamine
overdose and frozen to —80 °C. For validation of the in vivo data, fluorescence cry-
osectioning imaging (FCSI) was performed ex vivo on the xenografted mice after
embedding them in optimal cutting temperature media (Sakura Finitek Europe B. V.,
Zoeterwonde, NL) to confirm the presence of LipoIlCG in the different organs.
Similarly to the MSOT imaging geometry, FCSI sliced the frozen mice in the axial
dimension, at a 500 pm micron pitch, and recorded color and fluorescence images
from each slice. The FCSI system is based on a cryotome (CM 1950, Leica Micro-
systems, Wetzlar, Germany), fitted with a motorized spectral illumination and
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multi-spectral CCD-based detection in epi-illumination mode. Fluorescence images
were captured at the peak emission wavelength of indocyanine green. In the case of
microscopic images validation, tumors were sliced along the coronal plane to
represent better the live imaging results.

Several of the cryosection slices produced were captured on glass slides and
imaged by epi-illumination fluorescence imaging using a Leica Z16 macroscopic
lens. Finally, conventional hematoxylin and eosin as well as CD31 staining were also
performed with a Leica DM 2500 upright microscope, and pictures taken using a
Leica EC3 color camera (Leica Microsystems, Wetzlar, Germany).

3. Results

3.1. Preparation and characterization of liposomal ICG (LipolCG)
contrast agents

Three LipolCG contrast agent systems based on the same type of
PEGylated liposomes used in DOXIL preparations were prepared by
the film hydration method followed by freeze-thawing cycles
shown schematically in Fig. 1A. The same lipid composition
HSPC:Chol:DSPE-PEG;qg0 (total lipid concentration of 5 mm) and
increasing ICG concentrations 25 pM (LipolCGys), 50 pum (LipolCGsg)
and 75 pm (LipoIlCG75) were allowed to self-assemble to form li-
posomes. ICG incorporation efficiencies between 36 and 46% of the
added amount were achieved (Fig. 1B). Transmission electron mi-
croscopy of the LipolCG75 (Fig. 1C) verified the formation of ho-
mogeneous unilamellar liposomes of a mean diameter consistent
with that obtained with dynamic light scattering between
120—130 nm (Fig. 1D).

The absorption spectra of the three LipolCG systems were
compared to free ICG of the same concentration (Fig. 1E). ICG
incorporation into liposome bilayers induced a red spectral shift of
20 nm (from 780 nm to 800 nm) in 5% dextrose, attributed to the
hydrophobic character of the environment (lipid bilayer core) that
the ICG molecules resided in. More importantly, all three LipolCG
samples were found more photo-absorbing than the equivalent
free ICG in 5% dextrose. A stability study over 5 days (Fig. 1F)
indicated that the free ICG peak absorbance (dotted lines)
decreased sharply within the first day, while the signal intensity for
the LipoICG systems remained almost constant throughout. Both
the free ICG and LipolCG were also found optically stable in 50%
serum, indicating structural integrity without leakage of ICG from
liposomes for 3 days (at both 25 "C and 37 "C) (Figure S2). Overall,
this data confirmed the significant improvement in optical signal
stability offered by the LipolCG contrast agents in physiologically-
relevant solutions, independent of the incorporated amount of
ICG into liposomes.

3.2. LipoICG tissue distribution by NIR fluorescence (IVIS) and
optoacoustic (MSOT) imaging

The LipolICG distribution profile in tissue was investigated for all
three contrast agents following intra-venous (tail vein) adminis-
tration in CD-1 albino female mice, compared to free ICG (Fig. 2A)
using whole-body NIR fluorescence imaging with an IVIS system.
Strong fluorescent signals were obtained from the body of all
injected animals 5 min after administration, however, no specific
tissue could be confidently identified using the IVIS imaging sys-
tem. The emitted fluorescent signal for all animals decreased
within 5 h and was almost completely lost after 24 h (Fig. 2A). To
verify the tissue distribution of the contrast agents, all animals
were euthanized at 24 h post-injection and major organs were
harvested and imaged with the IVIS camera (Fig. 2B). LipolCGsg and
LipolCGy5 injections resulted in a strong fluorescent signal from the
liver showing higher optical stability of liposome-ICG in vivo. Im-
ages of free ICG revealed complete loss of signal from all organs. To
exclude the possibility of toxicity to the organs, hematoxylin and

eosin stained sections were assessed for ICGys and LipolCGys
(Fig. S1). No sign of tissue necrosis, fibrosis or inflammation in any
of the organs examined was found. This further indicated that ICG
and LipoICG contrast agents did not lead to any acute adverse
reaction.

This study also revealed herein the limitations of NIR fluores-
cence imaging, illustrating the superiority of MSOT over conven-
tional optical imaging approaches. Planar NIR fluorescence imaging
offers surface-weighted readings due to the increasing light
attenuation in tissue as a function of depth and tissue optical
property. These limitations have been previously noted [29], and
led herein to a discrepancy between in vivo and ex vivo studies. In
particular, whereas excised liver tissue showed strong fluorescence
signals (Fig. 2B), the same liver tissue observed in vivo by IVIS
(Fig. 2A) revealed very faint signals which were comparable with
those of background noise. Indeed, Fig. 2A shows very little activity
in mice after 24 h from injection with LipolCG75, which can be
misinterpreted as complete LipolCGy5 clearance. Similar results
were also observed for the LipolCG;s, LipolCGsg (Fig. 2A). This
discrepancy showcases the limitation of planar epi-illumination
fluorescence imaging which can lead to erroneous observations.
In contrast, MSOT imaging (Fig. 2C) was able to follow agent tissue
distribution over time non-invasively, more accurately detecting
the liver signal and the differences between ICG75 and LipolCGys,
and gave a longitudinal insight on the liver metabolism of ICG and
its absence in the kidneys minutes after the injection (Figure S3).
This is due to its ability to accurately resolve depth at high-
resolution. The MSOT findings were also consistent with the re-
sults from imaging the excised organs by IVIS (Fig. 2B). At the 24 h
time point for example, clear optoacoustic signal is seen in the liver
for LipolCG75 that was only barely detected by whole-body IVIS
imaging (Fig. 2A). Furthermore, MSOT revealed that LipolCG would
transiently pass through the spleen, only at the early time points
through the heart region, while no significant signals were detected
from the kidneys (Fig. 2C). The observed tissue distribution data,
even though not quantitative, were in agreement with previously
published quantitative data using radiolabelled PEGylated lipo-
somes [30,31], further indicating the validity of MSOT imaging.

3.3. LipolICG as an optoacoustic contrast agent

The light absorbing and optoacoustic properties of the most
concentrated liposomal ICG formulation (LipolCG75) were first
evaluated in a tissue-mimicking phantom, using Indian ink as a
reference. Fig. 3A depicts the phantom and a typical image obtained
after identification of the spectral components contained in the
phantom, using spectral unmixing. Fig. 3B shows the normalized
absorbance spectra and optoacoustic intensity (OA) for ICG and
LipolCG7s. The OA signal in the case of LipolCG75 was broader than
that for ICG alone, however the peak did not shift and the overall
shape was conserved. To be able to establish the LipolCG75 detec-
tion limit by MSOT, serial dilution of the LipoCG75 system was
performed from 6.7 to 0.3 um ICG (Fig. 3C). The minimum LipolCG75
concentration detectable with the MSOT was 0.6 pm, equivalent to
0.5 mg ICG/L or 3.58 x 107 molecules ICG/L.

Comparison of the MSOT optoacoustic signal for LipolCG75 and
ICG was then undertaken using the tissue-mimicking phantom
(Fig. 3D). The experimentally determined MSOT signal intensity for
the LipolCG7s was 5.4 arbitrary unit (a.u.) compared to 4.3 for the
ICG alone of an equivalent concentration (see Table in Fig. 3D). That
meant that for each 1 mg/L of ICG, the MSOT signal from the lipo-
somal system was 1.3 times higher signal than from free ICG of the
same concentration. Calculation of the number of ICG molecules
within each LipolCG75 vesicle and the total number of vesicles
indicated that each vesicle contained 3559 ICG molecules.
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Finally gold nanorods (AuNRygg) were imaged by MSOT to
benchmark the signal generation efficiency of the LipolCG75 against
the most potent and commonly used optoacoustic contrast agent
today. The MSOT signal for 1 mg/L of contrast agent (ICG molecules
or Au atoms in each system respectively) was higher for LipolCGy5
than for AuNRs by a factor of 3. Calculation of the signal offered by
each nanoparticle (one liposome or nanorod, respectively) indi-
cated that one AuNR was offering 3.2 times higher OA signal
compared to one liposome. We then performed a similar compar-
ative calculation of the in vivo conditions (injected volume, mg of
contrast agent per animal; Table S1) among the three contrast
agents (ICG alone, AuNR and LipolCGys), which also take into
consideration signal attenuation of the particular spectral profile of
each moiety considered. The measurement indicated that in order
to obtain an optimum in vivo MSOT signal in the case of gold
nanorods [32—34] the mg of contrast agent (Au atoms) injected per
animal will need to be 10 times higher compared to that (ICG
molecules) for LipolCG7s, while the number of nanoparticles
injected would be within the same order of magnitude (both
around 2 x 10" per animal). When looking at the optical density
(Fig. 3D), LipolICG appears to provide approximately 45% of opto-
acoustic signal per optical density when compared to AuNR. This
can be explained by looking back at the drastically different photon
absorbing mechanisms regulating signal generation in organic
molecules and solid metallic particles, and in that case puts LipolCG
in the same order of magnitude as AuNR in terms of optoacoustic
signal generation per absorbed photon.

3.4. LipolCG75 behavior in tumor bearing animals

In a first set of experiments we macroscopically evaluated the
distribution of LipolCG7s, using MSOT over time, after intra-venous
administration in a 4T1 murine tumor model known for its fast
growth [35]. A slower growing HT29 human colon cancer cell line
[36] was similarly imaged by MSOT. The results are summarized in
Fig. 4. Cross-sectional anatomical images through the mouse at the
tumor area are depicted in Fig. 4A.a—j. Images acquired at 800 nm

were employed for anatomic guidance and were overlayed with
blood oxygenation maps (Fig. 4A.a, A.f), showing a different
oxygenation pattern for the 2 tumor types. In particular the 4T1
tumor shows an intense signal of deoxygenated hemoglobin
(Fig. 4A.a) and thus a hypoxic state in the core of the tumor. In
contrast, milder deoxygenated hemoglobin signals are seen
throughout the MSOT images of the HT29 model (Fig. 4A.f), indic-
ative of mild perfusion throughout the tumor core. Both tumors
exhibited oxygenated blood pools on their sides, indicated on
Fig. 3A.a by arrows.

Fig. 4A.b—d and A.g—i show MSOT images obtained from the
4T1 and HT29 animal models after intra-venous injection of Lip-
0ICG75. The LipolCGy5 is shown in color superimposed on
anatomical cross-sectional images of the mouse obtained at
800 nm and plotted in grayscale. The presence of LipolCG75 on the
MSOT images is identified based on its absorption spectrum after
spectral unmixing of MSOT images obtained at multiple wave-
lengths as explained in methods. LipolCG75 provided an intense
signal congruent with vascular structures identified on the
anatomical image within the first minutes after injection. This is
consistent with the previously reported pharmacokinetic profile of
PEGylated liposomes [31] and indicated that LipolCGy5 at the early
time points post-administration remained confined within the
vascular system and did not localize within other tissues or deox-
ygenated regions of limited blood supply. At later time points,
accumulation of the liposomes in the center of the 4T1 tumor can
be observed (Fig. 4A.c, A.d) with a corresponding decrease of visible
signal in the vasculature. The distribution of LipolCG7s5 in the tumor
is not homogeneous. Being a high-resolution nanoparticle imaging
method, MSOT reveals that contrast enhancement using liposomes
is subject to a preferential distribution and does not equally access
all tumor mass. This view has more general implications in un-
derstanding treatment efficacy using nanoparticles. The heteroge-
neous tumor enhancement observed was consistent over time as
shown in subsequent time points (Fig. 4A.d). The signal-to-noise
ratio (SNR) attained by MSOT in Fig. 4A.d was 44 dB. Results
appear markedly different in the HT29 tumor model, i.e. a slower
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Fig. 4. Kinetics of accumulation of Liposomal ICG (LipolCG7s) in 4T1 and HT29 tumor models imaged with multi-spectral optoacoustic tomography (MSOT). (A) Transverse MSOT
image of a 4T1 tumor obtained using 800 nm illumination wavelength before injection of LipolCG75 (grey scale) overlayed with signal from hemoglobin (blue scale) and oxygenated
hemoglobin (red scale) (arrows indicate the main blood vessels supplying the tumor) (a); Overlay of the MSOT LipolCGs signal (hot scale) on a background image (grey scale)
acquired at 800 nm illumination wavelength 5 min, 1 h and 24 h after injection(b—d); Color image of a corresponding cryosection overlayed with the fluorescence signal from ICG
(green scale) (e); Similar experiments performed on an HT29 tumor bearing mouse are depicted in the following column in the same arrangement(f—j). (B) Maximum LipoICG75
signal intensity in the tumor (black line), the whole body without the tumor (grey line) and in the back muscles (dashed black line). (C) Maximum LipolCG7s signal intensity ratio
between the tumor area and the whole body (grey line) and the back muscles (black line). (D) MSOT image of the Liver (Lv) of a tumor bearing animal acquired at 800 nm
acquisition wavelength and overlayed with LipolCGs signal (hot scale) (a); Fluorescent signal of the ICG channel (green scale) overlayed on the color picture of the cryosection in a
comparable region of the liver (b); Similar layout for the images of the same animal acquired at the kidney (K.) and Spleen (Sp.) region (c—d). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

growing tumor model. As observed on Fig. 4A.g-i LipolCG75 did not
appear in the tumor core but remained peripheral to the tumor
vasculature. The signal in the core of the tumor appeared so low
that scaling of the images Fig. 4A.g—i instead revealed the presence
of LipolCGys, at higher amounts in other parts of the animal body,
such as in the bowels, but not in the tumor core.

To validate the in vivo findings, the animals were euthanized
after the in vivo MSOT imaging session at 24 h and frozen for cry-
osectioning. Cross-sectional cryoslice images of the mice were
obtained approximately from the same slice imaged in vivo and are
shown on Fig. 4A.e and Fig. 4A.j respectively. Fluorescence images
of LipolCG75 (in pseudo-green) were superimposed onto the color
image to demonstrate high-congruence of the fluorescence cry-
oslice images with the non-invasive MSOT in vivo findings
(Fig. 4A.e, 4A.j). Notably, the SNR is very similar to the one obtained
with MSOT (43 dB—44 dB respectively in the 4T1 tumor model),
where there is generally absence of fluorescence signal observed in
the core of the HT29 tumor, even though some peripheral activity is
present in both Fig. 4A.i and 4A.j. Fig. 4A.i and 4A.j show a small
discrepancy between fluorescent and MSOT signal localization,
predominantly due to photons easily diffusing through the thick-
ness of the sample around the tumor during fluorescence picture
acquisition, compared to the strongly absorbing body, artificially
increasing tumor signal. This originates Cryoslice imaging of other

mouse tissues (liver, kidney, spleen) in the abdominal cavity of
tumor bearing animals was performed, and representative images
(Fig. 4D.a, D.c for MSOT and 4D.b, D.d for cryosections) confirmed
intense signals coming primarily from the liver and partly from the
spleen, as shown in more detail in Fig. 2. Again raw signals, not
corrected for fluence effects are shown here, to demonstrate the
raw capacity of MSOT to resolve signals with depth, in analogy to
Fig. 2C.

The MSOT data obtained in vivo in the 4T1 tumor model were
analyzed to extract LipolCGys signal intensity values in different
mouse areas including the tumor, back muscles and an average
value from the entire transverse section of the mouse body
excluding the tumor. Fig. 4B illustrates the signal intensity in those
mouse areas over time. LipolCGys5 signal in the body shows a high
intensity peak a few minutes after the injection, gradually
decreasing with time, attributed to the construct circulating in the
blood. In contrast, LipolCG75 signal from the tumor showed an
initial increase with time and reached a plateau 4 h after injection
to remain constant during the 24 h, even if the distribution pattern
changed from the 4 h to the 24 h time point, as seen in Fig. 4A.c, A.d.
Optoacoustic signals collected from the muscle showed a similar
pattern to those obtained from the rest of the body although at an
apparent faster clearance rate. Fig. 4C shows the increase of tumor-
to-muscle and tumor-to-body ratio as a function of time.
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To better understand the in vivo MSOT observations, histological
analysis of the tumor sections was performed. Fig. 5A show
reconstitution of complete tumor slices stained with H&E, obtained
from two 4T1 tumors harvested at 1 h and 24 h post-injection.
Fig. 5B shows in higher resolution H&E, CD31 and fluorescence
microscopy images at 805—830 nm (LipoIlCG75 signal) from the
areas marked with the three boxes marked on Fig. 5A. Results from
both tumors obtained at 1 h and 24 h post-injection are shown.
CD31 staining overall confirmed differences in tumor vasculariza-
tion consistent with the MSOT observations. 1 h after injection,
LipoIlCG75 is present in the tumor vasculature, signal that disap-
pears at 24 h (Fig. 5B.d) Conversely LipolCG75 signal from the tumor
core increases from 1 h to 24 h as seen by contrasting Fig. 5B.c and
Fig. 5B.f.

4. Discussion

This study confirmed LipolCGys as a potent agent for clinical
optoacoustic contrast and reveals previously unattainable insight of
nanoscale vesicle distribution within the tumor microenvironment
in vivo and non-invasively at ~35 pm resolution. Gold and other
metal-based particles emit strong optoacoustic signals but are
generally retained over time in different organs, raising toxicity
questions [37—39]. Such nanoparticles are not currently considered
with a straightforward path to clinical translation. However, they
constitute the “gold standard” for optoacoustic imaging thanks to
their strong signal generation and overall photo-stability. On the
other hand, several agents based on organic dyes and fluoro-
chromes are eliminated rapidly from the body and have received
clinical approval. ICG has been granted FDA approval in 1959 and is
routinely used in a variety of clinical settings and protocols
(ophthalmologic, cardiovascular, etc.) [40]. However, ICG offers a
significantly smaller absorption cross-section than metal nano-
particles and has notoriously poor in vivo stability (self-aggrega-
tion) and rapid blood clearance rate further compromising its
imaging utility.

In the present work, we focused on a liposome-based ICG ve-
sicular system considered as an optoacoustic agent. LipolCG75 was
engineered on molecular self-assembly principles (i.e. no new

1 hour

24 hours

1 hour

chemical entities were synthesized) and was made entirely of
clinically-approved components. We designed this nanoparticle as
a biodegradable and biocompatible nanoscale platform system that
could offer high cross-section appropriate for optoacoustic imaging
and robust in vivo stability and long-term (at least 24 h) blood
circulation profile. A first key finding in the study was that, besides
its potential for clinical translation, LipolCG75 would generate
strong optoacoustic signal. Specifically, for an equivalent adminis-
tered mass, LipolCG75 was found to generate stronger optoacoustic
signal compared to gold-nanoparticles. This performance was
theoretically predicted previously [19] but it is the first time that it
is demonstrated experimentally. It represents in itself a major step
forward for the modality, as LipolCG surpasses gold for signal
generation as well as biocompatibility, presenting a “best of both
worlds” approach. The LipolCG75 optoacoustic contrast depends on
the ability to concentrate optical absorbers within tissue. Free agent
at an equivalent concentration yields similar signal generation
ex vivo (Fig. 3) but when administered at an identical dose to Lip-
0lCG75 cannot be delivered at the same density in vivo (Fig. 2)
compared to using liposome packaging.

Previously, liposome systems labeled with ICG have been
considered as fluorescent agents for intradermal administration in
the footpad region of healthy animals, intended for lymph-node
imaging [18,23,24]. The LipolCG vesicles in this study resolve the
two main limitations of free ICG for such clinical applications
[41,42], namely its low stability in aqueous environments and its
strong binding to serum albumin that leads to a dramatic reduction
of optical signal after intra-venous injection. The contrast genera-
tion performance points to LipolCG75 as a potent agent for clinical
optoacoustics. LipolCG7s5 can be considered as a perfusion agent for
optoacoustic imaging, in particular for visualizing vascular
permeability, identify lymphatic systems associated with tumors
and as a diagnostic tool prior, during and follow-up after
interventions.

Possible clinical indications could combine the intrinsic ability
of MSOT to resolve tissue oxygenation/hypoxia, as shown on Fig. 4
with LipolCG75 contrast enhancement to impact clinical decision
making. Examples include the assessment of hypoxia and perfusion
during cardiovascular disease interventions (i.e. bypass surgery) or

24 hours
CD31

Lipo-ICG

Lipo-ICG H&E

Fig. 5. Ex-vivo microscopy study of LipolCG75 extravasation in a 4T1 tumor model. (A) Reconstitution of Hematoxylin & Eosin (H&E) staining of complete 4T1 tumor slice 1 h (top)
and 24 h (bottom) after injection of liposomal ICG. (B) H&E (color channel), CD31 (red channel) and LipolCG7s (green channel) microscopy pictures of various locations of the tumor
depicted in (A), a-c for 1 h after LipolCG75 injection and d-f for 24 h after LipoICG75 injection. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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in studying organ function during transplantation surgery. In
oncology, knowledge on the perfusion and oxygenation status in
solid tumors is of paramount clinical importance. Head- and neck
cancer tends to be highly resistant to radio- and chemotherapy due
to the presence of hypoxic areas within these tumors. Detailed
knowledge on the extent and heterogeneity of hypoxia prior to
initiation of standard treatment modalities like radio- and
chemotherapy or novel modalities like targeted therapy or photo-
immunotherapy may reveal whether a treatment response is to be
expected or treatment conditions need to be altered. Moreover,
response rates can be repeatedly monitored after installment of
therapy.

MSOT compared to fluorescence imaging is advantageous since
contrast from the vasculature is shown to be differentiated from
any background signal from the tumor mass. Tumor contrast due to
enhanced tumor permeability and retention was observed herein
within an hour after administration, which implies that clinical use
would be possible within a single patient visit. However it is also
foreseen that labeled liposomes can be employed to assess the ef-
ficacy of payload delivery over longer periods of time, in a thera-
nostics scenario. In this role LipolCG75 can be used to optimize
therapies and better assess therapeutic efficacy.

The findings in this study also identified MSOT as a potent
strategy to understand contrast generation and liposome delivery
in general. MSOT could identify the time dynamics of LipolCG75 in
animals in vivo, over long periods of time. The gradual exchange of
LipolCG75 from blood circulation to tumors was visualized and
confirmed against fluorescence cryosections. MSOT was found su-
perior to planar optical imaging systems in visualizing the nano-
particle biodistribution and overall showcased the preferred
features of optoacoustics for optical imaging. IVIS imaging of Lip-
oICG and free ICG showed only limited superficial biodistribution
information and missed the presence of liver fluorescence at longer
time points. Conversely, cross-section MSOT images, revealed ac-
curate congruence with the ex vivo validation studies although have
not been processed for optical fluence attenuation with depth. The
in vivo findings were confirmed with ex vivo cryoslicing and his-
tology studies and showcased that LipolCG75 will offer different
distribution and subsequently load delivery patterns depending on
the tissue or tumor type.

In this study, we studied the 4T1 cell line that results in a fast
growing tumor with a leaky vasculature [35] and contrasted it to
the human HT29 colon carcinoma model, which presents slower
growth [36] and a restricted microvascular network. These features
have been observed using intrinsic tissue contrast (hemoglobin)
revealing the anatomy of the vascular system within tumors. The
liposome systems ranged between 100 and 150 nm, enabling ob-
servations of enhanced permeation and retention [43]. MSOT im-
aging revealed tumor hypoxia heterogeneity and the LipolCG7s
extravasation pattern at scalable resolution (Fig. 4). Multispectral
imaging could be achieved at video rates, i.e. at least 10 frames per
second [44] allowing these observations in a dynamic motion and
artifact free fashion.

The ability to interrogate the entire tumor mass with an optical
method possibly offers a paradigm shift in oncology and in phar-
macology studies. It was shown herein that it is possible to avoid
complicated radiolabelling and short-lived imaging or expensive
MRI studies of low sensitivity and instead deliver high-resolution
longitudinal imaging of optically-labeled delivery vehicles using
optoacoustics. In this study we observed a heterogeneous distri-
bution within tumors and a marked variation on the ability to
localize within different tumor types. It is well documented that
significant physiological and anatomical differences exist among
tumor types [45]. MSOT allowed illustration of such differences,
opening new paths towards personalization of treatment regimes.

A distinct advantage of MSOT is the use of spectral information
to record contrast. The distribution of optical agent does not rely on
difference images, i.e. images that are obtained as a subtraction of
images before and after agent administration typical in other high-
resolution imaging approaches such as X-ray CT, MRI or ultrasound.
Rich spectral information is unique to optical methods. When
combined with high resolution it offers a unique imaging capabil-
ities, since it significantly enhances the detection sensitivity and
specificity. The limitation of the optoacoustic method is the need
for laser illumination and the restrictions posed by light penetra-
tion (up to ~3 cm from tissue surface). That can also limit its ap-
plications to preclinical imaging and localized clinical imaging
protocols in endoscopy, surgery, ophthalmology or dermatology.

5. Conclusion

The recent development of optoacoustic imaging equipment for
human use [44] offers a realistic platform and need for an effective
optoacoustic contrast agent. We foresee LipolCG75 playing a major
role in the development of clinical optoacoustics paving the road to
more sophisticated approaches like targeted moieties. It is also
anticipated that this type of contrast agent platform can evolve
rapidly to assist in the development of actively (monoclonal anti-
body or peptide based) targeted moieties against specific cancer
types. We believe this work provides a case study on how nanoscale
science can corroborate advances in novel imaging modalities to
allow the creation of seamless clinical opportunities, with a para-
digm shift in clinical decision making.
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