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Abstract. We developed a fluorescence imaging microscope system intended for the localization within artery
slices of a gadolinium-based macromolecular biospecific magnetic resonance (MR) contrast agent used for the
visualization of atherothrombosis. As the contrast agent is not initially fluorescent, we substitute some gadolin-
ium ions for terbium ions to make them fluorescent while preserving their chemical characteristics. A long fluo-
rescence emission time constant enables us to have a suitable signal-to-noise ratio, despite a low intensity,
using pulsed illumination and time-gated imaging. Images of rat arteries show that the contrast agent is indeed
localized on the specific regions of the tissues. We currently have a tool that allows us to understand and opti-
mize the MR contrast agent. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.22.7.076004]
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1 Introduction

Cardiovascular diseases (CVD) are the leading cause of death in
the world." The main expression of CVD is atherosclerosis, a
complex pathological phenomenon leading to the formation of
a rigid plaque at the inner surface of the vascular wall.> Acute
coronary syndrome and stroke are the main consequences of
thrombus formation, namely atherothrombosis, that occurs
either following a massive plaque rupture or from intraplaque
hemorrhage.’ Medical imaging is the most widespread and effi-
cient tool for the diagnosis of atherothrombosis, and molecular
imaging is a recent and promising development in medical im-
aging that is dedicated to the visualization of the biological proc-
esses at the molecular and cellular levels.* Various molecular
imaging modalities have been used for the diagnosis of athero-
sclerosis. The commonly used imaging modalities include com-
puted tomography (CT), positron emission tomography (PET),
single photon emission computed tomography (SPECT), mag-
netic resonance imaging (MRI), contrast-enhanced ultrasound,
optical bioluminescence, and optical fluorescence; each imaging
modality has its own advantages and limitations.>® PET and
SPECT are highly sensitive and quantitative with a relatively
poor spatial resolution, MRI provides high-spatial resolution
images with excellent soft tissue contrast but suffers from low
sensitivity, and optical imaging techniques offer a spatial reso-
lution superior to a conventional clinical imaging platform but
with limited penetration depth.” However, real-time endoscope-
compatible microscopic systems, such as multiphoton laser
scanning microscopy,® optical coherence tomography,® and pho-
toaccoustic tomography,'® are available to allow sensitive
observing and questioning of cellular and molecular functions
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in living subjects. Combinations of imaging techniques are
designed to take advantage the strengths of modalities while
minimizing their limitations, and hybrid systems that combine
two or more imaging modalities, such as PET/CT, SPECT/CT,
and PET/MRI, are commercially available.*

MRI coupled with intravenous injection of low-molecular
weight gadolinium (Gd)-based contrast agents allows the evalu-
ation of the degree of artery stenosis (angiography) due to the
development of atherosclerotic plaques. Because of their small
size, these complexes diffuse rapidly outside the vascular space
and are quickly excreted through the kidneys.'' MRI is also
a gold standard in clinical use'” for detecting intraplaque hem-
orrhages in at-risk atherothrombotic patients.'* Using dedicated
magnetic resonance (MR) sequences, MRI is also able to pro-
vide information about plaque components such as lipid-rich
necrotic core, intraplaque hemorrhage, calcification, and surface
defects including erosion, disruption, and ulceration.'* How-
ever, because the best MRI resolution are a few dozen microm-
eters,'® long acquisition times are required to get useful images.
Thus, this limitation is not suitable for the study of the distri-
bution of the MRI agents in small volumes like in a single cell
or even into the layers of a small artery wall.'>!6 Yet, if we want
to study why a given agent exhibits some affinity for a patho-
logical tissue or if we want to modify the agent to increase this
affinity, we need a very high-resolution imaging method such as
optical microscopy.

The issue is therefore to develop a bimodal contrast agent,
allowing a contrast for both MRI and optical microscopy.
Many efforts to synthesize fluorescent MRI agents have been
made.'” However, biological tissues are naturally fluorescent,
too, although not intensely fluorescent, but modified MRI agents
are not very bright either. To make things worse, emission wave-
lengths of the main fluorophores used for agents fall in the

1083-3668/2017/$25.00 © 2017 SPIE

July 2017 « Vol. 22(7)


http://dx.doi.org/10.1117/1.JBO.22.7.076004
http://dx.doi.org/10.1117/1.JBO.22.7.076004
http://dx.doi.org/10.1117/1.JBO.22.7.076004
http://dx.doi.org/10.1117/1.JBO.22.7.076004
http://dx.doi.org/10.1117/1.JBO.22.7.076004
http://dx.doi.org/10.1117/1.JBO.22.7.076004
mailto:frederic.chaubet@univ-paris13.fr
mailto:frederic.chaubet@univ-paris13.fr
mailto:frederic.chaubet@univ-paris13.fr
mailto:frederic.chaubet@univ-paris13.fr

Nghia et al.: Gadolinium/terbium hybrid macromolecular complexes for bimodal. . .

emission regions of the tissues autofluorescence, making it
sometimes difficult to interpret the images. Hence, we need
to develop more sophisticated markers, for example, fluoro-
phores capable of emitting in the near-infrared where the fluo-
rescence of the tissues is absent.'® Another way to solve this
issue is to use fluorescent emitters that decay very slowly, a
lot longer than the time constant of the autofluorescence
decay. Lanthanides possess specific magnetic and electronic
properties; in particular ions of terbium and europium, which
belong to the middle of the lanthanide series, exhibit unique
fluorescence properties that have been widely exploited for bio-
logical and biochemical assays.'°* They have several advan-
tages compared with purely organic fluorophores:*** very long
luminescence decay (some hundred microseconds to some mil-
liseconds), better photostability, narrow emission lines, and
large Stokes shift. These compounds can therefore achieve fluo-
rescence optical imaging with a time-resolved emission in the
visible spectrum (green light for terbium and red light for euro-
pium) easily discriminated from the background noise, with
detection sensitivities down to femtomolar.”® Moreover, in addi-
tion to characteristic electronic configuration, lanthanides
exhibit a chemical resemblance with close atomic and covalent
radii with the most stable oxidation state of +3.>” An MR con-
trast agent that would have its Gd** ions replaced by Tb>* ions
cannot be noticeably different chemically from the pure MR
one, and it is expected to show similar biodistribution and/or
cellular uptake profiles so that combined MRI and optical im-
aging protocols become possible.?® Therefore, any useful infor-
mation collected using the modified agents remains pertinent for
the original agent.

For this study, we used a chelating macromolecule, named
P717, made of dextran substituted with carboxylate and Gd-
DOTA groups® (see Fig. 2). This long circulating blood pool
contrast agent is devoid of biospecificity for arterial walls.*
In previous works, P717 substituted with sulfate groups was
able to bind to human-activated platelets and allowed imaging
of atherosclerosis plaque in a mouse model.>!*> Then, P717 sub-
stituted with trityrosine residues was evidenced as an MR
molecular imaging agent able to bind in vivo to lipoproteins
used as transporters of cholesterol and other lipids*® within
the atherosclerotic plaque. Both studies raised the possibility
of using modified polysaccharides as targeting moieties for
the imaging and/or treatment of vascular diseases.

The main objective of the study was to obtain usable images
of diseased vascular tissues using an optical imaging modality in
which sensitivity and resolution are complementary to that
of MRI. For that purpose, we prepared P717 by replacing Gd
ions with terbium ions. The chelate limits the quenching of
the luminescence from direct interaction of the water molecules
with the ions and eventually allows the link to a biomolecule for
targeting purposes. To overcome the weak absorption cross sec-
tion of europium and terbium ions, chelate complexes should
contain an organic chromophore acting as an antenna, absorbing
excitation light and transferring energy to the lanthanide.?!
However, such amplifier antennas are aromatic structures poorly
soluble in physiological media, and avoiding their use would be
beneficial, reducing both costs and potential side toxicity of the
complexes. As the quantum yields and fluorescence lifetimes
are better for terbium ions than for europium ions,?53*¢ we
have developed an optical system to visualize Tb luminescence
in biological samples without the use of an antenna. The exci-
tation wavelength in near UV for Tb (in the visible domain for
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Eu) is one of the challenges that have been addressed.
Eventually, the biospecificity of the P717 complexes was
achieved by conjugation with a low-molecular-weight fucoidan
that was established as a relevant targeting agent for molecular
imaging of atherothrombosis.”’*® Animal experiments have
been performed with a rat model of aneurysmal thrombosis.*®

2 Time-Gated Imaging System

The scheme of the time-gated imaging system is shown in
Fig. 1. It is based on a Zeiss inverted microscope model
Observer Aml. The UV excitation source is a laser diode
Stradus 375 from Vortran Medical Technology, whose emission
wavelength peaks at 371 nm. Its maximum power in continuous
wave mode is 15 mW. The laser beam is collimated by the build-
in optics system. In pulse mode, a very weak parasitic UV light
is still emitted some milliseconds after turn off. It causes auto-
fluorescence noise of the artery wall that may exceed the fluo-
rescence signal of terbium ions accumulated in the artery slice.
We added the chopper C from EG&G Instruments (model 651)
to eliminate this noise. A filter F1 eliminates the parasitic visible
light from the excitation laser, and a second filter F2 is placed
after the microscope objective to block the UV laser light
(371 nm) from propagating further into the microscope and pos-
sibly creating autofluorescence. To avoid parasitic light accumu-
lation, a shutter protects the camera and is only opened during
the image acquisition. For this purpose, we used a hard disk
voice-coil actuator with a razor blade instead of the read/write
heads. The whole acquisition process is synchronized using
a PIC18F4550 microcontroller.

The laser light is focused on the sample by a convergent lens
with a 10-mm focal length, and the laser spot is scanned on the
sample to get the whole fluorescent image: we take a fluores-
cence image for each position of the spot, and these data are
then merged into a single fluorescence image. This simple
setup provides a high enough excitation light density. This den-
sity can be adjusted by defocusing the lens away from the
sample: the size of the laser spot changes accordingly. The maxi-
mum illumination density corresponds to the smallest diameter
of the laser spot, which is 8 ym.

The camera is an Andor iXon3 DU-897D EMCCD camera.
We can record white light images using a halogen lamp H (even-
tually colored through the use of a filter set FS corresponding to
the primary colors) or time-gated fluorescence images using the
procedure described above. We also have the possibility of
inserting a spectrometer: as the position of the laser light is

UV laser diode stradus 375
(Vortran)

Filter EM XF01 330WB60
Filter LP02-442RS-25
Filter set
Microscope objective
Halogen lamp
Splitter mirror

EMCCD
Camera

Lens

Fig. 1 Schematics of the time-gated fluorescence microscope.
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well controlled, we can thus obtain the fluorescence spectrum of
any point in the recorded image, which will ensure the origin of
the collected fluorescence.

3 Materials and Methods

All chemicals, purchased from Sigma-Aldrich (St Quentin
Fallavier, France), were of reagent grade, and deionized water
was used. The starting material, named LP717 in the paper,
was kindly provided by Guerbet Company. LP717 is a carbox-
ymethylated dextran substituted with a chelating moiety 1,4,7,
10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) via
a diaminoethy] linker. The average degrees of substitution (DS)
in the different chemical groups are: DS(carboxymethyl) =
0.32£0.02 (1.14 £ 0.05 meqCOO-/g) and DS(DOTA) =
0.23 (%N = 4.43 £0.30%w/w). The molecular weights are
Mn = 29,000 g/mol (average number weight) and Mw =
49,000 g/mol (average weight weight) with a hydrodynamic
radius (Rh) of 6.0 £ 0.3 nm.** Low-molecular-weight fucoidan
from the brown seaweed Ascophyllum nodosum was purchased
from Algues et Mer (Ile d’Ouessant, France). Chemical compo-
sition of the starting fucoidan (w/w) is: fucose, 44.7 £+ 5.4%;
uronic acids, 22.8 +5%; and sulfate groups, 17.6 +2.5%.
Mn = 5000 g/mol; Mw = 10,000 g/mol. Fucoidan was ami-
nated with diaminopropane at its reducing end as previously
described.*® Chemical composition of aminated fucoidan (w/w)
is: fucose, 39.4 & 5.0%; uronic acids, 13.8 £1.5%; and
sulfate groups, 29.7+2.0% with Mn=7800g/mol and
Mw = 10,600 g/mol. The amount of primary amine, determined
with phthalaldehyde colorimetric assay using bromopropyl-
amine as the standard,® is 0.89 + 0.08 (mol/mol of fucoidan).

3.1 Preparation of P717 Metal Complexes (P717M)

The chelation of LP717 by Gd3* or Tb*>* ions was performed by
mixing GdCl;, 7H,0 or TbCl;, 7TH,0O (1 Gd or Tb per DOTA
groups) with LP717 in water. After adjusting the pH to 6.5 with
NaOH, the solution was maintained at room temperature over-
night followed by heating at 60°C for 4 h. Chlorides were
removed by dialysis and white products were obtained by
freeze-drying. The products named P717Gd and P717Tb
underwent the same coupling to aminated fucoidan. The total
Gd and Tb contents were determined with inductively coupled
plasma atomic emission spectroscopy (ICP-AES) by Service de
Microanalyse du CNRS (Vernaison, France).

3.2 Coupling of P717M with Fucoidan

The P717M (M = Gd or Tb) was then linked to aminated fucoi-
dan by a coupling reaction with conventional agents EDC/NHS
[1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride/N-hydroxysuccinimide]. Briefly, 300 mg of P717M were
dissolved in 5 ml of bidistilled water. 20 mg of EDC and 12 mg
of NHS were added, and stirring was maintained for 15 min at
room temperature. 200 mg of aminated fucoidan were added to
the mixture ([fucoidan] = 40 mg/ml) and maintained under agi-
tation for 2 h. Purification was performed by dialyzing the sus-
pension against NaCl 1M (2x) and bisdistilled water (5X)
(MWCO 12,000). Finally, the conjugate was obtained as a fluffy
powder after freeze-drying in about 60% yield. The fucoidan
content was obtained by a sulfate content colorimetric assay as
previously described.?’
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3.3 Determination of the Molecular Weights

Molecular weights were determined by size-exclusion chroma-
tography (SEC) on a TSK gel G3000 PWXL (Interchim SA,
France) with a LC10Ai pump (Shimadzu, France) and phos-
phate-buffered saline (PBS), and LiNO; 150 mM pH = 7.4 was
the eluent at a flow rate of 0.5 ml/ min at 25°C. Determination
was performed with a spectrophotometric detector multiangle
laser light scattering (MALLS) (Dawn EOS, Wyatt Technology
Corp., Santa Barabara, California) and a differential refractom-
eter RID 10 A (Shimadzu, France). Data have been exploited
with the Astra 5.3.4.14 software (Zimm order 1 with angles
between 52 deg and 142 deg).

3.4 Relaxivity Study

Dilutions of P717Gd and P717Gd-F were prepared in PBS (10,
5,2,1,0.5, and 0.1 mg/ml) and distributed in tubes. The longi-
tudinal relaxation times T1 were measured with the small animal
7T MRI. The relaxation rate (1/7'1) was plotted against Gd con-
centration values, and longitudinal relaxivity (r1) was calculated
from the slope of the graph.

3.5 Animal Study

We performed investigations on rat abdominal aortas. The pro-
cedure and the animal care complied with the “Principles of ani-
mal care” formulated by the EU (Animal Facility Agreement
75-18-03; 2005), and animal experimentation was performed
under the authorization 75-101 of the French Ministry of
Agriculture after approval by the University Ethical Committee.

3.5.1 Induction of the aneurysmal thrombus

Under intraperitoneal pentobarbital anesthesia (4 mg/100 g
bodyweight; Ceva Santé Animale, Paris, France), ~20 mm of
the infrarenal aorta (beginning 2 mm below the left renal artery)
was separated from the vena cava. Collateral arteries were dis-
sected from surrounding connective tissue, ligated in two places,
and cut between them. The aorta was clamped and four units of
porcine pancreatic elastase (E-1250; Sigma-Aldrich) in 550 ul
NaCl 9% was perfused transmurally during 1 h, using an auto-
matic pressure perfusion pump. The segment was then rinsed,
the catheter removed, the entry hole closed by suture, and flow
re-established.*’ A total of 12 male 7-week-old Wistar rats from
CERJ (Le Genest, France) were prepared. To localize the treated
segment during the MRI session, the distances between the
upper and lower points of the perfused segment and the origin
of the left renal artery were measured with the microscope eye-
piece, and surgical wounds were closed. This model is charac-
terized by the presence of an intraluminal thrombus 1 to 3 weeks
after aneurysm induction.*’ To increase the size and the activity
of the aneurysmal thrombus, injections of Porphyromonas gin-
givalis were performed at day 8 and day 16. Four rats died
before the MRI sessions.

3.5.2 MRI session

Rats were anesthetized with isofluorane before injection of
the macromolecular agents in the vein of the tail. They were
scanned with a 7T small animal MRI (Bruker, Germany) before
and after injection using a dedicated coil. For black-blood high-
resolution imaging of the aortic vessel wall, a RARE T1
sequence with cardiac gating was used with the following

July 2017 « Vol. 22(7)



Nghia et al.: Gadolinium/terbium hybrid macromolecular complexes for bimodal. . .

LP717 LP717TM :I\lq) 7(1;7dM'FTb)
. =Gd or
OH 0 OH 0 (M=Gd or Tb) OH o
(o (o 0
OH o MCly on o EDC/NHS I )
° (M=Gd, Th) © Fucoidan—NH""""NH, o
OH 0, OH 0, fucoidan” N OH o
¢ o [} o] ) o)
N N N
ST I o
¥ OH o, Hy OH o, Hy OH o,
DOTA HO N DOTA-M HO N DOTA-M HO *

Fig. 2 Schematic structures and synthesis of P717M-F (with M = Gd or Tb and F = fucoidan).

parameters: minimum TR = 1741.9 ms, TE = 9 ms, FOV =
5 cm, and a matrix size of 256 X 256. Continuous slices
(slice thickness = 0.3 mm) were made under the renal aorta
bifurcation. Image analysis was performed using OsiriX soft-
ware (DICOM reader v3.7). Maximum luminal narrowing
was quantified by the percentage reduction (AR%) of aortic
luminal area as previously published.*' Arterial wall contrast
agent uptake analysis was performed on slices that corresponded
to histology sections. Intraluminal areas that evidenced visual
intraluminal hypersignal from 10 min to 1 h after injection of
contrast agent were manually contoured for quantitative signal
analysis. Regions of interest were pasted on all corresponding
MR images. The signal-to-noise ratio (SNR) of aortic wall
thrombus was measured by calculating the average signal inten-
sity in the region of interest from MR images at each imag-
ing point [SNR = (Slaortic wall — SImuscle)/SDnoise signal].
Normalized signal enhancement [ANSE%=(SNRz—SNRbefore) /
SNRbeforex 100] was calculated at 10, 20, and 30 min after injec-
tion and analyses were performed between each scan time.*? At
the end of the session, animals were euthanized and the perfused
portion of the aorta, including the dilatation, was harvested and
flushed with PBS. Then the aorta was cut transversally into
2-mm-width tissue rings, which were frozen at —20°C in cold
isopentane. Healthy artery parts were used as standard samples.

3.6 Fluorescence Microscopy Study

3.6.1 Pathological artery

Frozen artery rings were cut into 6-um sections and placed onto
a quartz lamella. For fluorescence images recording, we used the
20X magnification objective. The laser’s spot diameter is
56 um. Laser power is 5 mW in CW mode. Therefore, the aver-
age intensity of laser on the specimens is 250 W /cm?. During
the experiment, the laser emits a squared pulse of light with a
repetition rate of 7.3 Hz and a pulse duration of 6.2 ms.

3.6.2 Ex vivo incubation of P717Tb with healthy artery

The rat healthy artery is placed in PBS for 24 h at 37°C
under gentle shaking with P717Tb [10 mg/ml, (Tb**) =
4.6 x 1073 mol/1]. A standard sample is prepared without
P717Tb. Then, the artery is frozen in cold isopentane before
being treated as the pathological artery.

4 Results and Discussion

4.1 Bimodal Contrast Agents

P717Gd and P717Tb were obtained by treatment of LP717 with
GdCl; and TbCl;, respectively, before coupling with aminated
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fucoidan (Fig. 2). Table 1 shows the main physicochemical char-
acterizations. The amount of fucoidan was estimated by the sul-
fate assay (see Sec. 3). As expected, data are independent from
the cation used.

Absolute molecular weights have been obtained from
MALLS coupled with differential refractometry. By taking into
account the degree of substitution of the different substituting

Table 1 Physicochemical characteristics of LP717 and P717
complexes.

. o Fucoidan®

Mn? Mw?  Gd° r{® Tb®  mol/mol
Name (g.mol") (g.mol~") (%) (MM~'Gds™") (%) of P717
LP717 29,000 49,000 na — na na
P717Gd 28,000 47,000 9.8 nd na na
P717Tb 29,000 47,000 na — 9.7 na
P717Gd-F 35,000 59,000 7.3 12.3 — 1.1
P717Tb-F 35,000 58,000 — — 7.7 0.9

@Determined by SEC-MALLS (+1000).

®Determined by ICP-AES, (weight Gd/weight polymers), SD = 5%.
°Relaxivity values in PBS at 7T, SD = 6%.

d(mol/mol) determined by colorimetry, SD = 5%.

0.3

ﬁ 545 nm

0.25

o
o
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488 nm

Intensity (a.u.)

586 nm :
620 nm

L B e o e e e S

— . -
440 460 480 500 520 540 560 580 600 620 640 660
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Fig. 3 Spectrum of terbium ions in the P717Tb/PBS solution
([Th3*] = 4.3 mM).
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30s
(b)

Fig. 4 White field and fluorescent images of healthy artery specimens incubated in PBS (a) without and
(b) with P717Tb ([P717Tb] = 10 mg/mL). The laser is turned on 20 s after starting the acquisition of
images. The peak intensity of laser is about 1500 W/cm? to accelerate the photobleaching effect (L,

lumen; W, artery wall).

groups and the amounts of Gd and Tb, a molecular weight
increase of about 10% could be expected instead of the slight
decrease (i.e., about 54,000 g/mol versus 47,000 g/mol to
be compared with 49,000 g/mol). Although we have no explan-
ation, the MWs of both compounds were identical, and the
differences with LP717 were not considered drawbacks for
the rest of the study. Conversely, the MW increase after ami-
nated fucoidan linking was in accordance with the attachment
of one molecule of fucoidan per molecule of P717. Note that
each molecule of P717 bears about 20 carboxymethyl groups,
but we did not succeed in linking more than one fucoidan per
P717. These are average values, and it cannot be excluded that
some P717 molecules bear more than one fucoidan while others
bear no fucoidan. Eventually, only P717Gd-F and P717Tb-F
would interact with P-selectin overexpressed by activated plate-
lets within the thrombus.

The emission spectrum recorded from a solution of P717Tb
in PBS with a concentration equal to 10 mg/ml (the molar con-
centration of terbium ions was 4.6 X 1073 mol/1) is shown in
Fig. 3. We note the four peaks characteristic of terbium ions:
488, 545, 586, and 620 nm. It is similar to the spectra published
elsewhere.*** We measured a fluorescence lifetime of terbium

complex in PBS of 1911 + 8 us, consistent with the values pub-
4344

lished in the literature.

Intensity (a.u.)
N

0 . AN, B NG = i, ]
440 460 480 500 520 540 560 580 600 620 640 660
Wavelenth (nm)

Fig. 5 Emission spectrum of terbium ions in the artery specimen.
Artery has been treated with a solution of P717Tb in PBS at the con-
centration of 10 mg/ml for 15 min. The samples were carefully rinsed
with PBS to remove the excess of P717Tb.
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Fig. 6 MR images of pathological arteries after injection into the vein
of the tail of rats a mixture of P717M, with and without fucoidan
(P717M-F) (M = Tb, Gd; 50/50 w/w, concentration of each agent =
1 mg/ml) to enable them with the capacity to bind to the pathological
area in vivo. Red Arrows depict the pathological artery wall areas.
Animals were scanned before and after (10, 20, and 30 min) injection
of the contrast agent. There was no significant evolution of the MR
signal between 30 to 90 min (data not shown). The scale bar is given
on the upper left image.
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4.2 MR and Optical Imaging

For this study, we used an abdominal aortic aneurysm (AAA) rat
model of atherothrombosis.*® The specificity was obtained
through the interaction of fucoidan with P-selectin, which is
massively expressed by activated platelets.*> The thrombus via
its associated biological activities including its renewal has been
suggested as a driving force for intraplaque hemorrhages in
occlusive atherothrombotic disease*® as is the case for AAA
evolution."® Several authors have visualized thrombus activities
using ™ Tc annexin V in scintigraphy*’ or iron oxide particle
trapping by phagocytes in MRL* in animal and human AAA.
Moreover biological activities detrimental to the arterial wall
predominate in the thrombus both in the rat and in humans.*’
The aneurysmal thrombus is very active, meaning that fresh acti-
vated platelets continuously participate in its renewal. Using the
rat animal model of elastase-induced abdominal aneurysm, we
were previously able to depict with a preclinical MRI a fucoi-
dan-coated USPIO thrombi attached to the aortic wall, with

8000 1= ~
—A1
|— A2
1 A3
— Ad 'I
B1 |
|[=B2
6000~ 2
2]
[=
<
8
< 4000
o
o
[ =
o
2000
0 a —
450 475 500 525 550

sizes of about 130 ,um.38 However, the contrast agent could
not be easily localized on histological slices. With fucoidan-
linked Tb/Gd complexes, we expected to image the uptake of
the contrast agent into the aneurysmal thrombus with MRI as
was the case with fucoidan-coated USPIO* and to localize it
on histological slices of pathological tissues by optical imaging.

4.2.1 Healthy arteries imaging

Fluorescence images of healthy rat artery specimen were com-
pared after incubation in PBS in the absence and presence of
P717Tb (Fig. 4). Without the terbium complex, we observed
long lifetime emission from the media layer of the artery
wall. We should note that this emission only appeared on the
media layer of the artery wall. This emission was quickly photo-
bleached, and there was a significant decrease of the intensity.
For the specimen treated by the P717Tb (10 mg/ml), the emis-
sion was observed in both media and adventitia layers of the
artery wall. The emission spectrum recorded after 140 s with the
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Fig. 7 (a) White light and (b) fluorescence images of a pathological artery slice. (c) Fluorescence spectra
at different positions in artery slice (a). The white labels on (a) corresponds to areas where spectra have

been collected.
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on-line spectrometer (Fig. 5) evidenced Tb>* ions as the source
of this emission. The long lifetime emission from the media
layer of the artery gave a strong noise. Fortunately, it was photo-
bleached quickly while the emission of Tb*>* ions remained sta-
ble (data not shown). The bleaching happened after 30 s, which
was corresponding to 210 excitation pulses.

4.2.2 Pathological arteries imaging

Experiments have been performed with 50/50 (Tb/Gd-w/w)
mixtures of P717M and P717M-F with a concentration of
1 mg/ml for each species before injection in rats. MR phantoms
of P717Gd-F solutions in PBS have been imaged to determine
the longitudinal relaxivity r; with 7T MRI (see Table 1). The
value 12.3 mM~' Gd s~! is in accordance with the r; values
for P717Gd in the previous studies (7 to 14 mM~! Gds™!),
showing that the coupling with about one molecule of a low
molecular weight fucoidan did not significantly modify the
magnetic behavior of the contrast agent. In vivo MR images of
pathological arteries are shown in Fig. 6. The increase of the Gd
concentrations within tissues corresponds to an increase of the
bright signal. Two aneurysmal areas have been imaged with the
Tb/Gd (50/50 — w/w) mixture of P717M-F. Increases of the
signal within the arterial wall were observed up to 30 min
after injection with P717M-F but not after 10 min with mixtures
without fucoidan.

After the euthanization of the animals, the arteries were har-
vested and slices (20 ym width) of the pathological section were
observed with the fluorescence time-gated microscope. Figure 7
presents results obtained from an animal treated with P717M-F.

The pathological regions appeared brighter in the white light
image [Fig. 7(a)] and were clearly correlated to an increase of
the fluorescence signal [Fig. 7(b)]. Spectra [Fig. 7(c)] taken at
different points of the tissue [indicated by a letter and a digit in
Fig. 7(a)] showed the existence of terbium ions in that artery
slice. The brighter was the observed region, the stronger
were the terbium emission peaks, as expected.

The fluorescence signal recorded on tissue excised from the
injected living animal was much lower than the signal recorded
from tissue incubated in P717Tb/PBS (Fig. 4). This effect can-
not be attributed to the photobleaching by radical species from
tissues (ROS) since lanthanide(IIl) ions are admitted as good
quenchers of the triplet state.”® Nevertheless, we still got a rea-
sonable SNR due to the high sensitivity of the setup.

This study shows that the P717Tb-F macromolecule can bind
to and diffuse into the diseased artery wall and that the auto-
fluorescence intensity collected with our time resolved pro-
cedure was negligible compared with the signal emitted by the
macromolecular biospecific agent.

5 Conclusion

We built a time-resolved fluorescence microscope system for
optical imaging of a bimodal mixture of a biospecific contrast
agent on healthy and pathological rat arteries: this system was
able to locate a fluorescent agent chemically similar to the MR
contrast agent used for the detection of an aneurysmal thrombus.
For the optical probe, we substituted the magnetic Gd ions with
luminescent terbium ions. Fluorescence allowed optical analysis
of the interaction between the tissue and the agent. Optical
microscopy has a very high intrinsic resolution; therefore, we
expected to learn useful information about this interaction.
A good SNR was obtained by time-resolved fluorescence imag-
ing, where autofluorescence is fast compared with the terbium
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emission. We could positively identify terbium spectrum by
evaluating the fluorescence spectrum while taking images,
which ruled out false positives. In conclusion, we have shown
that the P717Tb linked to fucoidan could diffuse into the artery
wall and that the autofluorescence intensity collected with our
time resolved procedure was negligible compared with the sig-
nal emitted with the contrast agent. This is a powerful tool for
investigating the interaction of the corresponding MR contrast
agents with tissue.
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