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Abstract

Chitosan CS—tripolyphosphate TPP /hyaluronic acid HA nanohydrogels loaded with
gadolinium chelates (GADOTA C CS-TPP/HA NGs) synthesized by ionic gelation were
designed for lymph node (LN) MRI. In order to be efficiently drained to LNs, nanogels (NGs)
needed to exhibit a diameter ¢ < 100 nm. For that, formulation parameters were tuned, using (i)
CS of two different molecular weights (51 and 37 kDa) and (ii) variable CS/TPP ratio (2 < CS/
TPP < 8). Characterization of NG size distribution by dynamic light scattering (DLS) and
asymetrical flow-field-flow-fractionation (AF4) showed discrepancies since DLS diameters were
consistently above 200 nm while AF4 showed individual nano-objects with ¢ < 100 nm. Such a
difference could be correlated to the presence of aggregates inherent to ionic gelation. This point

was clarified by atomic force
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microscopy (AFM) in liquid mode which highlighted the main presence of individual nano-
objects in nanosuspensions. Thus, combination of DLS, AF4 and AFM provided a more precise
characterization of GADOTA C CS-TPP/HA nanohydrogels which, in turn, allowed to select
formulations leading to NGs of suitable mean sizes showing good MRI efficiency and negligible

toxicity.

Keywords: nanohydrogels, chitosan, DLS, AF4, AFM-PFQNM, MRI contrast agents

(Some figures may appear in colour only in the online journal)

Introduction

Given its great 3D spatial resolution and its unlimited tissue
penetration, magnetic resonance imaging (MRI) is one of the
most powerful diagnostic techniques in clinical medicine. It
can, in a non-invasive way and without the use of ionizing
radiation, differentiate pathological tissues from normal ones
on the basis of fluctuations of longitudinal (7)) and trans-
versal (7,) proton relaxation times of water protons [1].
Indeed, with respect to normal areas, in pathological tissues
T, and T, relaxation times may be altered and these differ-
ences can be converted into images [1, 2]. One of the major
challenges in MRI is sensitivity. Actually, information
obtained from a simple unenhanced MR image is often not
sufficient to highlight the areas of interest. Thus the contrast
has to be improved and for that, paramagnetic complexes of
metal ions such as gadolinium chelates (GdCAs) are fre-
quently used. GdCAs catalyze the longitudinal 'H relaxation
process of surrounding water protons [I-4]. Change in
longitudinal relaxation results in a signal intensity increase
(positive contrast) of most abnormal tissues which facilitates
visualization of lesions. For a Gd chelate, the efficiency to
reduce proton 7 relaxation time is defined by its longitudinal
relaxivity r; which represents the enhancement of the
relaxation rate (1/T)) referred to a 1 mM concentration of the
GdCA. For commercially available GACAs, r; stands in the
range 3-5s~' mM ™' at 60 MHz, which is rather low. To
increase current GdCAs efficacy Solomon-Bloembergen—
Morgan (SBM) theory [5] provides guidelines which are
mainly based on the slow-down of GdCAs tumbling motion
and on optimization of water residence times in the gadoli-
nium coordination sphere. One approach consists in grafting
GdCAs on macromolecules and nanoparticles [6, 7] in order
to increase the so-called rotational correlation time of the
chelates. These approaches although extremely useful failed
to reach the maximum in relaxivity predicted by the SBM
theory (100 mM s~ in 20-60 MHz range [1-3]). Recently,
strategies based on spatial confinement of GdCAs within
nano-objects have appeared [8—13]. They allowed to reach
this milestone since longitudinal relaxivity r; higher than 100
mM's™! at 60MHz per Gd*' ion were obtained.
Obviously, these hypersensitive 7, MRI probes are of part-
icular interest to improve MRI sensitivity in clinical appli-
cations, provided they are biocompatible. Hydrogels
constituted a novel class of three-dimensional hydrophilic
cross-linked polymers that display unique properties such as
drug-loading capacity and water-retention ability [14]. In that
sense they can be very useful for the spatial confinement of

GdCAs and the development of hypersensitive 77 MRI
probes. Recently, we have demonstrated that nanohydrogels
can be used to encapsulate GdCAs (such as GdDOTA,
GdDOTP and MS325) [15, 16]. Nanohydrogels were
obtained by ionic gelation of chitosan (CS) and sodium
hyaluronate (HA), two natural polysaccharides. CS is com-
posed of N-acetylglucosamine and glucosamine residues
[17, 18] while HA consists of a linear chain of fragments of
D-glucuronic acid and N-acetyl-glucosamine [19, 20]. HA is
ubiquitous in the human body and is involved in many cel-
lular functions such as water homeostasis. By exploiting
polycationic nature of CS and polyanionic nature of HA we
have prepared nanohydrogels (NGs), under mild conditions
and without the use of solvents except water, for which sta-
bility was improved by ionic cross-linking with sodium tri-
polyphosphate (TPP). These NPs of mean diameters
comprised between 150 and 280nm are able to confine
important amounts of GACAs (up to 50 mM of GdCAs inside
NGs [15]). The so-designated GACA C NGs observed SBM
theory requirements (restricted rotational motions of confined
GdCA and water permeability of the matrix) and allowed to
reach high r, values around 100 mM's™! per Gd*" ion
(37 °C and 20 MHz). Furthermore they elicit both T} and T
responses which represent a real advance to better differ-
entiate between normal and pathological tissues. GACA C
NGs could therefore be useful in MR imaging to detect the
presence of metastases in lymph nodes. The lymphatic system
is an essential element of the immune system and, in many
cancers, a major route for dissemination of metastatic cancer
cells. The pre-therapeutic detection of metastases in
lymph nodes is therefore crucial to determining prognosis and
appropriate treatment [21]. In order to image in one injection
a large number of lymph nodes, it is recommended to
administer a lymphographic contrast agent by intravenous
injection. For an efficient lymphatic drainage, the required
nanoparticle size is in the range 50-100 nm [22]. It is then
necessary to decrease the current GdACA C NGs mean sizes. It
was recently demonstrated that CS molecular weight influ-
enced NG morphology in such a way that GdACA C NGs
larger CS molecular weight led to larger NPs [23]. The ionic
gelation method has also the advantage to allow the adjus-
tement of NG sizes by the variation of parameters such CS/
TPP ratios [24-26].

With these data in mind, we have re-investigated gado-
linium nanohydrogel syntheses and compared NG morphol-
ogies obtained with two CS of 51 and 37 kDa respectively,
under different CS/TPP ratios. For that, GADOTA which
corresponds to the active substance of DOTAREM® was
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considered as GdCA [15]. From a methodological point of
view, GADOTA C CS-TPP/HA NG morphologies were
analyzed by means of dynamic light scattering (DLS),
asymmetrical flow-field-flow-fractionation (AF4) and atomic
force microscopy (AFM), in order to have a reliable char-
acterization of the nanosuspensions in terms of NP size and
density. Those hyphenated techniques allowed to select
GdDOTA C CS-TPP/HA NGs of mean diameters suitable
for injection. The influences of CS molecular weight and CS/
TPP ratios on GdDOTA loadings were also studied. The
potential in vivo efficacy of relevant GADOTA C CS-TPP/
HA NGs was then investigated by relaxivity measurements of
the nanosuspensions, for which safety was assured by viabi-
lity, cytotoxicity and oxidative stress assays on endothelial
murine cells (SVEC-10 cells).

Method section

General

Chitosan CS51 (51 kDa, low viscosity, from shrimp shells,
86% deacetylated) and sodium hyaluronate (1000 kDa
extracted from Streptococcus equi sp) were purchased from
Sigma (France). KiOmedine® ultrapure chitosan CS37 of
non-animal origin, with an ultra-low molecular weight of
37kDa (average viscosity molecular weight determined by
capillary viscosimetry) and a deacetylation degree of 90%
(determined by '"H NMR, 500 MHz, 318K, 1 w1 DC1/700 pl
D,0O) obtained from KiOmed Pharma (Belgium). Sodium
tripolyphosphate (TPP) was purchased from Acros Organics.
All products were used as received without further purifica-
tion. HGADOTA was synthesized according to a previously
published procedure [15]. Sterile water for injection (Labor-
atoire Aguettant, Lyon, France) was systematically used for
nanoparticle preparation and analysis. Fetal bovine serum and
Dulbecco’s Modified Eagle Medium were purchased from
Gibco (USA) and WesternBreeze® Chromogenic Kits were
procured from Invitrogen (Carlsbad, CA, USA). Antibiotic
antimycotic solution stabilized with 10.000 units penicillin,
10 mg streptomycin and 25 pg amphotericin B per ml, In
Vitro Toxicology Assay Kit Sulforhodamine B based, In Vitro
Toxicology Assay Kit Lactic Dehydrogenase based, reduced
glutathione (GSH), 5,5-dithio-bis-(2-nitrobenzoic acid), thio-
barbituric acid and 1, 1, 3, 3-tetramethoxypropane were
obtained from Sigma-Aldrich (St Louis, MO, USA). Specific
primary antibodies Nrf-2 were purchased from Santa Cruz
Biotechnology, Inc. (Heidelberg, Germany) and all other
chemicals used were of high purity and available from com-
mercial suppliers. The endothelial murine cells (Mus muscu-
lus) of axillary lymph nodes (SVEC 4-10 CRL-2181) were
purchased from ATCC (American Type Culture Collection).

Preparation of CS-HA/TPP nanohydrogels

Stock solutions of CS were prepared by dissolution of the CS
powder (2.5 mg ml™") in a 10% (m/v) citric acid aqueous
solution or a 10% (v/v) acetic acid aqueous solution and

stirred overnight. Insoluble residues were removed by cen-
trifugation at 3800 rpm for 4 min at room temperature.

Nanohydrogels were obtained by an ionotropic gelation
process [15]. An ultrasonic probe (Sonics Materials™ VC
750 Ultrasonic Processor, diameter 13 mm, ultrasonic power
750 W, frequency 20 kHz) was immersed in the CS solution
(9 ml). The sonication (amplitude 32%, for 1 min 45 s) was
started simultaneously with the dropwise addition of the
polyanionic phase, i.e. HA (0.8 ml™") and TPP (concentra-
tions ranging from 0.6 to 2.4 mgml ™' in water (4.5 ml) and
stopped at the end of the addition. Magnetic stirring was then
maintained for 10min. Unloaded nanohydrogels were
obtained in the same way, omitting GdDOTA in the prep-
aration. For cytotoxicity studies, NGs were purified by dia-
lysis to adjust pH close to neutrality (3 x 12 h against sterile
water for injection, membrane cut-off 25 kDa).

Particle size analysis by DLS

Averaged hydrodynamic diameters (Z-ave) of nanohydrogels
were determined by DLS with a Zetasizer Nano ZS (Malvern
Zetasizer Nano-ZS, Malvern Instruments, Worcestershire,
UK). Z-average sizes are the most reliable data given by the
Zetasizer Nano-ZS as they are directly determined by
cumulant analysis of the correlation function. Z-average sizes
are intensity averages. For each nanosuspension poly-
dispersity indexes (Pdls) were determined by cumulant ana-
lysis. Each nanosuspension was analyzed in triplicate at 20 °C
at a scattering angle of 173°, after 1/20 dilution in water.
Water for injection was used as a reference dispersing med-
ium. (-(zeta) potential data were collected through electro-
phoretic light scattering at 20 °C, 150V, in triplicate for each
sample, after 1/20 dilution in water. The instrument was
calibrated with a Malvern—68 mV standard before each
analysis cycle.

Asymetrical flow field flow fractionation—AF4 analysis

GdDOTA C CS-TPP/HA nanosuspensions were analyzed by
an Eclipse 3 asymmetrical flow field-flow fractionation (AF4)
system (Wyatt Technology, France). The dimensions of the
channel were 320 x 100 x 145 mm. The accumulation wall
consists of an ultrafiltration membrane (polyether sulfone
(PES)—cut-off 10 kDa—Superon, Germany). A trapezoidal
poly(tetrafluoroethylene) (PTFE) spacer (so called asymme-
trical) delimits the area where the fractionation takes place.
For the analyses, a 350 um spacer has been selected. All
injections were performed with a Shimadzu CBM-20A HPLC
loop of 20 ul. For that, GADOTA C CS-TPP/HA NGs were
dispersed in water for injection at pH 7. Flow rates were
controlled using a Shimadzu LC-20AB isocratic pump
equipped with a micro-vacuum degasser. The eluant was
passed through a vacuum degasser into the Eclipse Flow Box
(Wyatt Inc. USA), before entering the AF4 channel (Wyatt
Inc. USA). The laminar outflow rate was adjusted nominally
to 1 mlmin~" while the cross flow rate was 2 mlmin~" for
10 min, decreased linearly to 0.1 ml min~! during 15 min, and
finally maintained at 0.1 mlmin~' during 7 min. After
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fractionation, the effluent was directed to the detection chain
consisting in a variable-wavelength UV-vis spectro-
photometer (SPD-M20A, Shimadzu France) tuned to 254 nm,
with a multi-angle light scattering (MALS) detector (Con-
Senxus, Ober-Hilbersheim, Germany). Data from the MALS
detector were collected and processed using the Chromato-
graphica software (ConSenxus, Ober-Hilbersheim, Germany).
Calibration of the retention time should be conducted using a
known internal reference material comprising the same core
material as the target analyte (or as closely matched as pos-
sible). AF4 calibration based upon the equivalent sphere
radius (Rs) evaluation was performed according to a recently
proposed strategy that consisted of using polystyrene standard
reference materials (PS) [27]. The advantages of this
approach are the convenient light-scattering characterization
that can be achieved for PS analytes and the well-known
hydrodynamic behavior of this spherical shape for nanohy-
drogels particles. Delay volume and nanoparticle size nor-
malization were determined using certified polystyrene
standard latex samples with selected sizes of 23 + 2 nm,
46 £+ 2nm, 70 £ 3nm, 100 & 3 nm (Duke-Thermo Scien-
tific USA). By using static light scattering coupled on-line to
the AF4, the radius of gyration, Rg, can be determined. The
Rg parameter was recently shown to be more accurate for the
determination of the size for asymmetrical shapes because it
takes into account the mass distribution due to the shape
variation that can occur during the elution process through the
AF4 channel [28]. Moreover, without considering the shape
of the characterized object, Rg can be directly assimilated to
the hydrodynamic radius by using the shape factor (p = Rg/
Ry) [29], using a published calculation method [27].

AFM—peak force quantitative nanomechanical mapping
(AFM-PFQNM)

CS-TPP/HA and GdADOTA C CS-TPP/HA nanosuspensions
were analyzed by AFM in solution in order to afford mini-
mum perturbation of the samples [30, 31]. 35 ul of each
nanosuspension was directly spread on freshly cleaved mica
disks. After 20 min of deposition at ambient temperature, the
sample was rinsed several times in distilled water. Nanosus-
pensions were then imaged in distilled water, under manually
operated-PeakForce Tapping (PFT) mode on a Multimode
AFM equipped with a Nanoscope V controller (Bruker,
Billerica, USA). The average PeakForce setpoint was set
around 100 pN, which was found to be a good compromise to
remain in good tracking conditions and to avoid particle
damaging. ScanAsyst Air probes (Bruker, Billerica, USA)
with an average nominal spring constant of 0.4 Nm™' were
used. For each sample, a minimum of 3 distant spots were
investigated. For image processing, all images were analyzed
and particle diameters were estimated using Nanoscope
Analysis (Bruker, Billerica, USA). For the particle analysis,
only individual and well-distinguished nanoparticles were
taken into consideration and to get reliable statistical results,
the analyses were performed at least on 3 different samples
for each condition with around 3 images for each sample.
With respect to the Young’s modulus determination, force

curves were automatically captured on the liquid nanosus-
pensions, and the linear portion of the indentation part of the
extension curves were fitted using a Sneddon fit to extract the
modulus. In order to display quantitative results, the tip was
calibrated as detailed in the manual provided by the manu-
facturer. Briefly, a force curve was captured on a non-com-
pliant sample to determine the deflection sensitivity which
was always found to be between 20 and 30nm V™', After-
wards the tip was retracted 100 pm at least from the surface to
avoid any influence from the support, and the spring constant
was calculated via the thermal tune feature (and found to be
between 0.12 and 0.63Nm'. The real tip radius was cal-
culated by imaging a tip-check sample also provided by the
manufacturer, after imaging the nanoparticles. This tip esti-
mate was used to extract the Young’s modulus from the
PeakForce Capture image.

Determination of nanohydrogel gadolinium content

Gadolinium nanoparticle loading was determined on raw,
purified and concentrated nanosuspensions by ICP-OES. The
non-encapsulated complexes were separated from the NGs by
high speed centrifugation for 1h 15 min at 4 °C and 23200 g
(Beckman Avanti™ J-E Centrifuge, France). The NP pellet
was then incubated overnight in a 1:3 (v:v) mixture of HCI
(37%) and HNOj (69%) in order to release Gd from the
polymer matrix and the complexes [15, 16]. After the NG
destruction, volumetric dilutions were carried out to achieve
an appropriate Gd concentration within the working range of
the method. Samples were analyzed using Thermo Scientific
iCAP 6300 series Duo ICP spectrometer. Counts of Gd were
correlated to a Gd calibration curve generated by mixing
Gd(NO3); standard with unloaded NGs incubated under the
same acidic conditions.

In vitro cytotoxicity studies

Dialyzed GdDOTA C CS-TPP/HA NGs were used for all
in vitro studies. Before cascade dilutions, Gd concentrations
were 49 yM and 98 uM for nanosuspensions obtained in
citric and acetic acid respectively (ICP-OES titration).
SVEC 4-10 cells were grown in Dulbecco Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% antibiotics (penicillin, streptomycin and
amphotericin B) and maintained at 37 °C in a humidified
atmosphere (95%) with 5% CO,. The medium was changed
once every three days and daily observations were made by
phase contrast microscopy. The next day, the medium was
replaced by either unloaded or Gd-loaded NGs diluted in

volume i
FBS-supplemented DMEN. The ratio e

volumergs — supDMEN
was equal to 0.2 to maintain constant the medium osmolarity

[15, 16]. Cells were incubated for 6 and 24 h with various Gd
concentrations (between 1 and 10 uM for cytotoxicity tests
—2.5 and 10 puM for oxidative stress studies).

Sulforhodamine B (SRB) assay. Cell viability in the
presence of GdDOTA C CS-TPP/HA NGs was tested
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using the commercial kit (In Vitro Toxicology Assay Kit,
Sulforhodamine B based-Sigma-Aldrich USA) according to
manufacturer’s instructions. SVEC 4-10 cells were fixed for
1 h at 4 °C with 50% trichloroacetic acid (TCA) solution (1 /4
volume of growth medium). Then, cells were washed with
distilled water a few times and stained with 0.4%
sulforhodamine B (Acid Red 52) for 20min at room
temperature. Afterwards the dye was removed and the cells
rinsed quickly with 1% acetic acid. The incorporated dye was
then solubilized in a 10 mM Tris solution. The absorbance
was spectrophotometrically measured at a wavelength of
550 nm using an Appliskan Thermo Scientific Multireader.

Lactate dehydrogenase (LDH) assay. LDH activity was
measured in the culture media of control and treated cells
using the In Vitro Toxicology Assay Kit, Lactic
Dehydrogenase based (Sigma-Aldrich, USA), following
manufacturer’s instructions. The loss of intracellular LDH
and its release into the culture medium is an indicator of
irreversible cell death due to cell membrane damage [32].
SVEC 4-10 cells were seeded in 24-well plates at a density of
2 x 10° cells ml™" incubated overnight allowing the cells to
adhere. Then, they were exposed for 6 and 24 h, to doses of 1,
2.5, 5 and 10 uM of GADOTA C CS-TPP/HA NGs. After
that, a volume of 50 ul of culture supernatant from each well
was incubated with 100 ul of LDH reaction solution for
30 min at room temperature in a 96-well plate. The reaction
was stopped with HC1 1 M and the absorbance was measured
at 450 nm using a microplate reader (Tecan GENios). The
results were expressed relative to control (cells treated with
CS-TPP/HA NPs).

Preparation of cell lysate. After exposure to nanohydrogels,
SVEC4-10 cells harvested from culture flasks, were washed
with phosphate buffered saline (PBS), trypsinized using
0.25% trypsin and 0.53 mM ethylenediaminetetraacetic acid
(EDTA) and then centrifuged at 1500 rpm for 5 min at 18 °C.
Cell pellets were resuspended in 0.3 ml of PBS and then
sonicated three times with UPSOH ultrasonic processor on ice,
for 30 s each. The cellular lysate was centrifuged at 3000 rpm
for 10min at 4°C. The supernatants were used for the
determination of protein concentration by Bradford method,
malondialdehyde (MDA), reduced glutathione (GSH) levels
and Western Blot analysis.

Protein concentration assay. Total protein content was
determined according to Bradford method [33] using bovine
serum albumin as standard. The absorbance was measured at
595 nm using the Appliskan Thermo Scientific multireader.

Reduced glutathione (GSH) assay. Glutathione
concentration was quantified using the Glutathione Assay
Kit from Sigma-Aldrich, following manufacturer’s
instructions, in the presence of 1.5 mg ml~! 5, 5-dithio-bis-
2-nitrobenzoic acid. In order to determine the amount of GSH
in the cellular lysates deproteinized with a 5% sulfosalicylic
acid solution, a standard curve of GSH in the range of

0.5-0.03 nmoles was used. The reaction was monitored at
412 nm and the results were expressed in nmoles GSH/mg of
protein.

Malondialdehyde (MDA) assay. The level of
malondialdehyde was assessed by a fluorimetric method
described by Dinischiotu et al [34]. To 200 pl cell lysate with
a protein concentration of 3mgml~', 700 ul of 0.1 M HCIl
were added. The mixture was incubated for 20 min at room
temperature. Then, 900 ul of 0.025M thiobarbituric acid
(TBA) were added and the mixture was incubated for 65 min
at 37 °C. Finally, a volume of 400 ul of PBS buffer was
added. The fluorescence of MDA was measured at 520/
549 nm (excitation/emission) using a spectrofluorometer FP-
750. The data were calculated as nmoles of MDA /mg of
protein using a calibration curve with 1, 1, 3,
3-tetramethoxypropane in the range 0.5-5 uM.

Western blotting. The expression of protein Nrf-2 was
evaluated by a Western Blot analysis using CS-TPP/HA
NPs as controls. Quantities of 25 pig protein were separated
by sodium dodecylsulfate polyacrylamide gel (SDS-PAGE)
electrophoresis (10% polyacrylamide gels) at 70-90 V and
transferred at 350 mA for 1.5h onto 0.4 ym polyvinylidene
difluoride (PVDF) membrane (Millipore, USA) in a wet
transfer system (BioRad, USA). The membranes were treated
with blocking solutions included in the Western Breeze
Chromogenic kit (Invitrogen, USA) for 30min at room
temperature. After the incubation with primary antibodies
(Nrf-2  1:250, Santa Cruz Biotechnology, USA) the
membranes were processed following the kit instructions,
using anti-rabbit secondary antibodies coupled with alkaline
phosphatase and BCIP/NBT as the chromogenic substrate. [3-
Actin was used as a reference protein. Protein bands were
visualized with the Bio-Rad ChemiDoc Imaging System (Bio-
Rad, Hercules, CA, USA) and protein expression was
quantified with the Bio-Rad Image Lab software (version
5.2, Bio-Rad, Hercules, CA, USA). Densitometry
quantification of bands for Nrf-2 protein expression was
normalized to (-actin and expressed relative to unloaded CS-
TPP/HA NGs.

Statistical analysis. All the results were analyzed using
Student’s ¢ test (Microsoft Excel) and expressed as a mean
value with its standard deviation indicated (mean + SD). A p
value < 0.05 was considered statistically significant. Data
were represented as graphics relative to control which was
considered 100%. Each test was performed in three
independent experiments.

Relaxivity measurements

'"H NMRD profile of GAIDOTA C CS-TPP/HA NGs con-
centrated by ultrafiltration (Vivaspin 100kDa Sartorius,
4500 rpm twice ten minutes) was measured on a Stelar
Spinmaster FFC fast field cycling NMR relaxometer (Stelar,
Mede, Pavia, Italy) over a range of magnetic fields extending
from 0.24mT to 0.7T and corresponding to 'H Larmor
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Figure 1. Intensity weighted (Z-average) diameters of CS-TPP/HA nanohydrogels obtained with (a) CS51and (b) CS37 and GdDOTA C
CS-TPP/HA nanohydrogels with (c) CS51 and (d) CS37 in citric acid (squares) and acetic acid (circles) (2 < CS/TPP < ).

frequencies from 0.01 to 30 MHz using 0.6 ml samples in
10 mm o.d. tubes. The temperature was kept constant at
37 °C. Additional relaxation rates at 60 were obtained with
Bruker Minispec mq60 spectrometer (Bruker, Karlsruhe,
Germany).

Results and discussion

DLS characterization of CS-TPP/HA and GdADOTA c CS-TPP/
HA nanohydrogels

In order to tune NP size, CS of 51 kDa (CS51) and 37 kDa
(CS37) molecular weights were used. CS-TPP/HA and
GdDOTA C CS-TPP/HA nanohydrogels were prepared by
the rapid one-step ionotropic gelation process which led to
homogeneous nanosuspensions [15, 16]. To determine the
NG size distribution profile, dynamic light scattering (DLS)
was used. DLS provides a measure of time-related light
scattering fluctuations (correlation function) that depended on
the particle size. This correlation function is first converted to
an intensity weighted diffusion coefficient and then to an
intensity weighted hydrodynamic diameter, namely Z-average
value for the dispersed particles [35, 36].

Several experimental conditions were tested to produce
CS-TPP/HA and GdDOTA C CS-TPP/HA nanohydrogels.
Variations in the protocol were introduced such as the nature
of the acid used for CS solubilization (citric/acetic acid) and
CS/TPP ratio (from 0.5 to 12). In all formulations, HA
concentration is maintained constant, in order to disregard the

influence of this parameter on the nanoparticle size variation.
Whatever CS and acid, three typical behaviors were obtained
for unloaded and GdDOTA loaded nanohydrogels. For high
CS/TPP ratio range (from 8 to 12), nanoparticle concentra-
tion was too low to give a valuable signal in DLS. For low
CS/TPP ratio range (from 0.5 to 2), visible aggregates were
formed which rapidly sedimented. For CS/TPP ratio range
between 2 and 8, stable and homogeneous nanosuspensions
were obtained. All nanosuspensions exhibited positive C
potentials (around 50 mV) which varied only slightly with
CS/TPP ratio. In citric acid, an intensity-averaged diameter of
250 nm was observed for nanohydrogels synthesized with
CS51 and CS37 (figure 1).

In acetic acid, NP diameters were superior (between 240
and 750 nm) for both CS51 and CS37. Then, DLS measure-
ments showed that a decrease in CS molecular weight did not
lead to smaller NGs. Nevertheless, one should note that in
acetic acid, the higher the CS/TPP ratio, the larger the NG
size. This result, already observed by Giacalone et al [26] was
directly correlated to the decrease in cross-linking degree,
associated to the lower amount of TPP in the mixture.
Therefore, less densely packed particles were obtained lead-
ing to a shift in Z-average diameters to higher values. This
effect is screened when citric acid is used, probably due to the
intrinsic cross-linking ability of citrate ions [37].

Besides Z-averaged diameters, the exploitation of the
correlation function allowed to have an insight of the samples
polydispersity (PdI) (figure 2).
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Figure 2. Polydispersity indexes (PdI) for CS-TPP/HA nanohydrogels obtained with (a) CS51 and (b) CS37 and GdADOTA C CS-TPP/HA
nanohydrogels with (c) CS51 and (d) CS37 in citric acid (squares) and acetic acid (circles) (2 < CS/TPP < ).

For nanosuspensions obtained in citric acid, whatever CS
and CS/TPP ratio, PdI values are similar and inferior to 0.2,
which indicated that nanoparticles were obtained in a narrow
size range. However, in acetic acid and whatever CS, as CS/
TPP ratio increased, nanosuspension polydispersity increased
(PdIs > 0.3).

The presence of aggregates raise the question of the
quality and the reliability of DLS analyses. This question is of
an uppermost importance especially for Gd loaded nanohy-
drogels which could be administered. Indeed, intensity of the
overall scattered light is directly proportional to the particle
mass. Since the mass increases in proportion to ° (where r
represents nanoparticle radius) larger particles, even in small
amount, dominate over smaller [35, 36]. In order to get a
better insight of the nanoparticle size distribution, fractiona-
tion of the nanosuspensions was undertaken by asymmetrical
flow-field-flow fractionation (AF4) and NP size distribution
monitored by MALS.

AF4-MALS of GdDOTA ¢ CS-TPP/HA nanohydrogels

The general principles of the field-flow fractionation methods
were first described in the late 1960s [38]. Briefly, NP
separation takes place in a thin ribbon like channel in which a
laminar carrier flow with a laminar flow velocity distribution
is exposed to a perpendicular cross flow field. In AF4, no
stationary phase is required for particle fractioning. Upon the
field effect, the colloids are driven to the bottom of the
channel, while diffusion causes them to be distributed at
characteristic heights above the channel wall. Due to their

higher diffusion coefficient, smaller particles diffuse back into
the channel faster than larger particles. They leave the channel
earlier, resulting in fractionation of the sample therefore
providing a continuous size distribution.

All GdDOTA C CS-TPP/HA formulations were ana-
lyzed by asymetrical flow field-flow fractionation (AF4).
Whatever the formulation, the corresponding elugrams
exhibited a first retention peak close to the void peak
(tg = 9.5 min = ¢;), that can be associated to some residual
species (for instance residual CS or HA that were not engaged
in the nanoparticle network). A second set of retention peaks
were observed for fg > 9.8 min corresponding to the nano-
particle elution. It is generally assumed that the integration of
the AF4 UV signal gives an estimation of the NG percentage
that corresponds to each retention peak [28]. Thus, for CS/
TPP ratios of 2 and 4, the integration of the UV signal indi-
cated that the relative quantity of residual species was less
than 3% wt. For higher CS/TPP ratios this proportion
strongly increased, illustrating the fact that TPP concentration
was not sufficient to ensure a good NG packing. For the
second set of retention peaks (and for 2 < CS/TPP < 4) that
corresponded to the nanohydrogel signal (fg > 9.8 min), a
recovery higher than 85% =+ 5%, was obtained. This high
value, which was significant, indicated that almost all the
nanoparticles injected in the AF4 channel were recovered
after fractionation. It also indicated that size analysis that
stemmed from AF4 elugrams for formulations with CS/TPP
ratios of 2 and 4 will give good indications on the nanohy-
drogel mean diameter distribution.
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Table 1. AF4-MALS (dar4 (nm)) and UV (%) analyses of GADOTA C CS-TPP/HA nanohydrogels.

Acid CS CS/TPP daps4(nm)-%population for tg >t

Citric  CS51 2 40 nm—16% 200 nm—62%  >500 nm—22%
CS37 40 nm—13% >500 nm—87%

Citric  CS51 4 40nm—17% 300 nm—26%  >500 nm—57%
CS37 40 nm—18% >500 nm—82%

Acetic CS51 2 55 nm—89% >500 nm—11%
CS37 75 nm—66% >500 nm—34%

Acetic CS51 4 60 nm—87% >500 nm—13%
CS37 70 nm—77% >500 nm—23%

For Gd-loaded nanohydrogels, NP sizes distribution
determined by AF4-MALS analysis showed two main
populations (table 1). A first one, below 100 nm, could be
ascribed to individual objects. The second one above 200 nm,
divided in citric acid in two components (between 200 and
300 nm and superior to 500 nm) and in acetic acid in one
component (above 500 nm), could be ascribed to aggregates.

These features were independent of CS molecular
weight, corroborating the fact that lowering CS molecular
weight did not induce NG mean size modification. Further-
more, mean values determined by AF4-MALS analysis were
as expected, systematically inferior to those determined by
DLS, since by upon AF4 fractionation, discrimination
between smaller and larger nano-objects was available.
Regarding the first population (d < 100 nm), whatever CS/
TPP ratio, GADOTA C CS-TPP/HA NGs synthesized in
citric acid displayed mean sizes inferior to the ones obtained
in acetic acid. This difference supported the fact that citrate
ions acted as cross-linkers to improve NG packing. One
should also notice that in acetic acid, individual NG propor-
tions were higher than in citric acid. Therefore AF4 analysis is
in contradiction with DLS analysis, i.e. in acetic acid inter-
particle cross-linkages, that should led to the formation of
nanoparticle clusters, were less pronounced than in citric acid.
To discriminate between the results of DLS and AF4 a third
method is necessary to have a better insight on nanoparticle
morphology. Therefore AFM measurements were undertaken
on CS-TPP/HA and GdDOTA C CS-TPP/HA nanosuspen-
sions, in order to get a more direct evaluation of NP diameters
and to evaluate the influence of Gd chelates on nanoparticle
stiffness as well.

AFM characterization of CS-TPP/HA and GdDOTA ¢ CS-TPP/
HA nanohydrogels

AFM is a sub-nanometer resolution method in the family of
scanning probe microscopy [39]. It utilizes a sharp tip
mounted on a reflective cantilever which is scanned over the
sample surface in X and Y-directions, oscillating along Z-
direction according to the local surface changes. Laser-based
detection of cantilever oscillations allows generating a height
profile of the surface which in turn can give access to a 3D-
image of the sample. AFM, usually operated in tapping mode

has been demonstrated to be the technique of choice to image
both individual nanoparticles and particle aggregates [40—42].
In this mode, since cantilever is intermittently at the contact of
object surface, friction and shear forces are negligible, making
this approach ideal to image fragile samples. Most of the time,
tapping mode has been used on stiff nanoparticles [43, 44]
more hardly on softer samples like polyacrylic copolymers
based colloids [45], polymersomes [46, 47], cisplatin-
nanoencapsulated liposomes [48], or insulin/chitosan self-
assembled particles [30]. Usually, AFM studies are conducted
in air. In order to afford minimum perturbation of the sam-
ples, especially as nanohydrogels are concerned, and to be in
conditions close to the ones used in DLS or AF4 it is pre-
ferable to analyze samples in liquids. So far, only few studies
regarding AFM measurements in liquid environment have
been reported [30, 31]. CS-TPP/HA and GdDOTA C CS-
TPP/HA NGs morphologies were then analyzed in liquid
phase with the PFT mode [49], according to CS/TPP ratios.
Nanohydrogels obtained with 2 < CS/TPP < 8 ratios were
all imaged but for the sake of clarity, only NGs corresponding
to CS/TPP ratios of 2 and 4 are shown.

For unloaded nanosuspensions (figure 3), under similar
formulation conditions (i.e. same acid and same CS/TPP
ratio) no topological differences could be noticed according to
CS molecular weight. In any case, NP diameters calculated
from the AFM images were highly inferior to 100 nm
(table 2).

As previously suspected, CS molecular weight did not
seem to have an impact on the particle diameters. This could
be explained by the fact that all nanoparticles were obtained
under sonication. Indeed, it has been demonstrated that
ultrasonication can induce a partial depolymerization of CS,
leading to NGs of smaller sizes [50]. One should then
hypothesize that ultrasound effects led to a standardization of
NG sizes, which sizes were therefore no more correlated with
CS molecular weight. AFM height images also showed that
particle density on the substrate was much more important for
the lower CS/TPP ratio of 2. Indeed, under high TPP con-
centration, ionic interactions between CS and TPP were
strengthened, leading to higher NG production yields. This
feature was more pronounced in acetic acid, thereby corro-
borating AF4 measurements. It therefore seemed to prove that
in acetic medium since no additional cross-linkers other than
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Figure 3. AFM images in PFT mode of CS-TPP/HA nanohydrogels obtained with (a) CS51and (b) CS37 for CS/TPP ratios of 2 and 4

(5 x 5 pum x 50 nm AFM height images).

Table 2. CS-TPP/HA nanoparticle diameters (darm) in function of CS molecular weight and CS/TPP ratio.

dapas £ sd (nm) CS51 CS37

CS/TPP 2 4 6 2 4 6 8
Citric acid 44+£9 579 58£10 6010 77£13 65+16 450=£16 70 £ 10
Acetic acid 516 46+£5 33+10 44+4 3110 28+11 290x11.6 29+9

CcS/TPP =4

Citric acid [

50nm

Acetic acid

Figure 4. AFM images in PFT mode of GdADOTA C CS51-TPP/HA
nanohydrogels for CS/TPP ratios of 2 and 4 (5 x 5 pm x 50 nm
AFM height images).

TPP are available to reinforce the network between CS and
HA, intra-cross linkages were privileged. On the contrary, in
citric acid, citrate ions helped to reinforce the network
between CS and HA thereby leading to more packed NGs but

Table 3. GADOTA C CS51-TPP/HA nanohydrogel diameters
(darm) in function of CS/TPP ratio.

dAFM + sd (nm) CS51
CS/TPP 2 4 6 8

37£10 40+10 48+16 47+12
44+£10 43+9 38+£9 42+ 9

Citric acid
Acetic acid

also acted as cross-linkers between the nanoparticles. Since
ionic gelation complexation process is under kinetic control
[51], under an excess of citrate ions the complexation rate
could be accelerated, leaving the possibility to competitive
mechanisms such as interlinks between nanoparticles to take
place.

As CS molecular weight had no impact on NP sizes, only
GdDOTA C CS51-TPP/HA nanohydrogels were character-
ized by AFM with PFT mode (figure 4). As described for
unloaded NGs, sizes of GADOTA loaded NGs were not
affected by CS/TPP ratio variation (table 3) and topological
characteristics of GdDOTA C CS51-TPP/HA NGs are
identical to the ones of CS-TPP/HA NGs.

AFM PFT mode not only allowed to work on liquid
nano-suspensions but also allowed to extract the reduced
Young’s modulus of nano-objects after tip calibration (see
Methods section for details [49]). For unloaded NPs, the
Young’s modulus was found to be in the order of 2 MPa,
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Figure 7. Time evolution of '"H NMRD profiles of GADOTA C CS51-TPP/HA NGs synthesized in (a) citric acid and in (b) acetic acid
(CS/TPP = 2).

whatever CS molecular weight (2.57 and 1.98 MPa for CS51 and 39.75 MPa in average for GADOTA loaded NGs obtained
NGs obtained in citric and acetic acid respectively and 3.37 in citric and acetic acid respectively), similar value being
and 3.49 MPa for CS37 NGs obtained in citric and acetic acid measured for GdADOTA C CS37-TPP/HA NGs (figure 5).

respectively). For GADOTA C CS51-TPP/HA NGs, this Even if AFM substrate could influence NG mechanical
value was typically increased by factor 20 or higher (50.11 properties, these data qualitatively indicate that the presence

10
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Figure 8. (a) Viability (SRB assay) and cytotoxicity (LDH release in culture medium) evaluation, (b) MDA and GSH relative concentrations,
(c) Nrf-2 protein expression in SVEC4-10 cells in the presence of increased concentrations of GADOTA C CS51-TPP/HA NGs obtained in
citric acid, at 6 and 24 h exposure times. Unloaded CS51-TPP/HA NGs obtained in citric acid were used as controls. Data are expressed as

average £SD (n = 3).

of Gd chelates within the NPs reinforces the nanohydrogel
network and increases its stiffness. This interesting result
must be compared to the one obtained for enhancement of
elastic modulus of ionic chitosan cryogel loaded with metal
complexes [52].

GdCA loadings and MRiI efficiency of relevant GADOTA ¢ CS-
TPP/HA nanohydrogels

Gd contents of GIDOTA C CS-TPP/HA nanohydrogels
obtained with CS/TPP ratios of 2 and 4, were determined by
ICP-OES titrations after ultracentrifugation and NG pellet
recovery (figure 6).

Whatever CS molecular weight, the amount of GADOTA
encapsulated inside nanohydrogels increased as CS/TPP
decreased, i.e. as nanohydrogels were more cross-linked. This
result is in good agreement with Giacalone et al data [26]
which demonstrated that a high amount of TPP strengthened
the gel network and then the electrostatic interactions between
the anionic Gd chelate and the positive charges of the pro-
tonated amino functions of CS. Therefore, physical entrap-
ment of Gd chelates was promoted. Moreover, Gd
concentration was higher for nanohydrogels prepared in
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acetic acid. AFM images showed that in this acid, a larger
number of nano-objects was produced in agreement with the
AF4-MALS results showing a larger amount of small size
NGs. As the NG production yield was increased in acetic
acid, Gd chelate encapsulation is more important, thereby
leading to an increase of the encapsulated Gd chelate quan-
tities [53]. The data also indicated that the use of low mole-
cular weight CS induced a decrease in Gd loading. For this
reason, GADOTA C CS37-TPP/HA were discarded from
MRI evaluation. GADOTA C CS51-TPP/HA nanohydrogels
MRI efficiency was then determined by means of their
longitudinal relaxation rates determination. For that NMRD
profiles of GADOTA C CS51-TPP/HA were recorded at
37°C as a function of the nature of the acid used for CS
solubilization (figure 7).

Whatever the acid, all NMRD profiles exhibited a similar
shape with a maximum in the relaxation rate between 20 and
60 MHz. These enhancements indicated that inside nanohy-
drogels not only GACA motions were restricted [15, 16] but
also strong outer-sphere and/or second-sphere contribution to
relaxation took part. This hypothesis is supported by the fact
that both CS and HA are highly hydrophilic [14] and provide
a favorable aqueous environment for GdCAs via H-bonding



Nanotechnology 28 (2017) 055705

G Rigaux et al

150 - b
mControl6h  m 1puM m25uM mS5uM m10uM 150 4
15 mControl 24h 1uM 2.5uM H5EM 10M m Control 6h m2.5 uM II'O'uM mControl 24h 12.5uyM m10puM
125 s had
1 : “ ‘
= = = - .
5 100 1 ie ErEEE £ 00 x I
% 8 ™
g 3 s 1
$ £
L “
50 - 2 5.
g
2
25 8 25
&
o M= = - = - 0. L | | L L
SRB LDH MDA GSH
6h 24h 6h 24h
¢ — — —
c e25uM C e25uM C el0pM C elOuM
Nrf-2 — z —
B-actin
. 150 m Control 2.5uM N 10puM
2
£
F 125 -
2 | I 3
¢ 100
g
o 75 -
£
S
o 50 -
o
N
¢ 25 -
z
o ‘| . SR
6h 24h

Figure 9. (a) Viability (SRB assay) and cytotoxicity (LDH release in culture medium) evaluation, (b) MDA and GSH relative concentrations,
(c) Nrf-2 protein expression in SVEC4-10 cells in the presence of increased concentrations of GdADOTA C CS51-TPP/HA NGs obtained in
acetic acid, at 6 and 24 h exposure times. Unloaded CS51-TPP/HA NGs obtained in acetic acid were used as controls. Data are expressed as

average =+ SD (n = 3).

interactions between water molecules and the Gd chelates.
Furthermore, the profile shape is maintained over a period of
28 d which highlighted the stability of the GADOTA C CS51-
TPP/HA NGs and the lack of Gd leakage from the NP core.
Therefore, this suggested that GADOTA C CS51-TPP/HA
NPs could be useful for long-term MRI detection.

Cytotoxicity studies of GADOTA ¢ CS51-TPP/HA
nanohydrogels

Since GADOTA C CS51-TPP/HA nanohydrogels were
designed for lymph node imaging, the in vitro effects of Gd
nanohydrogels obtained with a CS/TPP ratio of 2 (i.e. with
the best Gd loadings) were evaluated on SVEC4-10 murine
lymph node endothelial cell line. For this purpose Gd nano-
hydrogels synthesized in citric acid and in acetic acid were
compared. Previous studies revealed that gadolinium-based
contrast agents did not affect significantly the viability of
HepG2 [54], mouse B16 melanoma [55] and A549 cells [56].
The cytotoxicity and biochemical changes induced in
SVEC4-10 cells consequently to their treatment with different
concentrations of GdADOTA C CS51-TPP/HA NGs were
then analyzed after 6 and 24 h of exposure. The total cellular
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biomass and lactate dehydrogenase release in the culture
medium were evaluated with SRB and LDH assays respec-
tively, oxidative stress parameters were checked through
MDA and GSH assays respectively while Nrf-2 protein
expression was evaluated by Western blotting.

For endothelial SVEC4-10 cells incubated with
GdDOTA C CS51-TPP/HA NGs synthesized in citric acid
(figure 8), SRB test revealed no change in cell viability
between the treated cells and the controls. This absence of
cytotoxicity was confirmed by the LDH release results, which
showed that even after 24 h and for the highest concentration
tested, the cell membrane integrity was not affected.

Similar results were obtained for lipid peroxidation
(MDA) and GSH levels since for SVEC4-10 cells treated with
citric GADOTA C CS51-TPP/HA NGs, these values were
similar to the ones measured in the presence of relevant
controls. Finally, no changes in Nrf-2 protein expression were
observed as well.

For endothelial SVEC4-10 cells incubated with
GdDOTA C CS51-TPP/HA NGs synthesized in acetic acid
(figure 9), no major difference was observed for SRB and
LDH tests compared to citric Gd nanohydrogels.
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On the other hand, exposure of cells to the highest con-
centration of acetic GdDOTA <C CS51-TPP/HA NGs
induced a significant increase of MDA level, by 16% and
22% after 6 and 24 h respectively. In the meantime, a
decrease of GSH concentration by 15% after 24h was
noticed. However, no significant changes were observed in
Nrf-2 expression.

To sum up, these data suggested that citric Gd nanohy-
drogels have good biocompatibility against SVEC4-10 cells.
For both citric and acetic Gd nanohydrogels, their interaction
with endothelial cells might generate reactive oxygen species
which can be counteracted by cellular antioxidant system.
Probably, the formation of ROS did not occur because the
expression of antioxidant gene Nrf-2, involved in the main-
tenance of redox homeostasis and cell survival [57, 58] was
not changed when cells were treated with Gd nanohydrogels
or controls.

Conclusion

To sum up and conclude, our objective was to improve
GdDOTA C CS-TPP/HA NG sizes in order to favor their
access to lymph nodes. For that, variation of formulation
parameters known to influence nano-object sizes, i.e. CS
molecular weight and CS/TPP ratio, was attempted. NP sizes
and morphologies were systematically determined by means
of DLS, AF4 and AFM in liquid mode, which allowed to
conclude that from an analytical point of view, DLS data
should be systematically consolidated by AF4 or by AFM in
liquid mode. This last technique is particularly well suited
since. AFM experimental conditions are less invasive for
nanogels and no application of mathematical models is
required to obtain size information. From a formulation point
of view, decrease of CS molecular weight as well as CS/TPP
ratio did not induce nano-object size decrease, probably
because the shear forces induced by ultrasonication led to a
standardization of nano-object sizes, which were no more
correlated to CS molecular weight or to CS/TPP ratio. On the
other hand, CS/TPP ratio influenced the nanoparticle density
in nanosuspensions since low CS/TPP led to a high particle
density. At this level, the acid used for CS solubilization has a
significant influence since in acetic acid, the amount of
formed nanoparticles is higher than in citric acid. Therefore
GdDOTA loading was improved for NGs obtained in acetic
acid. From an MRI point of view, whatever the acid,
GdDOTA C CS-TPP/HA NGs exhibited a good ability to
increase R; longitudinal relaxation rates and then MRI effi-
ciency at 1.5T. Another interesting feature for MRI appli-
cation is the NMRD signal persistence over one month. This
highlighted the lack of Gd leakage from nanogels that has to
be correlated with gel stiffness improvement evaluated by
AFM-QNM for GdADOTA C CS-TPP/HA NGs, by compar-
ison with unloaded CS-TPP/HA NGs. Finally, cytotoxicity
evaluation of GADOTA C CS-TPP/HA NGs indicated that
they presented low toxicity for SVEC4-10 cells. The slight
increase observed for MDA levels suggested that cell anti-
oxidant defense mechanisms counteract efficiently the
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oxidative stress induced by the exposure of cells to these
nanohydrogels. Therefore, GADOTA C CS-TPP/HA NGs are
good candidates for long-term MR imaging of lymph nodes,
which is currently being investigated.
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