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Optical and X-ray attenuation properties of hafnium oxide
nanoparticles surface functionalized with fucoidan: toward
the early diagnosis of atherothrombotic diseases

Atherothrombosis is responsible for 30% of deaths due

to a lack of early detection of the location of vascular
diseases by conventional imaging systems. The diagnostic
imaging system used in this pathology is mainly Computed
Tomography (CT), based on differences in the X-ray
attenuation of tissues. The primary limitations of CT are its
relatively low soft-tissue contrast and sensitivity. Herein, we
developed inorganic NPs made of hafnium oxide that were
synthesized as nanocarriers and potential CT contrast agents
to target arterial thrombi overexpressing P-selectin and
detect the activated platelets.
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Atherothrombosis is the main cause of death worldwide. An early diagnosis of this pathology is
necessary to avoid serious clinical events. In this study, we report hafnium oxide nanoparticles (HfO,
NPs) designed as a CT contrast agent for an emerging imaging technology named spectral photon
counting computed tomography (SPCCT). SPCCT allows the specific detection and quantification of the
contrast agent concentration, according to its K-edge. HfO, NPs were surface functionalized with
fucoidan, a sulfated polysaccharide that has high affinity for P-selectin considered as a glycoprotein
biomarker in atherothrombosis, and citrate ions as a control ligand. The physicochemical
characterization of fucoidan coated HfO, NPs (HfO,@fucoidan NPs) was finely studied, and the
influence of the coating agent on the UV absorption and photoluminescence properties was evidenced.
The in vitro flow adhesion assay showed the specific binding of HfO,@fucoidan NPs to activated
platelets under arterial flow. These NPs showed excellent biocompatibility on the HUVEC cell line and
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Accepted 14th January 2023 attenuation rate (A. R) of HfO,@fucoidan NPs (27 HU ml mg™ is greater (x17) than that of
DOI: 10.1039/d2ma01026g HfO,@citrate NPs (17 HU ml mg™). A good correlation between the measured concentration and the

references was obtained. These synthesized HfO,@fucoidan NPs appear as a new candidate for X-ray
rsc.li/materials-advances imaging for the molecular-scale diagnosis of atherothrombosis.
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representing a crucial indicator in the management of throm-
bosis through preventive therapies. However, the presence of
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vascular wall rather than just assessing risk factors.”” Detecting
at an early stage the preliminary events of thrombosis would
represent a significant advance in cardiovascular medicine.
Platelet activation and aggregation is one of the main “mole-
cular signatures” of thrombotic diseases, and represents a
major link between inflammation, thrombosis and atherogen-
esis. P-selectin, expressed at the surface of platelets and
endothelial cells upon activation, belongs to a family of glyco-
proteins whose carbohydrate moieties are known to play a
critical role in the physio-pathological processes such as cell-
cell interactions, cell growth, lymphocyte trafficking, thrombo-
sis or inflammation.*” By linking innate immunity with coa-
gulation in the cardiovascular system, P-selectin represents an
important molecular target for imaging and therapeutic
approaches to intravascular clots in vivo.*® Therefore, numer-
ous efforts have been devoted to the development of contrast
agents for the imaging of P-selectin.’®'*> These agents were
either P-selectin antibodies or synthetic mimics of sialyl Lewis
X (SLeX), the natural ligand of P-selectin.'®'* Although effec-
tive, the cost of synthesis of these agents, including raw
materials, and the use of antibodies limit the potential transla-
tion to clinical use. Several sulfated polysaccharides have also
been described to bind to P-selectin. Among them, fucoidan is a
polysulfated 1-fucose mainly extracted from brown seaweed
endowed with biological activities closely connected to its
chemical composition, to the distribution of the sulfate groups
along the polyfucose backbone and to its molecular weight."?
Fucoidan is a naturally occurring mimic of SLeX'®'” and
exhibits in vitro nanomolar affinity for immobilized P-selectin
as well as the lowest nonspecific binding.'® 99mTc-radiolabeled
fucoidan as well as fucoidan coated on ultrasmall superpar-
amagnetic iron oxide nanoparticles (NPs) enabled the detection
of vascular thrombi by scintigraphy and MRI, respectively, in
rat models of thrombosis and heart ischemia.'®>°

Hafnium oxide (HfO,) nanoparticles (NPs) are considered
for a large variety of applications including optoelectronic,
photocatalysis, scintillator, UV photosensor and biomedical
applications.*'® In nanomedicine, HfO, NPs are mainly used
as radiosensitizers in cancer radiotherapy”’>° (NBTXR3, Nano-
biotix, phase II-III clinical trial) as contrast agents for diag-
nostic X-ray imaging,”®*'** biosensors,?® or radioluminescent
scintillators.**

In this work, we will explore the potentiality of HfO, NPs as
computed tomography (CT) contrast agents for the molecular
imaging of atherothrombosis with K-edge imaging enabled by
spectral photon counting CT (SPCCT) imaging. SPCCT is an
emerging CT modality in the clinical field that can detect
specifically and quantify accurately a large variety of atoms
with high Z atomic numbers (including ,,Hf) by using the
K-edge technique.>™* In addition, this modality allows a
significant improvement of the spatial resolution in compar-
ison to standard CT, for improving the depiction of small
structures such as calcification, ulceration or thrombus
encountered in different atherosclerotic processes.****

In a previous paper,”® we optimized the synthesis of HfO,
NPs through a sol-gel method associated with a microwave via
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the benzyl alcohol route, with direct extraction and stabili-
zation in water without any post-modification treatment. The
monoclinic m-HfO, NPs, with an ellipsoidal shape (average
major and minor axes of 8 and 4 nm, respectively), show strong
absorption in the UV range and photoluminescence properties
related to the presence of oxygen vacancies. Herein, the NP
surface was functionalized using an electrostatic approach for
the direct and one-step complexation with fucoidan (HfO,@
fucoidan) or with citrate ions (control NPs, HfO,@citrate). The
efficiency of the surface functionalization was carefully char-
acterized using various physicochemical techniques (Raman
and infrared spectroscopy, thermogravimetry analysis (TGA)
and dynamic light scattering (DLS)). Interestingly, the UV-vis
absorption spectrum of HfO,@fucoidan presents a high extinc-
tion coefficient in the UV range compared to the absorption
spectrum of the non-functionalized and control NPs. In addi-
tion, exaltation (by a factor 8) of the photoluminescence (PL)
emission spectrum was observed for the HfO,@fucoidan NPs.
Such an effect was related to an increase of oxygen vacancy
concentration after fucoidan surface functionalization. After
incubation with human umbilical vein endothelial cells
(HUVECs), transmission electron microscopy (TEM) images
show better internalization of control NPs compared to HfO,@
fucoidan NPs. Concomitantly 50% cell inhibition was observed
after incubation with 42 mM citrate NPs whereas for fucoidan-
NPs cell viability remains at 100%. The in vitro flow adhesion
assay under arterial blood flow conditions shows the specificity
of the interaction between activated platelets and HfO,@fucoi-
dan NPs. SPCCT Phantom imaging indicated a higher value of
the attenuation rate (A. R.) for HfO,@fucoidan NPs (factor 1.7)
compared to HfO,@citrate NPs at 120 kVp. To our knowledge,
no studies report the effect of surface functionalization of HfO,
NPs on CT attenuation using an SPCCT system. Such an effect
was correlated with different mass attenuation coefficients for
HfO,@fucoidan NPs and HfO,@citrate NPs related to different
mass fractions of citrate and fucoidan.

Experimental
Materials

The reagents for nanoparticle synthesis were hafnium(iv) chlor-
ide (HfCl,, 99.9%) from Alfa Aesar and benzyl alcohol (99%)
from Acros Organics. The reagents were stocked in a glovebox
(MB-Easylab V2.0 Braun) under a controlled atmosphere
(0O, < 0.5 ppm, H,O < 0.5ppm). The NP water phase transfer
was performed using dichloromethane (99%, Fisher Scientific).
The pH was adjusted using hydrochloric acid (1 M) or sodium
hydroxide (1 M) from Carlo Erba.

Low molecular weight fucoidan (batch #ASPHY12399) from the
brown seaweed Ascophyllum nodosum was purchased from Algues
& Mer (Ile d’Ouessant, France). Fucose and sulfate contents were 43
and 26, respectively (% w/w), with M, = 4100 g mol ' and
M,,=10800 g mol . Citric acid and rhodamine 123 were purchased
from Sigma-Aldrich and Fisher Scientific, respectively. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(NHS), and N ethyl diisopropylamine were purchased from Fisher
Scientific.

HfO,-fucoidan-NP synthesis and surface functionalization

Non-coated NPs were synthesized by the reaction of hafnium(wv)
chloride (140 mM with benzyl alcohol (10 ml) at 200 °C for 3 h
under microwave irradiation, on a Monowave 300 from Anton
Paar (Anton Paar GmbH, Graz, Austria) according to a proce-
dure already described.”® To coat the NPs with fucoidan, HfO,
NPs dispersed in water at pH = 2 ([HfO,] ~ 100 mM) were
mixed with various amounts of fucoidan dissolved in water
(pH = 7) under stirring for 2 hours, corresponding to a ratio R
between 0 and 25, with R = 1000 ([fucoidan]/[HfO,]). The
HfO,@fucoidan NPs were washed three times by ultracentrifu-
gation (Amicon 100 kDa, Merck Millipore) and suspended in
water. The pH was adjusted to 7.4 by the addition of NaOH
(1 M).

The HfO, NPs were also surface functionalized with citrate
ions and used as control NPs. HfO, NPs were dispersed in water
at pH = 2 ([HfO,] ~ 100 mM) and mixed for 2 hours under
magnetic stirring with citric acid dissolved in water (pH = 3)
with a mass ratio of 2 between the ligand and the NPs. After the
reaction, the pH was adjusted to 7.4 by the addition of NaOH
(1 M) and the NPs-citrate was washed three times by ultracen-
trifugation (Amicon 100 kDa, Merck Millipore) and suspended
in water (pH = 7.4).

The NPs were also labelled with rhodamine 123. The carbox-
ylate functions at the outer surface of HfO,@fucoidan and
HfO,@citrate NPs ([Hf] = 50 mM) were activated using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS), [EDC] = [NHS] = 13 mM) at
PH = 4, stirred for 2 h at 37 °C. The second step was the linkage
of the amine function of Rhodamine-123 with the activated
carboxylic acid functions on the NPs. The pH of the NP samples
was adjusted to pH = 9 with N ethyl diisopropylamine. The
Rhodamine-123 was dissolved in water at pH = 9 (adjusted with
N-ethyl diisopropylamine) and then added to the samples and
stirred for 24 h, under ambient temperature. The modified
particles were washed 8 times by ultracentrifugation (Vivaspin
50 kDa) with deionized water. The NPs were redispersed in
water at physiological pH.

Physicochemical characterization

The Hf concentration was determined by the freeze drying
process as described in a previous work*® and by total reflection
X-ray fluorescence spectrometry (TXRF, S2 PICOFOX, Brucker).
For TXRF, calibration curves were first obtained using HfO,@
fucoidan or HfO,@citrate solution (concentration of the stock
solution determined after the freeze drying process), Fig. S1
(ESIT). TXRF data were collected over 300 s with a molybdenum
tube excitation source operating at 50 kV/700 pA. Elemental
concentrations were calculated using gallium standard solution
(1 g L7, Kraft GmbH) for each sample through the PICOFOX™
software included in the equipment.

The hydrodynamic size and zeta potential of the NPs were
investigated by dynamic laser light scattering (DLS) at a fixed
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attenuator of 6 and a center position of 4.65 mm, using a Nano-
ZS (Red Badge) ZEN 3600 device (Malvern Instruments, Mal-
vern, UK). TEM images were obtained using an FEI Tecnai 12
(Philips), and the samples were prepared by depositing 10 pL of
NP suspension on carbon-coated copper grids placed on a filter
paper. The median diameter is deduced from TEM data mea-
surements, simulating the diameter distribution with a log-
normal function. The grafting of the fucoidan to the surface of
the NPs was studied by Fourier transform infrared (FTIR)
analysis, Raman analysis and thermogravimetric analysis
(TGA). The FTIR spectra were recorded on a Bruker Tensor 27
FTIR spectrometer using the KBr pellet technique. The Raman
measurements were performed on an Xplora spectrometer
(Horiba Scientific-France) with a 660 nm excitation wavelength
(diode laser). The sample as a solution was deposited on a
microscopy glass and evaporated at 80 °C for 24 h. The spectra
were recorded using a macro-objective with a magnification of
100x (NA = 1.2). To obtain a high resolution, a grating of
1800 T mm ' was used. The laser power used was 1 mWw.
Quantification of the number of fucoidan and citrate coated
per NP was evaluated by TGA using a LABSYS Evo TG-DTA-DSC
16000 device from Setaram Instrumentation. The UV-visible and
fluorescence properties of the NPs were studied using a V-630 UV-
VIS Spectrophotometer (Jasco) and a Spex FluoroMax spectro-
fluorometer equipped with a Hamamatsu 928 photomultiplier
(HORIBA Jobin Yvon, Villeneuve D’Ascq, France), respectively.

Cell culture and cytotoxicity assay

The cytotoxicity of the HfO,@fucoidan and HfO,@citrate were
evaluated on Human Umbilical Vein Endothelial cells
(HUVECs) using the resazurin test. The cells were grown in
DMEM supplemented with 10% (v/v) fetal bovine serum,
4 mmol r-glutamine, 100 U ml~" penicillin, and 100 pg ml™*
streptomycin and kept in an incubator at 37 °C in a humidified
atmosphere of 5%. The cells were seeded at 10 000 cells per well
in a 96-well plate. After 24 h of incubation, the cell culture
medium was removed and replaced by 200 ul of NP solution (in
NacCl 0.9%) at various concentrations ranging from 0 (positive
control) to 42 mM. The cells were incubated for another 24 h.
To measure the cell metabolic activity, the medium was removed
and replaced with 100 uL of Resazurin solution (10%), and the
plates were covered in foil and incubated for 2 h. The fluorescence
signal of Resazurin was monitored using 540 nm excitation and
590 nm emission wavelengths on an Infinite® 200 PRO microplate
reader (TECAN Group Ltd, Mannedorf, Switzerland). The obtained
fluorescence (Fl) values were blank corrected, and the relative cell
viability was expressed as (Flxps/Fleontrol) X 100%, where Fleontrol
was obtained in the absence of the NPs. The experiment was
performed in hexaplicate.

Transmission electron microscopy (TEM) of NP-loaded HUVEC
cells

For TEM imaging, 2 x 10° HUVEC cells were cultured in a 6-well
plate. After 24 h of incubation, the cell culture medium is
removed and replaced with 1 ml of HfO,@fucoidane or HfO,@
citrate (2 mM, 12 mM and 32 mM) for another 24 h of incubation.

Mater. Adv.,, 2023, 4,1011-1020 | 1013
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The cells were then washed with PBS and fixed for 1 h with 2%
paraformaldehyde (PFA), and 1% glutaraldehyde diluted in PBS
1x and water. After 3 washes with PBS, the cells were maintained at
4 °C. For the observation with TEM, the samples were included in
Epon and ultra-sectioned. The sections were deposited onto copper
grids for observation with a TECNAI 12 electron microscope.

Flow microchamber experiments

An in vitro flow adhesion assay was performed to assess the
binding affinity of HfO,@fucoidan for P-selectin expressed on
activated blood platelets®®>" Micro-channels of Vena8 Fluoro +
chambers (width: 0.04 cm, height: 0.01 cm, and length: 2.8 cmy;
Cellix Ltd, Dublin, Ireland) were coated overnight with
100 pg ml ™" collagen and then rinsed with NaCl 0.9%. Human
whole blood was perfused under an arterial flow for 5 min
(shear stress 67.5 dyne cm ?) leading to the formation of
aggregated and activated blood platelets deposited on the
micro-channels covered by collagen. The Rh123 labelled
HfO,@fucoidan and HfO,@citrate (negative control) were
injected under an arterial flow for 5 min. The binding and
accumulation of the NPs were observed in real time by fluores-
cence microscopy (Axio Observer, Carl Zeiss Microscopy, Ober-
kochen, Germany). Fluorescence images were taken along each
micro-channel after washing with NaCl 0.9%.

Statistical analysis

The results are expressed as the mean + SEM of at least three
independent experiments. Statistical analysis was performed
using an ANOVA test. Differences were considered significant
when P < 0.05.

NP phantom preparation for spectral photon-counting
computed tomography (SPCCT)

The SPCCT system (Philips research and development; Haifa,
ISRAEL) is a large field-of-view (50 cm in-plane) clinical proto-
type CT equipped with energy-sensitive photon-counting detec-
tors (PCDs). Pixel pitch is of 275 x 275 um 2 at the isocenter,
bonded to Philips’ proprietary ChromAIX2 application-specific
integrated circuit, relying on the direct conversion high band
gap semiconductor of cadmium zinc telluride. Z-coverage is
17.6 mm and the minimal rotation time of the gantry is 0.33 s.
Each channel offers pulse-height discrimination with five con-
trollable energy thresholds set as 30, 51, 64, 72 and 85 keV in
order to allow the energy-based discrimination of Hafnium.>?
Further technical details are provided in previous studies.** A
custom-made polyoxymethylene cylindrical phantom with a
diameter of 10 cm and 12 holes with 1 cm diameter was used.
The samples were loaded into the phantom using 1.5 ml
polypropylene centrifuge tubes. Two sets of 12 tubes were pre-
pared, each containing HfO,@fucoidan or HfO,@citrate NPs
diluted in glucose (5%) with various concentrations. The con-
centrations (mg ml ") of the NPs depended on the corresponding
attenuation at 120 kVp. The target attenuation for each solution
was chosen within the clinical standard for CT angiography
applications, ie. 280 Hounsfield units (HU) approximately.
Hence, the NP concentration was in the range of 0-15 mg ml ™.

1014 | Mater. Adv,, 2023, 4, 1011-1020
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Five axial scans were performed using a conventional X-ray
tube with a voltage of 120 kVp and a current of 100 mA.
Conventional images scaled in Hounsfield units and spectral
images scaled in mg ml™' of materials were reconstructed
using 1 mm slice thickness, a field-of-view of 220 mm in-
plane and a matrix of 512 mm. Spectral images consisted of
reconstructing three materials, i.e., 2 non-K-edge materials
(water and iodine) and a K-edge Hafnium image. It is noted
that a water image approximates the water content in the tissue
even in the presence of contrast agents.

Results and discussion

HfO,@fucoidan NP synthesis and physicochemical
characterization

Ellipsoidal HfO,-NPs with average major (2a) and minor (2b)
axes of 8 and 4 nm (Fig. 1A) were synthesized using microwave
non-aqueous sol-gel synthesis in a two-step process, following
a procedure described previously.*® NPs were surface functiona-
lized with fucoidan, a negatively charged polysaccharide, or with
citrate, one of the most used coating agents, using an electro-
static approach for the direct and one-step complexation® and
taking care of the avidity effect of carboxylate (fucoidan, citrate)
and sulfate (fucoidan) groups for the oxide surface.”> To our
knowledge, we reported herein a simple process for the direct
and one step complexation of the HfO, Np surface. As shown
recently,>® water soluble HfO, NPs were obtained after ligand
exchange from apolar NPs (dispersed in toluene) using at least 3
precipitation-redispersion cycles (starting from dispersion in
toluene, and then re-dispersion in ethanol, and later on in
methanol and finally in water). To saturate the HfO, NP surface
with fucoidan, increasing amounts of polymer (R = 1000 x
[fucoidan]/[Hf]) were added to HfO, NPs dispersed in acidic water
(pH = 2, [Hf] = 100 mM). Under these conditions, hydroxyl ions
onto the HfO, surface led to a positive surface charge, increasing
the electrostatic interaction and chelating bridging with the
polymer after mixing. After surface functionalization, the NPs
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Fig. 1 Physicochemical characterization of HfO,@fucoidan NPs: TEM
image (A), FTIR spectra (B) and evolution of the FTIR surface bands A5,/
Azs0 versus R (C), and Raman spectra (D) of HfO, NPs (red curve), fucoidan
(green curve) and HfO,@fucoidan NPs (black curve).
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were filtered to remove the unreacted chemical species.
Surface coating was evidenced by FT-IR spectra, (Fig. 1B). In
the 1500-500 cm ! region, the IR spectrum of fucoidan®” was
characterized by three peaks observed at around 1257 cm ™'
(O=S=O0 stretching), 1035 cm™' (C-O-C stretching) and 844
em ™' (C-O-S bending). The IR spectrum of the NPs present
bands at 530, 555, 650, 680, and 750 cm ™' in good agreement
with IR phonon modes predicted for the monoclinic HfO,
phase.’® After complexation with the NP surface, the IR fucoidan
bands were also displayed on the spectra of HfO,@fucoidan NPs
in addition to the Hf-O characteristic vibration bands. Fig. 1C
shows the evolution of the IR surface band ratio A;,55/A;5, versus
R. The signal rose with the increase of the molar ratio up to
R ~ 14, to reach a plateau. This indicated an increase in the
number of fucoidan molecules on the surface of the HfO, NPs
with an R ratio and saturation at R = 14. Considering the surface
band ratio A;,5,/A;50 at this saturated ratio, before and after
ultrafiltration, the average number of fucoidan molecules per NP
was estimated to be ~70 fucoidan per NP (Fig. S2, ESI}).

The coating was also evidenced by Raman spectroscopy and
thermogravimetric analysis (TGA). Comparison of the Raman
spectra of coated NPs with those of the native polysaccharide®”
and bare HfO, NPs evidenced the organic layer around the NP,
Fig. 1D. The TGA thermogram (Fig. S3, ESIT) exhibits a two-step
decomposition: (i) the removal of water up to 200 °C that was
estimated to be 3.25% (w/w) and (ii) the consecutive full
degradation of the organic layer at around 900 °C. The overall
weight loss (9.75% (w/w) for HfO,@fucoidan NPs allowed the
estimation of an average quantity of molecules per NP approxi-
mated to 65 in good accordance with the IR result.

The Raman and FTIR spectra of control NPs (HfO,@citrate
NPs) show the characteristic citrate and Hf-O bands, indicating
an effective citrate surface complexation (Fig. S4, ESIt). The
TGA thermogram (Fig. S5, ESIT) indicates an average of 800
citrate per NP. Considering an average number of 1440 haf-
nium onto the NP surface, this indicates that, as observed with
iron oxide NPs,*® two carboxylate functions per molecule are
involved in two hafnium surface complexation and that the
surface is fully saturated by citrate ions.

After coating, the NPs exhibit a hydrodynamic diameter at
physiological pH (in intensity) of 58 nm (PdI = 0.2) and 33 nm
(PdI = 0.4), and a negative charge surface of —27 mV and
—33 mV for HfO,@fucoidan NPs and HfO,@citrate-NPs,
respectively (Fig. S6, ESIT for pH stability). The NPs were also
dispersed in glucose (5%) or in NaCl (0.9%), Fig. S7 (ESIt). A
slight increase of the hydrodynamic diameter in the two media
and after 1 day was observed for HfO,@fucoidan NPs whereas
the size does not change for HfO,@citrate-NPs (Fig. S7, ESIT).
In addition, better stability with time (measurement of the
hydrodynamic diameter after 10 days) is observed for both NPs
in glucose compared to NaCl medium (Fig. S7, ESIf).

Influence of surface functionalization on the optical properties

Fig. 2 presents the UV-vis absorption and photoluminescence
PL emission (PLe,) spectra of the HfO, (pH = 2, [HfO,] = 1 mM),
HfO,@citrate and HfO,@fucoidan NPs (PH = 7.4, [HfO,] = 1 mM).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The UV-visible spectra of HfO, and HfO,@citrate were similar
whereas the HfO,@fucoidan sample presents a high extinction
coefficient in the UV range, Fig. 2A. Considering an average of
~70 fucoidan per NP, a concentration of HfO, equal to 1 mM
corresponds to about 6 uM fucoidan. Fig. 2A inset shows the
absorption spectrum of fucoidan at a concentration of 6 uM. Clearly,
the higher molar attenuation coefficient is not related to the UV
absorption of fucoidan. This increase of UV absorption was
observed in the case of HfO, films with reduced oxygen content
and was attributed to the higher concentration of oxygen
vacancies.®>!

Polysaccharides are used as a reducing agent as well as a
surface stabilizing template for the NPs.°> One explanation®
could be that more Hf*" species are formed by the reduction
function of fucoidan compared to sodium citrate. This higher
ratio of HfP"/Hf'" for HfO,@fucoidan compared to HfO,@
citrate results in the creation of more surface oxygen vacancies
to maintain charge balance.

After excitation at 200 nm wavelength, the PL.,, spectra of
HfO, and HfO,@citrate were similar and present two emission
bands centered at 325 (3.8 eV, blue transition) and 522 nm
(2.4 eV, middle red transition) Fig. 2B and C. This PL.,, profile
was attributed, in a previous paper,*® to the oxygen vacancies
inducing defect levels located deep in the band gap. The PL.p,
spectra for nude NPs were deconvolved with 4 Gaussian fits
centered at 305 nm (4.1 eV, band I), 381 nm (3.2 eV, band II),
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Fig. 2 (A) UV-Visible absorption spectrum of HfO, (red curve

[HfO,] = 1 mM, pH = 2), HfO,@fucoidan (black curve) and HfO,@citrate
(green curve) NPs ([HfO,] = 1 mM, pH = 7). Inset: UV-Visible absorption
spectra of fucoidan in water ([fucoidan] = 6 pM, pH = 7). (B—D) PL emission
and deconvolution of the PL.,, spectrum using a Gaussian fit (grey curve)
for HfO, (red curve, B), HfO,@citrate (green curve, C) and HfO,@fucoidan
(black curve, D) NPs ([Hf] = 1 mM, J¢, = 200 nm. (E and F) comparison of
the evolution of the PL intensity bands between (E) HfO, (red bars) and
HfO,@citrate (green bars) NPs and (F) HfO, (red bars) and HfO,@fucoidan
(black NPs).
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522 nm (2.4 eV, band III) and 675 nm (1.8 eV, band IV). The
emission peaks at 381 nm and 522 nm were assigned to VO3
with recombination to the valence band and to the defect level,
respectively, and the band at 675 nm to the presence of
interstitial oxygen defects. The PL component centered at
305 nm was either assigned to the vibronic transition of the
excited OH** radical (hydroxyl ions at the surface of the NPs) or
to the self-trapped exciton.®*®® Considering that the latter
band was already observed after fucoidan or citrate surface
functionalization, this favors the hypothesis of the self-trapped
exciton. For HfO, the intensity of the bands at 305 nm, 381 nm
and 522 nm were quite similar and the contribution of the
675 nm band is lower (~80% lower compared to bands I and
III) (Fig. 2B and E). After surface functionalization with citrate,
a slight increase of the intensity of bands II and III was
observed whereas the intensity of the other bands (I and IV)
does not change compared to HfO, (Fig. 2E). An exaltation of
the emission (by a factor 8) was observed for HfO,@fucoidan
NPs (Fig. 2F) and the contribution of the band II increased. The
best deconvolution of the PL.,, spectrum was obtained with
4 Gaussian fits centered at 309 nm (4.0 eV, band I), 388 nm
(3.2 eV, band II), 522 nm (2.4 eV, band III) and 675 nm (1.8 eV,
band IV), Fig. 2D. Hence the positions of bands I and II are
slightly red shifted compared to those of HfO, and HfO,@
citrate NPs. In addition, the intensity of bands I and III remains
quite similar whereas band II increases by a factor of ~31%.
Finally, the contribution of band IV remains x80% lower
compared to bands I and III as observed for HfO, and
HfO,@citrate NPs.

The proportions of each defect were estimated thanks to the
area of each Gaussian function,®” Table 1. Briefly, the amount
of self-trapped exciton (band 1) and interstitial oxygen defects
(band IV) is found to be constant in the three samples with
mean percentages of 25% and 9%, respectively. The proportion
of band II (Vo3 with recombination to the valence band) is quite
similar (24%) for nude and citrate coated NPs and increases for
HfO,@fucoidan NPs (31%). Finally, the proportion of band III
(Voz with recombination to the defect level) is again quite
similar (42%) for nude and citrate coated NPs and slightly
decreases for HfO,@fucoidan NPs (38%). These results suggest
that band II is related to surface oxygen vacancies.

The efficiency of a PL emission is contributed to both by
radiative and non-radiative recombination processes. Radiative
recombination, related to oxygen vacancy concentration,
increases the PL intensity while non-radiative recombination
induces the opposite effect. The non-radiative transition is

Table 1 Results of the multi-Gaussian models of fluorescence emission
spectra. The percentage of each contribution is estimated by the area at
each wavelength over the total area

Band I Band II Band III Band IV
% (305 nm) (381 nm) (521 nm) (675 nm)
HfO, 25 25 41 9
HfO,@citrate 24 24 43 9
HfO,@fucoidan 24 31 38 7
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initiated by defects present on the surface.®” It is well known
that the passivation of some surface defects by the capping
ligands could affect wavelength shifts and variations of the
intensities of the emission bands.®®® Surface defects act as the
centers of non-radiative recombination for electrons and holes
and promoting their passivation can raise the probability of
radiative transitions.

Comparing HfO,@citrate and HfO,@fucoidan versus HfO,
NPs, the large difference in emission intensity in favor of the
HfO,@fucoidan NPs could be explained by an increase of
surface oxygen vacancy concentration. This effect could be
due to the more effective reductive effect of fucoidan compared
to citrate and to a better complexation of the surface of the NP
with the sulfate groups of fucoidan with respect to the carbox-
ylate groups of citrate.”®

Influence of surface functionalization on HUVEC cell
internalization and cytotoxicity

We first studied the HfO,@fucoidan and HfO,@citrate NPs
(dispersed in NaCl 0.9%) internalization on stimulated fetal
bovine serum-(SVF) human umbilical vein endothelial cells
(HUVECs) using TEM. The cells were incubated for 24 h with
three extracellular Hf concentrations: 2 mM, 12 mM and
32 mM. TEM imaging of the cells containing both types of
NPs, one day after their internalization is shown in Fig. 3. They
evidence (i) the endosomal confinement of the NP, with no
differences in the intracellular location observed depending on
the coating, (ii) the NP cell internalization increases upon
increasing the incubation concentration as observed by us
and others, (iii) better internalization of HfO,@citrate NPs
compared to HfO,@fucoidan NPs. This latter effect can be
related to high aggregation of HfO,@citrate dispersed in NaCl
0.9% and DMEM or in NaCl 0.9%-DMEM— + SVF 10%,
compared to HfO,@fucoidan NPs as shown in Fig. S8 (ESIY).
To evaluate the cytotoxicity of the NPs, the cell viability assay
(Resazurin) was performed on the HUVEC cell line. After 24 h of
NP incubation, as shown in Fig. 4, no toxicity was observed for
HUVECs from 2 to 32 mM for both NPs, as compared to

Fig. 3 TEM images of the HUVEC cell line incubated with HfO,@citrate
and HfO,@fucoidan at different extracellular concentrations (2 mM,
12 mM, 32 mM) for 24 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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untreated cells. From 0 mM to 6 mM, there is no significant
difference in cell viability with untreated cells. For HfO,@
citrate, an increase of cell viability is observed at 8 mM,
12 mM and 24 mM with a significant and maximum enhance-
ment observed at 12 mM (factor 1.8). For HfO,@fucoidan a
maximum enhancement of the cell viability is observed at
12 mM and 32 mM (factor 2.6). For higher concentrations, this
phenomenon disappears, and 50% cell inhibition was observed
after incubation with 42 mM citrate NPs, whereas for fucoidan-
NPs the cell viability remains 100%. This increase of cell
viability with both NPs can be related to the interaction with
cell membrane receptors and/or growth factors, thereby activat-
ing mitogenic signals or repressing growth-inhibitory signals.
Beyond 8 mM and up to 32 mM, this effect seems to be stopped
with citrate NPs and not with fucoidan NPs. In the latter case, it
has been shown that fucoidan alone stimulated fetal bovine
serum-induced HUVEC proliferation.”* The mechanism of vas-
cular cell growth modulation is still unknown, but it was
postulated that fucoidan potentiates the fibroblast growth
factor-1 FGF-1 mitogenic activity by stabilizing the growth factor
and inhibiting FGF-2 mitogenic activity. Both effects occurred in
a concentration-dependent manner. Hence, considering that
the cell internalization of HfO,@citrate NPs seems to be higher
compared to HfO,@fucoidan NPs (as observed in Fig. 3), the
toxicity of HfO,@fucoidan NPs will appear at higher extra-
cellular concentrations and is counterbalanced by the fucoidan
stimulation effect.

Binding of HfO,-fucoidan NPs on P-selectin in vitro

To evaluate the ability of HfO,@fucoidan NPs to target
P-selectin under arterial blood flow conditions, it was necessary
to label the NPs with a fluorophore to visualize and quantify in
real-time the NP adhesion under fluorescence microscopy. The
amine function of Rhodamine 123 (Rh123) was covalently
linked to carboxylate functions at the outside NP surface using
conventional carbodiimine chemistry, using the same conditions
for both NPs (see the Experimental section). The dye labelling was
more efficient (5-fold) for HfO,@fucoidan NPs compared to
HfO,@citrate NPs, so arterial blood flow experiments (Fig. 5) were

*** P=0,0001
*++p=0,0001
=

g

N
g

=1 ns P=0,532
nsp=0,958 "° Pt NP0

g

Ns

ns P=0,995 ™
ns P=0,668 —— |

N NS,

** P=0,009

ns

g

°

Cell viability %

g

g

24 32 a2

8 12
[HfO,@ligand] mM

Fig. 4 HUVEC cell viability after 24 h of incubation of various extracellular
concentrations of HfO,@citrate (green bars) and HfO,@fucoidan (black
bars) NPs.
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A
HfO,@fucoidan NPs 25 mM

HfO,@fucoidan NPs 5 mM

HfO,@citrate NPs 25 mM

HfO,@fucoidan  HfO,@citrate
25mM  SmM 25 mM

Fig. 5 Nanoparticle adhesion over platelet aggregates. Platelets adhered
onto the channel wall forming aggregates expressing P-selectin (left
column) and Rh123 labelled HfO,@fucoidan NPs ([Hf] = 25 mM (top),
5 mM (middle)) and HfO,@citrate NPs ([Hf] = 25 mM) were then injected
for 5 minutes (right column). Channels were washed with 0.9% NaCl.
(B) Quantitative analysis of the mean fluorescence intensity of platelet
aggregates (n = 3 for both NPs), *P < 0.05.

performed at the iso-nanoparticle concentration ([Hf] = 25 mM)
and iso-fluorescence intensity (HfO,@fucoidan NPs: [Hf] = 5 mM
and HfO,@citrate NPs: [Hf] = 25 mM).

When passed at the arterial flow on the platelet aggregates,
Rh123 labelled HfO,@fucoidan NPs bound to the aggregates
and remained attached, whereas Rh123 labelled HfO,@citrate
NPs showed almost no binding (Fig. 5A). Quantitative analysis
after 5 minutes confirmed that the mean fluorescence intensity
(MFI) of fluorescent NPs was significantly higher for HfO,@
fucoidan NPs ([Hf] = 25 mM, MFI = 978 £ 61; ([Hf] = 5 mM,
MFI = 515 + 109) than for HfO,@citrate NPs ([Hf] = 25 mM,
MFI = 282 + 138) (Fig. 5B). In addition, by decreasing the
average number of HfO,@fucoidan NPs (5-fold) it is clearly
observed that HfO,@fucoidan NPs adhered significantly more
onto activated platelets than control NPs.
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Fig. 6 Spectral conventional

photon-counting
(A and D), K-edge images of Hafnium (purple, B and E), and fusion between
K-edge and conventional images (C and F) for HfO,@citrate NPs (top row)
and HfO,@fucoidan (bottom row).

images of images

In vitro phantom imaging

Fig. 6 shows the spectral photon-counting images of conven-
tional images (A and D), K-edge images of Hafnium (purple, B
and E), and fusion between the K-edge and conventional
images (C and F) for HfO,@citrate NPs (top row) and HfO,@
fucoidan NPs (bottom row).

Conventional images provide an image of the phantom, the
tubes as well as the attenuation values (Fig. 7A) while the
K-edge image provides a specific and absolute quantification
of the hafnium concentration found in the NPs (Fig. 7B). There
was an excellent linear correlation with an R* value very close to
unity. The value of the attenuation rate (A. R.) of HfO,@fucoi-
dan NPs (27 HU ml mg ') is greater (x1.6) than that of
HfO,@citrate NPs (17 HU ml mg ‘). Such a decrease of
A.R. value with HfO,@citrate NPs might be related to different
mass attenuation coefficients for HfO,@fucoidan NPs and
HfO,@citrate NPs. The photon mass attenuation coefficients
are generally expressed as u/p, where u is the linear attenuation
coefficient (in cm™") and p is the material density (in g cm ™).
The density of a composite made of HfO, Nps surface functio-
nalized with ligands (fucoidan and citrate) is p. = piligands'
Wiigands + Pufo, WHfo,s WNETE Wiigands and wyro, are the volume
fractions of ligands and HfO, NPs. Considering an average of
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Fig. 7 Left: Attenuation rates measured for HfO,@fucoidan (black) and
HfO,@citrate (green) with an SPCCT system. Right: Comparison between
the expected and measured concentrations with K-edge imaging for
HfO,@fucoidan (black) and HfO,@citrate (green)
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65 fucoidan molecules and 800 citrate molecules per NP, a large
difference in the molecular weight of the two ligands, it can be
considered that the density of the composite is different con-
sidering HfO,@fucoidan NPs and HfO,@citrate NPs. For
HfO,@fucoidan NPs, the correlations between the measured
and prepared concentrations, Fig. 7B, were strongly linear for
all dilutions (R*> > 0.98). The slope (0.52) was slightly under-
estimated for citrate. Compared to the commercial gadolinium
based molecular agent, DOTAREM™® (gadoterate meglumine;
Guerbet, Villepinte, France), with an attenuation rate (A. R.)
equal to 32.5 HU ml mg ™" (Fig. S9, ESIt), the attenuation rate of
HfO,@fucoidan NPs is on the same order of magnitude
(A. R. = 27 HU ml mg™"). In addition to specific targeting for
the P-selectin biomarker, HfO,@fucoidan NPs appear to be an
efficient X-ray contrast agent.

Conclusions

Atherothrombosis is the first cause of death worldwide. Early
detection of atherothrombotic lesions remains a big medical
challenge. In this work we have developed HfO, NPs as computed
tomography contrast agents for the detection of atherothrombosis.
The nude HfO, NPs were successfully functionalized with fucoidan
or citrate and exhibited good colloidal stability in water or glucose.
The fucoidan functionalized NPs allowed specific targeting of
aggregated platelets under a dynamic flow test, and very good
biocompatibility was demonstrated through an in vitro cytotoxicity
assay, for high extracellular concentrations. The internalization
inside the cells was confirmed with transmission electron micro-
scopy and showed higher internalization of citrate NPs compared
to fucoidan. Enhancement of the UV absorption and photolumi-
nescence properties was observed with HfO,-fucoidan NPs and
was related to an increase of oxygen vacancies due to the reductive
effect of fucoidan. The proof of concept for an efficient X-ray
attenuation was illustrated through in vitro phantom imaging, with
spectral photon counted computed tomography. The better
attenuation rate observed with the fucoidan functionalized NPs
compared to citrate evidenced the impact of the ligand surface on
X-ray attenuation. These results confirm the ability of fucoidan
coated HfO, NPs as potential new contrast agents for X-ray
imaging and particularly for the detection of atherothrombosis.
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