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Abstract 

Aneurysm diagnostic is nowadays limited by the lack of technology that enables early detection and 
rupture risk prediction. New non invasive tools for molecular imaging are still required. In the 
present study, we present an innovative SPECT diagnostic tool for abdominal aortic aneurysm 
(AAA) produced from injectable polysaccharide microparticles radiolabeled with technetium 99m 
(99mTc) and functionalized with fucoidan, a sulfated polysaccharide with the ability to target 
P-Selectin. P-Selectin is a cell adhesion molecule expressed on activated endothelial cells and 
platelets which can be found in the thrombus of aneurysms, as well as in other vascular pathologies.  
Microparticles with a maximum hydrodynamic diameter of 4 µm were obtained by crosslinking the 
polysaccharides dextran and pullulan. They were functionalized with fucoidan. In vitro interactions 
with human activated platelets were assessed by flow cytometry that demonstrated a specific af-
finity of fucoidan functionalized microparticles for P-Selectin expressed by activated platelets. For 
in vivo AAA imaging, microparticles were radiolabeled with 99mTc and intravenously injected into 
healthy and AAA rats obtained by elastase perfusion through the aorta wall. Animals were scanned 
by SPECT imaging. A strong contrast enhancement located in the abdominal aorta of AAA rats was 
obtained, while no signal was obtained in healthy rats or in AAA rats after injection of 
non-functionalized control microparticles. Histological studies revealed that functionalized radi-
olabeled polysaccharide microparticles were localized in the AAA wall, in the same location where 
P-Selectin was expressed.  
These microparticles therefore constitute a promising SPECT imaging tool for AAA and poten-
tially for other vascular diseases characterized by P-Selectin expression. Future work will focus on 
validating the efficiency of the microparticles to diagnose these other pathologies and the different 
stages of AAA. Incorporation of a therapeutic molecule is also considered. 
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Introduction 
Abdominal aortic aneurysm (AAA) is a patho-

logical dilatation of the abdominal aorta with a mor-
tality associated to its rupture of approximately 90% 

[1, 2]. Nowadays, AAA is usually diagnosed by ana-
tomical imaging techniques such as ultrasound, 
computed tomography and/or magnetic resonance 
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imaging [3]. Limitations of these methods are that i) 
they only give anatomical and morphological infor-
mation and ii) the arterial wall dilatation must be rel-
atively advanced to clearly identify the pathology. 
Furthermore, it has been reported that the size meas-
urement of the AAA is not sufficient for predicting its 
rupture [4]. Consequently, new non-invasive tech-
niques enabling early identification and evaluation of 
the AAAs rupture risk are needed [5].  

A recent strategy to fulfill these requirements is 
to produce injectable diagnostic tools that are able to 
target key molecules involved in early arterial process 
[3]. For this purpose, several biological markers of 
AAA development have been identified as potential 
targets of the pathology [6, 7]. Many molecular im-
aging probes of AAA are thus developed from vari-
ous contrast agents targeted toward proteins such as 
elastin, collagen, matrix metalloproteinase or adhe-
sion molecules like VCAM-1, ICAM and selectins 
[8-11]. 

In this work, we focused on adhesion molecules 
as they are expressed earlier in the inflammatory 
process than the other protein markers [12]. Among 
those, we selected P-Selectin which has the advantage 
to be present on platelets and endothelial cells on ac-
tivation. The role of this key targeted molecule in 
AAA is not yet perfectly well established but it has 
been clearly identified to be involved in inflammatory 
cell recruitment in arterial diseases though the inter-
action with its counterreceptor P-Selectin Glycopro-
tein Ligand 1 [13, 14]. For this reason, it is related with 
the renewal and growth of biologically active arterial 
thrombus and with the expansion of AAA [15, 16]. 
Revealing the expression of P-Selectin with a molec-
ular imaging tool is therefore a promising clinically 
relevant strategy for AAA early detection, growth 
prevision and rupture risk assessment. Besides, sev-
eral spherical injectable polymeric particles have been 
developed to target P-Selectin with promising binding 
and/or diagnostic properties. PLGA nanoparticles 
conjugated with the external fraction of glycoprotein 
Ibα showed great affinity for P-Selectin coated sur-
faces and for activated endothelial cell layer [17]. Van 
Kasteren S. et al have imaged brain diseases with 
carbohydrate nanoparticles functionalized with nat-
ural complex glycan ligand of selectins [18]. McAteer 
et al. have developed microparticles of iron oxide 
conjugated with P-Selectin and VCAM-1 antibodies 
that revealed in vivo endothelial activation on MRI 
scans [19].  

Molecular and functional imaging of AAA em-
ploys a wide variety of imaging modalities. A large 
amount of magnetic resonance imaging (MRI) dedi-
cated functionalized contrast agent including ul-
trasmall superparamagnetic particle of iron oxide 

(USPIO) or gadolinium showed feasibility of AAA 
prone to rupture site identification [20]. All the other 
modalities are considered including ultrasound, 
computed tomography, optical imaging but the most 
promising seems to be nuclear imaging methods as 
they provides a highly sensitive detection of the in-
jected radioactive imaging agent. 18F-fluoro- 
deoxy-glucose (18F-FDG) which reveals the metabolic 
cells on positron emission tomography (PET) enabled 
identification of focal inflammatory sites in AAA 
which may be correlated with AAA progression and 
rupture risk [21, 22]. However, this method as mean 
to predict AAA evolution is disputed [23]. Moreover, 
even if PET provides a better detection sensitivity 
than SPECT, 99mTc is the most widely used radioiso-
tope in nuclear medicine because of its physical char-
acteristics: optimal gamma energy for SPECT imaging 
(140 keV) and short physical half-life (T = 6.01 h), al-
lowing a low radiation burden to patients [24]. Several 
diagnostic tools of the AAA have thus been devel-
oped using 99mTc detection by SPECT. In 1976, Ryo et 
al. published the use of 99mTc labeled red blood cells 
for AAA detection [25]. Iwasaki et al. have developed 
in 2001 a diagnostic method for non-invasive imaging 
of aortic dissection using 99mTc-labeled murine an-
ti-smooth muscle myosin monoclonal antibody in rats 
[26]. In 2006, Sarda-Mantel et al. imaged luminal 
thrombi in murine AAA with radiolabeled annexin V 
that specifically bind to phosphatidylserine exposed 
to the surface of apoptic cells and activated platelets 
[27].  

In our study, a particular interest was given to 
dextran and pullulan which are widely used in clini-
cal applications [28]. An implantable biodegradable 
hydrogel for tissue engineering applications was ob-
tained by crosslinking these polysaccharides [29, 30]. 
Since this hydrogel was not injectable, we herein de-
veloped a novel water-in-oil emulsification process 
combined to the crosslinking of dextran and pullulan 
in order to obtain injectable particles. Fucoidan, a 
sulfated polysaccharide derived from seaweed that 
happens to be an occurring mimic of sialyl Lewis X, 
the natural ligand of P-Selectin [31], was used to 
functionalize the particles. Our group previously 
demonstrated its ability to bind P-Selectin and de-
veloped a radiotracer by combining 99mTc to fucoidan 
[32, 33]. 

The aim of this study was to produce an efficient 
AAA diagnostic tool from an injectable polymeric 
device able to be combined with a contrast agent and 
to target the P-Selectin which is expressed in acute 
AAA. For this purpose, we have developed a micro-
particle system which is functionalized with fucoidan 
and radiolabeled with 99mTc. We demonstrate a strong 
SPECT contrast enhancement located in the ab-
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dominal aorta, revealing the presence of P-Selectin 
inside the aneurysm of an elastase induced AAA rat 
model. These microparticles could have clinical uses 
as a SPECT diagnostic tool for early detection and 
progression risk assessment of AAA and potentially 
other arterial diseases characterized by the expression 
of P-Selectin. 

Material and Methods 
Microparticles preparation 

Polysaccharide microparticles (MP) were ob-
tained from a previously described crosslinking pro-
tocol [34] coupled to a water-in-oil emulsification 
process. 

Pullulan (9 g, MW 200,000 g/mol, Hayashibara 
Inc., Okayama, Japan), dextran (3 g, MW 500,000 
g/mol, Sigma Aldrich, Fallavier, France) and 
FITC-dextran (100 mg, MW 500,000 g/mol, Sigma 
Aldrich) were solubilized in 40 mL of purified water. 
To prepare functionalized microparticles 
(MP-Fucoidan), 1.2 g of fucoidan (MW 57,000 g/mol, 
Sigma Aldrich) was blended into the mixture. Under 
alkaline condition (Na0H 2.3 M), 100 mg of this 
aqueous solution were mixed with 30 μl of trisodium 
trimetaphosphate (30% (w/v) in water, Sigma Al-
drich). The whole aqueous phase was straight away 
slowly injected into 30 mL of cold (-5°C) colza oil 
containing 1.5 % (w/v) of a surfactant mixture of Span 
80 (Sigma Aldrich) and Tween 80 (Fluka, Fallavier, 
France) with a ratio 75/25, and dispersed at 28,000 
rpm for 2 min with a homogenizer (Polytron PT 3100, 
dispersing aggregate PT-DA 07/2EC-B101, Kinemat-
ica, Luzernerstrasse, Switzerland). Next, this emulsion 
was transferred to an oven (50°C) wherein the cross-
linking step took place for 20 minutes. The oil phase 
was then removed by phase separation and resulting 
microparticles were rinsed in PBS.  

The suspension was centrifuged (BR4i, JOUAN 
S.A., Saint Herblain, France) for 10 minutes at 3,000 g, 
then the supernatant was centrifuged for 10 minutes 
at 5,000 g. The resulting pellet was suspended at 10 
mg/mL in saline buffer and stored at 4°C until use. 

Microparticles characterization 
The surface morphology of MP and 

MP-Fucoidan particles was imaged using scanning 
electron microscopy (SEM) (Philips XL 30 ESEM-FEG, 
Hilsboro, OR, USA) on dried samples coated with a 
thin gold layer. Mean diameter, size distribution and 
zeta potential were analyzed by dynamic light scat-
tering method (NanoZS, Malvern Instruments S.A., 
Orsay, France). Surface sulfur presence was evi-
denced by energy dispersive X-ray spectroscopy 
(EDX) (Philips XL 30 ESEM-FEG, Hilsboro, OR, USA) 
and global sulfur content was quantified by UV fluo-

rescence spectroscopy (THERMO TN-TS 3000, Ther-
mo Fisher Scientific, Pittsburgh, PA, USA) on 
freeze-dried samples of MP, MP-Fucoidan and plain 
fucoidan. Fucoidan content in MP-Fucoidan was cal-
culated from sulfur content in MP-Fucoidan and in 
fucoidan. 

Hemolytic Toxicity Assay 
Blood from healthy volunteers was collected in 

sodium citrate 3.8 % (w/v). Erythrocytes were sepa-
rated from blood plasma by centrifugation (800 g, 5 
min) and resuspended at 20 % (v/v) into distilled 
water, which was considered as producing 100 % 
hemolysis, and into normal saline producing no he-
molysis, considered as a blank. To reproduce the in 
vivo parameters, the same microparticle suspensions 
were assessed in a corresponding amount of blood 
(rats of 400 g average weight was considered to have a 
total blood volume of 24 mL). 5 µL of MP and 5 µL of 
MP-Fucoidan (5 mg/mL) were mixed with 500 µL of 
erythrocytes suspensions diluted in normal saline. All 
preparations were incubated for 1h at 37°C and cen-
trifuged (3000 g, 5 min). Supernatants were taken and 
absorbance was measured at 540 nm. The percentage 
of hemolysis was determined for red blood cell sam-
ples incubated with MP, MP-Fucoidan and saline by 
comparing to water as 100% hemolytic sample. Re-
sults were expressed as mean values ± SEM (n=3). 

Microparticles radiolabeling 
Technetium-99m (99mTc) labeling required the 

reduction of pertechnetate by a reducing agent. La-
beling of MP or MP-Fucoidan was carried out by 
mixing 0.030 mL of a 5 mM stannous chloride solution 
(reducing agent), 0.5 mL of microparticle suspension 
(10 mg/mL), 0.2 mL of Na+, 99mTc04-corresponding to 
an activity of 370 MBq. After incubation for 1 h at 
room temperature, radiolabeled microparticles were 
separated from Na+, 99mTcO4- excess by centrifugation 
(5,000 g). In order to determine radiolabeling effi-
ciency, microparticle pellet and supernatant activities 
were measured in an activimeter (Medi 40, Medisys-
tem, Guyancourt, France) Labeling efficiency is ex-
pressed as percentage of the ratio between radioac-
tivity associated with the microparticles and total ra-
dioactivity. 

To assess the labeling stability, the radiolabeled 
microparticles (99mTc-MP or 99mTc-MP-Fucoidan ) 
were resuspended in 1 mL of 0.9 % NaCl or rat plas-
ma, and incubated at room temperature for 3 hours. 
Every 60 minutes, microparticles suspension were 
centrifuged and radioactivity associated with particles 
and in the supernatant was measured (n=3). Stability 
was expressed as a percentage of the initial labeling. 

For in vivo experiments, radiolabeled micropar-
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ticles were resuspended in saline (5 mg/mL) and 200 
µL, corresponding to an activity of about 37 MBq, 
were administrated intravenously to rats.  

In Vitro Binding Assays 
Affinity of soluble fucoidan for P-Selectin was 

assessed with a BIAcore X100 (GE Healthcare, 
Freïburg Germany). A CM5 sensorchip was coupled 
with recombinant human P-Selectin and fucoidan or 
dextran solutions was successively injected at 0 M, 100 
nM, 300 nM, 1 µM and 3 µM at a flow rate of 30 
µL/min. The response in resonance units (RU) was 
recorded as a function of time. The apparent binding 
affinities of fucoidan for P-Selectin were determined 
by analysis of the kinetic of the association assuming a 
1:1 Langmuir model using BIAcore evaluation soft-
ware, following a previously described protocol [33]. 

Affinity of fucoidan functionalized microparti-
cles for P-Selectin expressed on the surface of activated 
human platelets was assessed by flow cytometry. Five mL 
of blood from healthy adult volunteers was collected 
in sodium citrate 3.8 % (w/v). Platelet-rich plasma 
(PRP) was obtained by centrifugation at 120 g for 15 
min and platelet concentration was adjusted at 
2.108/mL with autologous platelet-poor plasma 
(PPP). Activated PRP was obtained by stimulation of 
PRP with 20 µM of TRAP (thrombin recep-
tor-activating-peptide). P-Selectin expression at the 
platelet surface was assessed using an anti-human 
CD62P-FITC (0.11 mg/mL, Ancell, Bayport, MN, 
USA) and its isotype-matched control. In some ex-
periments, a non-labeled anti human CD62P (1 
mg/mL, Ancell) was used to block P-Selectin in acti-
vated PRP. To evaluate the binding of microparticles 
to platelet P-Selectin, 5 µL of non-activated PRP, ac-
tivated PRP or anti P-Selectin-treated activated PRP 
were incubated for 20 minutes with 5 µL of fluores-
cent (FITC) MP or MP-Fucoidan together with 5 µL of 
PE-Cy5 Mouse Anti-Human CD41a (BD Biosciences 
Pharmingen, Le Pont De Claix, France) to label plate-
lets. In addition each PRP sample was incubated with 
an isotype-matched control antibody. 

Samples were analyzed on a LSRII flow cytom-
eter (BD Bioscience Pharmingen), with 10,000 events 
collected per sample with area of double positivity re-
flecting the affinity of microparticles (FITC) for platelets 
(PE-Cy5). The data were processed with FACS DiVa 
software and the mean FITC fluorescence intensity 
(MFI) was measured in the area of double positivity. 
Results were presented as a ratio of MFI to the control 
MFI (MP incubated with PRP). 

In vivo arterial disease model 
The ability of the radiolabeled functionalized 

microparticles to target P-Selectin expression in vivo 
was assessed in an abdominal aortic aneurysm (AAA) 

experimental model in rats. All experimental proce-
dures involving the use of rats were approved by the 
Animal Care and Use Committee of the Claude Ber-
nard Institute (Paris, France). The elastase model was 
performed on 8 male adult Wistar rats (7 weeks, CEJ) 
[35]. Animals were anesthetized with pentobarbital (1 
µL/g body weight). Porcine pancreatic elastase (2.7 
mg/mL, Sigma Aldrich) was perfused into the lumen 
of an isolated segment of the infrarenal abdominal 
aorta for 15 minutes at a rate of 2.5 mL/h.  

Two weeks after the surgery, when the animals 
present biologically active abdominal aorta aneurysm, 
characterized by the presence of intraluminal throm-
bus [36] and the expression of P-Selectin [27, 32], rats 
were injected with the microparticles and imaged. 
Injections of 200 µL of 99mTc-MP or 
99mTc-MP-Fucoidan (5 mg/mL) were performed 
slowly, to avoid aggregation, into the penis vein. Four 
healthy rats served as control experiments. 

SPECT/CT Scan 
Helical SPECT/CT scans were performed with 

4-head camera multiplexing multipinhole camera 
(NanoSPECT/CT plus, Bioscan Inc, Paris, France).  

Immediately, after injection of 99mTc-MP or 
99mTc-MP-Fucoidan, CT acquisition focused on the 
abdomen was started and 15 minutes after injection, 
SPECT imaging was performed in the same abdomen 
range. The SPECT acquisition was performed with the 
following parameters: helical scan with 28 projections 
per rotation plus circular scan at the beginning and at 
the end of the scan range, matrix size=256x256, zoom 
1.14 (pixel size: 1 mm2), correction for energy, linear-
ity and uniformity CT data were reconstructed using 
filtered back projection algorithm with Ram-Lak filter 
in plane (voxel size 147 x 147 µm2) and slice thickness 
equal to 147 µm2. SPECT data were reconstructed us-
ing HiSPECT iterative reconstruction software on PC 
workstation. Images were visualized using the Bios-
can InVivoScope software with co-registration of 
SPECT and CT images. 

Reconstructed slices were visually assessed in 3 
planes from same stereotaxic slices (sagittal slice, 
coronal slice 1 centered on abdominal aorta area and 
coronal slice 2 centered on AAA area) with and 
without CT coregistration to determine the presence 
of a focal uptake in the abdominal aorta according to 
the model. Quantification was performed on DICOM 
images with a DICOM processing software (OsiriX 
Imaging Software, Osirix, France) by calculating the 
ratio between the activity (mean counts) in the AAA 
area and in a normal region (background) on 
short-axis slices. The background activity was derived 
from a region of interest drawn over the renal aorta 
avoiding renal activity. 
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Autoradiography, histology and 
immunohistochemistry 

Immediately after achievement of SPECT (60 
minutes after injection) animals were sacrificed with 
pentobarbital overdose. Abdominal aorta aneurysms 
of AAA rats and healthy aorta of healthy control rats 
were removed, washed in 0.9 % saline and weighed. 
Radioactivity of AAA and healthy aorta was deter-
mined by gamma counting (COBRA II – Auto Gam-
ma, Packard, Prospect, CT, USA) and the percentage 
of injected activity per gram was calculated. Then, 
aorta samples from AAA rats and control rats were 
frozen and cut into 20 µm thick frozen sections for 
autoradiography and 10 µm thick frozen sections for 
histology and immunochemistry studies. Autoradio-
graphic images were obtained after 12 hours exposi-
tion of fifteen slides (corresponding to about 30 sec-
tions of AAA and 15 sections of healthy aorta) using a 
ß-imager (Beta ImagerTM, Biospace Lab, Paris, France). 
Signal intensity values of regions of interest were as-
sessed using a quantification sofware (M3 Vision, 
Biospace Lab, Paris, France). The ratio between activ-
ity (mean counts/mm2 corrected for background) of 
the aneurysm sections and activity of the healthy ab-
dominal aorta sections was calculated and compared 
statistically. These same sections were stained both 
with Masson trichrome to visualize cells, nuclei, and 
fibrin and with Alcian blue counter stained with nu-
clear red to reveal polysaccharide microparticles and 
cell nuclei. Immunohistochemistry studies were per-
formed on 10 µm thick sections using goat mouse anti 
P-Selectin (4 µg/mL, Cruz Biotechnology Inc., Hei-
delberg, Germany) as a primary antibody and IgG 
rabbit anti goat as a secondary antibody (1 µg/mL, 
Dako, Les Ulis, France) revealed by DAB enhancer 
(Dako) and counterstained with hematoxylin. Control 
sections were obtained by omitting the primary anti-
body. Observations were performed using light and 
fluorescent microscopy (Nanozoomer, Hamamatsu 
Photonics France SARL, Massy, France). 

Micro-autoradiography 
Track of internal conversion electrons emitted 

during 99mTc deexcitation was revealed by microau-
toradiography method [37]. Briefly, 10 µm frozen sec-
tions of AAA and control rats were deposited on 1 µm 
thick gelatin-coated glass slides. Five hundred µl of 
nuclear emulsion K5 (Ilford photo Harman technol-
ogy Ltd, Ilford, United Kingdom) were poured onto 
section slides to obtain a 25 µm thick coating. After 24 
hours of exposition at 4°C, slides were developed for 
20 minutes at 15 ± 1°C by Brussels formula developer 
(1.8 % (w/v) sodium sulphite, 0.08 % (w/v) potassi-
um bromide, 0.45 % (w/v) amidol and 3.5 % boric 

acid) [38], rinsed in stop bath, fixed for 40 minutes, 
rinsed in tap water and finally dryed dust free, over-
night at room temperature. Then, microautoradiog-
raphied slides were stained with Alcian blue in order 
to compare localizations of electron tracks and poly-
saccharide microparticles on the same sections. Ob-
servation of electrons tracks and microparticles was 
performed using light microscopy (Nanozoomer, 
Hamamatsu Photonics France SARL, Massy, France). 

Statistical analysis 
Flow cytometry results were analyzed statically 

with a one-way ANOVA with Bonferroni post tests to 
compare data obtained with MP-Fucoidan and a 
two-way ANOVA with Bonferroni post tests to com-
pare data obtained with MP-Fucoidan and MP, per-
formed with Graphpad Prism (GraphPad Software, 
San Diego, CA, USA). Other results were analyzed 
with unpaired Student’s t-tests to compare 2 groups 
and one-way ANOVA with Bonferroni post test to 
compare 3 groups. A difference of p<0.05 was con-
sidered significant. 

Results  
1. Characterization of polysaccharide 
microparticles 

Polysaccharide microparticles were prepared by 
a chemical crosslinking process with STMP combined 
with an emulsion step. Functionalized microparticles 
(MP-Fucoidan) were obtained by adding the sulfated 
polysaccharide fucoidan. 

MP (Fig 1a) and MP-Fucoidan (Fig 1b) both ex-
hibited a spherical morphology and a smooth surface 
as shown on scanning electronic microscopy images. 
Dynamic light scattering measurement revealed that 
all microparticles had a hydrodynamic diameter 
smaller than 4 µm and a mean hydrodynamic diame-
ter of 503 ± 110 nm and 358 ± 60 nm for MP and 
MP-Fucoidan, respectively (Table 1). Zeta potential 
was measured and microparticles prepared with fu-
coidan had a significantly higher electronegativity 
than control microparticles (-16.2 ± 0.8 mV versus -9.1 
± 0.6 mV, respectively, p<0.05) (Table 1). Global sul-
fur content was quantified by UV fluorescence spec-
troscopy, using MP and plain fucoidan (in powder) as 
negative and positive controls, respectively. 
MP-Fucoidan contained 1100 ± 400 ppm of sulfur. 
Since plain fucoidan contained 6.92 % (w/w) of sul-
fur, we calculated the fucoidan content in 
MP-Fucoidan to be 1.64 ± 0.57 % (w/w). Ener-
gy-dispersive X-ray spectroscopy analysis showed the 
absence of sulfur at the surface of control MP and the 
presence of sulfur at the surface of the MP-Fucoidan 
(Table 1).  
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Figure 1. Scanning Electron Microscopy observation of MP (a) and MP-Fucoidan (b) microparticles. Scale bar 2 µm. (c) Flow cytometry assessment of FITC 
fluorescent MP and FITC fluorescent MP-Fucoidan interaction with unactivated platelets rich plasma (PRP), platelets rich plasma activated with 20 µM TRAP 
(PRP + TRAP), and platelets rich plasma activated with TRAP then P-Selectin blocked with 100 µM anti-CD62P (PRP + TRAP + CD62P). The mean 
fluorescence intensity (MFI) was measured in the area of double positivity. Results are presented as a ratio of MFI to the control (MP incubated with PRP). 
Results are presented as mean values ± SEM (n=5, ** p<0.01, *** p<0.001). 

 

Table 1. Characterization of microparticles. Particle size and zeta potential of polysaccharide microparticles (MP) and fucoidan func-
tionalized microparticles (MP-Fucoidan) were measured by dynamic light scattering method (n=5). Global sulfur content and fucoidan 
content were determined by UV fluorescence spectroscopy (n=3) and surface sulfur presence was evidenced by EDX technique (n=3). 
Results are presented as mean values ± SEM (MP versus MP-Fucoidan; * p<0.05, ** p<0.01). 

 Particle size Zeta potential (mV) sulfur con-
tent 
(10-3 wt %) 

fucoidan 
content 
 (wt %) 

sulfur  
(EDX) Mean hydrodynamic 

diameter (nm) 
% < 1 µm % < 4 µm 

MP 503 ± 110* 84 ± 9 100 ± 0 - 9.1 ± 0.6** < 2* < 0.03* - 
MP-Fucoidan 358 ± 60 97 ± 2 100 ± 0 -16.2 ± 0.8 113 ± 39 1.64 ± 0.57 + 

 
 
The possible toxicity induced by microparticles 

on red blood cells was assessed in vitro in the same 
conditions than in vivo administration. To reproduce 
these conditions, micro particle suspensions (5 µL at 5 
mg/mL) were mixed with 500 µL of erythrocytes. 
Hemolytic toxicity assay revealed that the MP and 
MP-Fucoidan suspensions lead to similarly low red 
blood cell lysis than normal saline (2.00 ± 0.31 % for 
MP and 2.33 ± 0.28 % for MP versus 2.34 ± 0.22 % for 
normal saline, n=3, no significant differences). 

2. In vitro affinity for P-Selectin 
Binding of free fucoidan to P-Selectin was ana-

lyzed by Surface Plasmon Resonance. 57 kD fucoidan 
and 40 kD dextran, used as a non-sulfated polysac-
charide control, were flowed on a sensorchip coated 
with recombinant human P-Selectin. The interaction 
sensorgrams revealed that fucoidan binds to 
P-Selectin but dextran does not (Supplementary Ma-
terial: Fig. S1). Association (Ka), dissociation (Kd) and 
affinity (KD) constants of fucoidan for P-Selectin, 

calculated using a 1:1 Langmuir binding model, were 
2.5 103 M, 3.2 10-5 M and 1.2 10-8 M, respectively. 

Interaction of non-functionalized microparticles 
with non-activated platelets (PRP), activated platelets 
(PRP + TRAP) and P-Selectin blocked platelets (PRP + 
TRAP + CD62P) was assessed and compared to the 
interaction of fucoidan functionalized microparticles 
(Fig 1c). First, a weak binding of non-functionalized 
microparticles for platelets was observed, whether 
they were incubated with activated, unactivated, or 
activated then blocked platelets, as shown by low 
values of mean fluorescence intensity (MFI). A weak 
binding was also noticed for fucoidan functionalized 
microparticles when incubated with unactivated 
platelets or with activated platelets blocked with anti 
P-Selectin, with ratios of MFI to the control MFI (MP 
incubated with PRP) of 1.0 ± 0.2 and 1.5 ± 0.2 respec-
tively. In contrast, MP-Fucoidan exhibited a signifi-
cantly higher MFI ratio with activated platelets, as 
compared to unactivated platelets or activated then 
blocked platelets (p<0.01 in both cases). Interaction 
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with platelets activated with TRAP was 8 times higher 
with fucoidan functionalized microparticles, as com-
pared to non-functionalized microparticles (MFI ratio 
of 8.5 ± 2.3 versus 1.1 ± 0.1, respectively, p<0.001). 

3. Radiolabeling of microparticles 
The 99mTc radiolabeling yield was 90.2 ± 2.4 % on 

MP-Fucoidan and 91.7 ± 1.8 % on MP. It was meas-
ured after each radiolabeling and mean values were 
not significantly different (n=6). Concerning the la-
beling stability (Supplementary Material: Fig. S2), 
the measurements revealed that radioactivity was still 
associated to microparticles after three hours of in-
cubation into saline (89 % of initial radioactivity for 
99mTc-MP and 92 % for 99mTc-MP-Fucoidan). In plasma 
of rat, more than 75 % of radioactivity was still asso-
ciated after 30 minutes of incubation and more than 50 
% after 1 hour for both 99mTc-MP and 
99mTc-MP-Fucoidan. 

4. In vivo SPECT imaging 
We evaluated the ability of the radiolabeled 

functionalized microparticles to target P-Selectin ex-
pression in vivo in an abdominal aortic aneurysm 
(AAA) experimental model in rats with SPECT-CT 
imaging (Fig 2a). While no enhancement was ob-

served by SPECT 30 minutes after administration of 
99mTc-MP to AAA rats or of 99mTc-MP-Fucoidan to 
healthy rats, administration of 99mTc-MP-Fucoidan to 
AAA rats showed a strong contrast enhancement in 
the area of the abdominal aorta (Fig 2a, arrow).  

Uptake ratios were calculated from SPECT im-
ages by the ratio of the mean intensity value of the 
AAA region of interest (ROI) compared to the mean 
intensity value of the renal aorta ROI (Fig 2b). There 
was no uptake after administration of 
99mTc-MP-Fucoidan to healthy rats (ratio 1.03 ± 0.06) 
or administration of 99mTc-MP to AAA rats (ratio 1.22 
± 0.10), while a significant increase of the ratio uptake 
with administration of 99mTc-MP-Fucoidan to AAA 
(ratio 3.49 ± 0.35, p<0.01 in both cases) was obtained.  

Quantification of radioactivity was performed 
by gamma counting and results were expressed as a 
percentage of the injected activity per gram of tissue 
(Fig 2c). These results confirmed a significantly higher 
radioactivity accumulation after injection of 
99mTc-MP-Fucoidan into AAA (0.12 ± 0.01 %) as com-
pared to 99mTc-MP injected to AAA (0.04 ± 0.01 %, 
p<0.001) and 99mTc-MP-Fucoidan injected to healthy 
rats (0.03 ± 0.02 %, p<0.01)  

 
Figure 2. (a) Representative SPECT/CT scans of an AAA of rat after intravenous injection of 99mTc-MP, of 99mTc-MP-Fucoidan in healthy rat, and of 
99mTc-MP-Fucoidan in AAA. Coronal slices 1 were centered on abdominal aorta areas and coronal slices 2 were centered on AAA areas. An important 
uptake was only noticed in the AAA area after injection of 99mTc-MP-Fucoidan in sagittal slice and coronal slice 2 (white arrows). (b) SPECT uptake was 
calculated by the ratio of the mean intensity value of the AAA region of interest (ROI) compared to the mean intensity value of the infrarenal aorta ROI 
(n=3, SEM). (c) Accumulation of radiolabeled microparticles, expressed as a percentage of the injected dose per gram of tissue (n=3, SEM). (** p<0.01, *** 
p<0.001). 
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5. Localization of 99mTc-MP-Fucoidan within the 
AAA wall 

We performed cryosections of both AAA and 
healthy aorta samples to analyze the fate of the func-
tionalized microparticles. Autoradiography analysis 
(Supplementary Material: Fig. S3) confirmed the 
presence of a radioactive signal 7 times stronger in the 
AAA wall as compared to healthy aorta wall 60 
minutes after injection of 99mTc-MP-Fucoidan (0.36 ± 
0.14 cpm/mm2 versus 0.05 ± 0.02 cpm/mm2, respec-
tively, p<0.05, n=3 independent experiments). His-
tology staining was then performed on AAA cryosec-
tions. Masson trichrome staining (Fig 3a) confirmed 
the presence of a thrombus and a media layer of the 
degraded arterial wall. In inflamed areas where cells 
are activated and express P-Selectin (Fig 3b left image 
and negative control without primary antibody on the 
right), the presence of MP-Fucoidan was clearly iden-
tified in the arterial wall using Alcian blue staining 
(Fig 3c). This localization was confirmed by fluores-
cent microscopy, where green microparticles (pre-
pared with FITC-dextran) were observed in the arte-
rial wall, between the thrombus and the media layer 
(Fig 3d). Finally, micro-autoradiography coupled to 
Alcian blue and nuclear red staining (Fig 3e) showed 
electron tracks printed into the nuclear emulsion on 
the same blue polysaccharide spots, confirming colo-

calization of MP-Fucoidan with electron emission, i.e. 
radioactivity.  

Discussion 
In this study, we described polysaccharides mi-

croparticles functionalized with fucoidan and 99mTc 
radiolabeled.  

Our group previously developed tools for diag-
nostic of the abdominal aortic aneurysm (AAA) in-
traluminal thrombus with SPECT scan, using 99mTc 
radiolabeled Annexin V and 99mTc radiolabeled Fu-
coidan [27, 32]. Besides their ability to image the pa-
thology, both of these systems used small molecules 
and it has been reported that injectable systems that 
present a bigger hydrodynamic diameter have many 
advantages as targeting devices. Having a longer 
circulation time [39, 40] and presenting many ligands 
[41, 42] at the surface of each single object, the binding 
at the pathological site would improve. One other 
advantage working with a microparticle system in-
stead of small molecule is that the purification steps 
are easy to perform by a density gradient separation 
method. We could thus easily remove several forms of 
colloid technetium and free 99mTc04- that tend to dis-
tort the biodistribution of the radiopharmaceuticals 
[43, 44]. For all these reasons we have decided to de-
velop a microparticle type diagnostic tool.  

 
Figure 3. Histological analysis of an AAA cryosection. (a) Masson trichrome staining highlighting the thrombus area (doted lines). (b) Immunostaining of 
P-selectin (black arrows, left), with control section without primary antibody shown on the right. (c) Alcian blue staining (with nuclear red counterstaining) 
showing polysaccharide MP-Fucoidan visualized in blue localized in the arterial wall (black arrows). (d) Fluorescence microscopy observation of FITC 
MP-Fucoidan microparticles in the arterial wall (white arrows). (e) Micro-autoradiography on the same sections than alcian blue staining demonstrated that 
electron dense signals were associated with polysaccharide microparticles (dotted lines). Scale bars: 1 µm (a), 200 µm (b,c,d) and 20 µm (e). 
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A functionalized polymeric injectable vehicle 
The water-in-oil emulsion crosslinking method 

produced a reproducible distribution of microparticle 
size. SEM images showed that the functionalization of 
the microparticles did not have significant effect on 
surface morphology since both type of microparticles 
exhibit smooth surfaces. All microparticles were be-
low 4 µm, though, microparticles prepared with fu-
coidan present a smaller hydrodynamic diameter (358 
± 60 nm versus 503 ± 110 nm, p<0.05). We attribute 
this difference to the modification in the water-in-oil 
emulsion parameters due to the addition of fucoidan 
chains in the dispersed phase. First, it altered the total 
polysaccharide concentration in the water phase. 
Secondly, the fucoidan chains have a molecular 
weight of 57,000 g/mol which is small compared to 
dextran and pullulan chains that present a molecular 
weight of 500,000 g/mol and 200,000 g/mol respec-
tively. It has been reported that decreasing the mo-
lecular weight of the polymers results in smaller par-
ticles for a water-in-oil emulsion process [45]. Finally, 
the fucoidan is a negatively charged polysaccharide 
and may modify the ionic strength of the system, 
known to have an influence on emulsions stability [46, 
47]. The literature describes many other polymeric 
carriers also developed to target vascular diseases 
with sizes, from 100 nm to 5 µm of mean diameter [17, 
48-51]. On the one hand, nanoscale vehicles offer 
lower risk of vascular occlusion and avoid phagocy-
tosis [52, 53]. On the other hand, bigger vehicles over 
500 nm would have a more adapted hemodynamic 
behaviour and have been reported as better candi-
dates for targeting the wall in medium to large vessels 
relevant in several cardiovascular diseases [54-56]. 
Along these lines, the size distribution of our micro-
particles is well chosen as a compromise. They are not 
exclusively nanoscaled in order to improve the bind-
ing capacity and every single particle has a mean hy-
drodynamic diameter smaller than 4 µm to avoid 
vessel occlusion (the smallest human capillaries are 
about 5 microns). Moreover, hemolytic assay demon-
strated that the developed polysaccharide micropar-
ticles are not toxic, at the described concentration, for 
red blood cells. 

For targeting the AAA, we functionalized the 
microparticles with fucoidan polysaccharide chains. 
Before adding the ligand to the system, the binding 
capacity of the fucoidan used in this work was stud-
ied. The SPR analyses confirmed that plain fucoidan 
with a molecular weight of 57,000 g/mol, has a strong 
affinity for P-Selectin (KD = 12 nM). It exhibited a 
better affinity for P-Selectin than its natural ligand 
does (KD = 320 nM) [57]. 

Addition of fucoidan resulted in a significant 

decrease of the zeta potential (-9.1 ± 0.6 mV versus  
-16.2 ± 0.8 mV, p<0.01) and an increase of the global 
amount of sulfur (1.5 ± 0.5 10-3 % wt versus 113 ± 39 
10-3 % wt, p<0.05). Furthermore, EDX analysis re-
vealed sulfur presence at the surface of the micropar-
ticles. These results confirmed that fucoidan, which is 
an anionic sulfated polysaccharide [58], is present at 
the surface of the functionalized microparticles. We 
quantified the presence of fucoidan at 1.64 ± 0.57 % 
wt. 

We then demonstrated that the functionalized 
microparticles have a strong affinity for human acti-
vated platelets. We measured by flow cytometry with 
functionalized microparticles a binding signal 7.7 
higher than with non-functionalized control micro-
particles (8.5 ± 2.3 MFI ratio versus 1.1 ± 0.1 MFI ratio, 
p<0.001). For comparison, Modery et al. assessed by 
receptor-specific binding studies the affinity of lipo-
somal nanoconstructs functionalized with EWVDV 
peptide for activated platelets and demonstrated a 5 
times increase of binding magnitude versus control 
[59]. We also evidenced that this affinity is specific to 
the P-Selectin since we measured the same level of 
interaction with activated-then-P-Selectin-blocked 
platelets than with non-activated platelets. 

An efficient diagnostic tool of abdominal aortic 
aneurysm 

The radiolabeled functionalized microparticles 
enabled a strong signal uptake in the aneurysm area 
of the AAA rats on SPECT 30 minutes after intrave-
nous injections. The mean SPECT signal measured in 
the AAA areas was more than three times higher than 
the mean signal measured on the renal aorta whereas 
no enhancement was observed on SPECT of healthy 
rats 30 minutes after injection of the same radio-
labeled functionalized microparticles (3.49 ± 0.35 
versus 1.03 ± 0.06, p<0.01). Rouzet et al. measured a 
median 99mTc-fucoidan SPECT uptake ratio of 3.6, 
which means that fucoidan functionalized micropar-
ticle systems show similar diagnostic efficiency to the 
free radiolabeled fucoidan [32]. However, it appears 
that the areas of contrast uptake obtained in the AAA 
are larger with 99mTc-MP-Fucoidan than with 
99mTc-fucoidan. In fact, when we compared the auto-
radiography analysis of cryosections of the harvested 
AAAs obtained in both cases, we evidenced that 
99mTc-fucoidan brought a radioactive signal limited to 
the intraluminal thrombus of the AAA whereas 
99mTc-MP-Fucoidan brought a signal to the whole 
aneurysm. Indeed, Rouzet et al. have reported that 
99mTc-fucoidan uptake and retention are more local-
ized in the thrombus itself. The size of the diagnostic 
device could explain this difference. These results 
emphasized the reported advantages of micro and 
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nanoscale carriers for targeting vessel walls. While 
free fucoidan molecules could not detect the injured 
endothelial cells which were not in the thrombus, this 
new SPECT diagnostic microtool would present an 
improved binding capacity, as compared to free fu-
coidan molecules, and an improved hemodynamic 
behavior that favors a contrast to the entire AAA in-
jured wall. This strategy to develop a diagnostic tool 
of a higher hydrodynamic diameter seems therefore 
highly relevant. 

Actually, this research seems relevant regarding 
the other molecular imaging tools of AAA. Indeed, 
our radiolabeled microparticles resulted in a higher 
signal uptake of AAA wall, in acute stages AAA rat 
models, than the 18F-FDG tool in symptomatic AAA 
patients; uptake ratios of 3.5 was obtained with 
99mTc-MP-Fucoidan versus 2.5 with 18F-FDG [21]. Our 
technology therefore exhibited better displays than a 
molecular imaging method validated by clinical trials.  

Moreover, certain techniques requires a long 
time before reaching their targets. For instance, in 
magnetic resonance molecular imaging, macrophages 
accumulation sites imaging with USPIO and collagen 
imaging with targeted micelles incorporating gado-
linium provides excellent contrast uptake in aneu-
rysms, but only more than 30 hours after administra-
tion [10, 60]. Our method with a diagnostic in the 30 
minutes following the tracer injection is obviously 
more convenient for clinical application. 

We herein validated a molecular imaging tool of 
P-Selectin highly effective on acute AAA, and we will, 
in future studies, assess its ability to detect different 
stages and to predict the pathology growth. 

A biomimetic targeting device 
Histological analysis revealed that fluorescent 

99mTc-MP-Fucoidan localized inside the AAA wall. 
Light microscopy observation of Alcian blue stained 
sections and fluorescent microscopy observation of 
adjacent sections show microparticles in the media 
layer. Micro-autoradiography analysis coupled with 
Alcian blue staining demonstrated that the emission 
of electron was correlated with the presence of poly-
saccharide. Immunostaining revealed expression of 
P-Selectin in the same AAA area where 
99mTc-MP-Fucoidan accumulated. One hour after in-
jection, the functionalized microparticles developed in 
this study seem to be able to penetrate inside the wall 
of the AAA. Accumulation in the inner wall of the 
AAA is similar to monocyte infiltration in the in-
flammatory cell recruitment involved in the patholo-
gy development [61, 62]. Indeed the microparticles 
accumulate in the same area where macrophages have 
been observed on rats elastase induced AAA [63] or 
on mice angiotensin II induced AAA [64]. It should be 

noticed that leukocytes express PSGL-1 [65, 66] and 
our microparticles are functionalized with fucoidan 
chains that present sulfated sites that mimic the 
PSGL-1 anchor sites. Hence this technology could be 
considered as leukocyte mimetic microparticles. The 
property to migrate inside the arterial wall of the 
AAA could be a drawback for this technology and this 
should be taken into consideration for future work. 
Nevertheless, the number of microparticles seen on 
tissue sections is limited as compared to the quantity 
of leukocytes involved in the physiopathology [62]. 
Furthermore, this localization of the microparticles 
could be useful for future applications which will 
consist in associating a therapeutic molecule to this 
targeting device. Indeed, it is well known that the 
arterial wall degradation in aneurysm is due to a 
pathological proteolytic activity that occurs within the 
media layer and a promising strategy to treat AAA is 
aiming to inhibit this proteolytic activity [6]. For in-
stance, Yoshimura et al. obtained regression of AAA 
with c-Jun N-terminal kinase inhibitors which reduce 
MMP proteolytic activity and enhance tissue repair 
[67]. Liao et al. demonstrated that angioten-
sin-converting enzyme inhibitors prohibited the deg-
radation of medial elastin in AAA development [68]. 
The herein developed microparticles would act as a 
carrier that would bring the proteolytic inhibitor drug 
directly inside the AAA wall, where the therapeutic 
activity is needed. Besides, this targeted proteolytic 
action has been seriously considered for theranostic 
applications [69, 70]. Moreover, this functionalized 
system targeted toward P-Selectin will certainly ex-
hibit a binding avidity reflecting the evolution of the 
pathology and therefore provide a mean to self-adjust 
the amount of therapeutic molecules according to the 
inflammation degree.  

Future works will then consist in selecting the 
most adapted proteolytic inhibitor(s) and develop a 
method for its incorporation into the polysaccharide 
microparticles and its controlled release. As the mi-
croparticles developed are composed by reticulated 
polysaccharide chains, the biodegradability of a sim-
ilar hydrogel being observed in a month on injured 
sites [71], we will propose a technology based on bi-
odegradability for the release of the drug. Since many 
peptide of interest are hydrophilic and have amino 
groups, we can easily trap them into the microparti-
cles or graft them with a chemical conjugation though 
amine bonds [72] in order to combine the therapeutic 
molecule of interest to the polysaccharide microparti-
cles. 

Conclusion 
We hereby developed an efficient polysaccharide 

based SPECT diagnostic tool for the abdominal aorta 
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aneurysm (AAA). In this work, we firstly described its 
fabrication with an emulsion-crosslinking process, 
confirmed its hydrodynamic diameter distribution 
and the presence of fucoidan ligand at the surface and 
characterized the radiolabeled product. We then 
demonstrated in vitro by flow cytometry that this fu-
coidan-functionalized system specifically binds to the 
P-Selectin expressed by human activated platelets. 
Finally, we showed in vivo on rats its ability to reveal 
AAA by SPECT imaging and we studied its fate in the 
AAA wall by histology experiments. Future works 
will consist in testing the ability of this diagnostic tool 
to detect the earliest stages of the AAA and in the 
incorporation of a therapeutic molecule. 

Supplementary Material 
Figs.S1 – S3.  http://www.thno.org/v04p0592s1.pdf 
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