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Tuning the composition of biocompatible Gd nanohydrogels to achieve
hypersensitive dual 7;/T, MRI contrast agents

Maité Callewaert,** Valérie Gaélle Roullin,* Cyril Cadiou,” Elodie Millart,™ Laurence Van Gulik, Marie
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A series of hydrogel nanoparticles incorporating MRI contrast agents (GADOTP and MS325) as potential cross-linkers were elaborated
by an easy and robust ionotropic gelation process. By this process, high Gd loadings were obtained (between 1.8 and 14.5x10* Gd
centres per NP). By tuning the cross-linker ionization degree and the nature of the polymer matrix it was possible to boost up to 22-fold
the r; relaxivity per Gd centre. The greatest gains in relaxivity were observed for nanogels for which the polymer matrix was constituted
of chitosan and hyaluronan. Relaxivities per Gd centre as high as 100 s mM' at 30 MHz can be reached, which highlighted the fact that
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molecular motion of the Gd chelate was effectively restricted and water access to the inner core of these nanogels was not limited.

Introduction

Medical imaging techniques nowadays play a central role in
making clinical diagnoses and for the follow-up after treatment,
particularly in an oncological context. ' Among different imaging
modalities, Magnetic Resonance Imaging (MRI) plays a critical
role in detection and diagnosis since it is non-invasive, it does not
require the use of ionizing radiation and provides excellent
contrast resolution. > Contrast tissue in MRI is multifactorial,
depending on the imaging sequence and the relaxation time of
protons in tissues (longitudinal 7; and transversal T, relaxation
times). > However, MRI suffers from lack of sensitivity and
information obtained from a simple unenhanced MR image is
often not sufficient to highlight areas of interest. Thus, the
contrast has to be improved, by administering optimal contrast-
enhancing agents (CAs). The most currently used contrast agents
are T,-CAs, constituted of paramagnetic metal ions with
symmetrical electronic ground states, such as gadolinium
(GdCAs).>® They are used to selectively alter the longitudinal
relaxation rates of water protons in the tissues. > This change in
longitudinal relaxation results in a signal intensity increase
(positive contrast) of most abnormal tissues and hence facilitates
visualization of pathological structures or lesions. To be used in
safe conditions for the patients, these metal ions cannot be used
as aqua-ions™ ’ but as stable water soluble chelates. The contrast
enhancing capacity of a GACA is quantitatively represented as its
relaxivity 7; (units s mM™"). The relaxivity, which represents the
paramagnetic relaxation rate per mM of Gd(III) (r;, i =1, 2), is in
the range 3-5 s' mM™' for the currently available GdCAs at
60MHz. This rather low values imply the injection of GACAs at
high concentrations (> 0.1 mmol.mL™") to provide the desired
contrast. For the standard clinical applications, these relaxivities
are sufficient but the required high Gd doses can be problematic
for patients with renal failure. 7 Nevertheless, for molecular or
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cellular imaging, relaxivities have to be improved because the
molecular targets are present at much lower concentrations (nano-
or picomolar range).*® The Solomon-Bloembergen-Morgan
theory'® (SBM) provides guidelines for the amplification of the 7,
values. For applications at 0.5-1.5 T, high relaxivity (r; greater
than 100 s mM™" per Gd(III) ion) can be achieved by controlling
the tumbling motion of the GdCAs, and by ensuring optimal
water residence times in the gadolinium coordination sphere. '
For that, low molecular weight Gd chelates have been associated
through covalent or noncovalent bindings to macro- or
supramolecular carriers.'>'> Nevertheless, high relaxivity values
predicted by theory have been seldom achieved because of
relatively long residence lifetime of the bound water molecule
and of local rotational motions about the linker between the Gd
chelate and the anchoring site on the macromolecular backbone.'
To address these limitations, nano-sized agents integrating Gd

chelates including  dendrimers, '*  modified natural
nanoparticles,’”>  auto-assembled systems,'®'”  metal-organic
frameworks,'® fullerenes'® inorganic nanoparticles’ ' and

nanogels”> »* have been developed with enhancement in

relaxivity in the range of 3 to 10 fold compared to that of the free
Gd chelate.

Recently, some examples based on the confinement of Gd
chelates within nano-structures such as apoferritine, 2 zeolites, 2
silicon microparticles®® and silica nanoparticles®” allowed to pass
a milestone in relaxivity enhancement (17 to 50 times larger than
that of clinically-available GACAs) and provided a new route to
hypersensitive MRI probes. These new nano-constructs observe
SBM theory requirements since GdACA confinement within these
objects restrict strongly their local rotational motions. Besides
this action, water permeability and increase in the effective
viscosity of the aqueous solution trapped within the nano-object
can contribute to relaxivity.

Biocompatibility of the nanosystems is a crucial issue for MRI
clinical applications. In this line, we have recently encapsulated
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Scheme 1 Nanohydrogel syntheses

in an hydrophilic matrix, constituted by physical gelation of
s chitosan (CH) with sodium hyaluronate (HA), GdDOTA ** (the
GdCA of DOTAREM®) which is recognized as a low-risk CA
towards nephrogenic systemic fibrosis (NSF) in patients with
renal failure.® Either for biocompatibility reasons or for
hydrophilic properties, water-soluble chitosan (CH)* and sodium
10 hyaluronate (HA)™ were chosen to constitute the polymer matrix
of the nanoparticles. These biopolymers are a polycationic
polymer (CH), composed of N-acetylglucosamine and
glucosamine residues and a polyanionic polymer (HA), composed
of glucuronic acid and N-acetylglucosamine residues,
15 respectively. They can associate randomly in solution through
multivalent ionic interactions®' into supramolecular architectures
which are able to boost relaxivity of GdDOTA.?® Indeed, at
60MHz and 37°C the relaxivities r; and r, were 72.3 s mM™! and
177.5 s' mM™ respectively (i.e. 24 times higher for , and 52
20 times higher for », compared to the free complex). Based on this
concept, several variations can be envisaged in the hydrogel
architecture. The physical chitosan gelation can be modulated
through parameters such as pH,* presence of additional small
anionic species or cross-linkers **** or constitution of a single or
25 an hybrid polymer network. Particularly, one can envisage that
anionic GdCAs could themselves act as cross-linkers in the
process. Moreover, nano-hydrogel water content could be tuned
according to the composition of the polymer network. To have an
insight into these aspects, we compare in this work two different
30 approaches to incorporate GdCAs by physical gelation within
chitosan nanoparticles (NPs). For this purpose, CH nano-
hydrogels were constituted either of a single polymer network
(CH) or of an hybrid polymer network (polyelectrolyte
complexes of CH and HA)*® (Scheme 1). In addition to their
3 potential utility as GdCAs, multi- valent anions GdADOTP ** and
MS325% (Scheme 1) were chosen for their ability to act as
possible anionic cross-linking agents through their phosphonate
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functions. Indeed, negative charges localized on the oxygen
atoms of the phosphonate groups directed outwards from the Gd
coordination cage could favor multiple electrostatic interactions
and formation of strong ion-pairs *’ within the polymer network.
The objective of this study was first to identify the respective
roles of HA and GdCAs in the elaboration of the hydrogel
network. Secondly, we wished to examine the incidence of the
nanohydrogel composition on the relaxivities »; and r, of the
corresponding GdCA loaded nanoparticles.

Results and Discussion
Syntheses of nanoparticles

In the first protocol, NP formation was provoked by addition of
IM NaOH solution to CH solubilised in a citric acid solution.
Gadolinium-loaded NPs (GdCAcCNPs) were prepared using the
same procedure, by incorporating GADOTP or MS325 in the CH
phase (Scheme 1, protocol 1 and GACAcNP1 nanoparticles). In
the second protocol, CH solubilised in a citric acid solution was
allowed to react with polyanions (HA and sodium
tripolyphosphate TPP). The formation of polyelectrolyte
complexes through electrostatic interactions between polycationic
CH and polyanions induced the gelation process. 2% ¥
Gadolinium-loaded NPs were prepared in the same way, by
incorporating GdDOTP or MS325 in the polyanion phase
(Scheme 1, protocol 2 and GdCAcNP2). For GdDOTP,
nanoparticles were obtained for each protocol. For MS325, only
protocol 2 gave nanoparticles while for protocol 1 flocculation
was observed as soon as MS325 was poured in the acidic CH
phase. Since in protocol 1 GdCAs were introduced in the citric
acid phase, the stabilities of Gd chelates under acidic conditions
were analysed by 'H relaxometry for one day (ESI-1). Under
these conditions, for GADOTP, 80% of the initial longitudinal
relaxation time was still retained after 12h. One should then
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Table 1 Nanoparticle characteristics and Gd(III) loadings of GdDOTP, MS325 and GADOTACNPs

GdDOTPCNP1 GdDOTPCNP2 MS325CNP2 GdDOTACNP1 GdDOTACNP2
entries a b c d e f g h i j
[Gd]initiat (10-*mol.LY) 2.62 6.57 2.70 6.67 2.96 259 9.13 19.0 9.01 18.6

Du+sd before dialysis 183 +7 1585 123 £2 1251 1164 84%3 404=11 44713 264 =4 27718

(nm) after dialysis 393+5 3444 1857 1893 523 £83 61829 31320 364=44
DLE (%) 3.95 7.01 1.15 1.85 1.81 19.02 0.46 0.94 0.34 0.36
[Gd]xps (mM) 0.22 0.40 0.086 0.140 0.14 1.75 0.0245 0.0508 0.0253 0.0269
Yea(10%) 2 14.2 145 1.71 2.40 1.80 6.71 14.9 528 4.29 4.49

“Ygq = Number of Gd per NP: these estimations were based upon the measurement of the entrapped gadolinium and on the particle size
according to W. J. Rieter, J. S. Kim, K. M. L. Taylor, H. An, W. Lin, T. Tarrant and W. Lin, Angew. Chem. Int. Ed., 2007, 46, 3680.

s consider that GdDOTP remained intact throughout the supramolecular assemblies between Gd chelates, dextran, and
encapsulation process. On the contrary, the longitudinal poly-B-cyclodextrin.*' They could be correlated to the existence
relaxation time of MS325 rapidly collapsed to reach the 4 of efficient hydrophilic interactions between the polymer matrix
relaxation time of Gd(III) ion. It indicated that, in acidic medium, and entrapped chelates.

MS325 was rapidly demetalated. This result could account for the
10 inability to obtain MS325cNPs with protocol 1. On the other
hand, since in protocol 2 MS325 was added in the polyanion
phase, acidic conditions were avoided and then NPs recovered.
The GACACNPs were then purified by dialysis (GADOTP=NPs) 4 In  hydrogels  constituted by a simple polymer network
or by gel permeation (MS325cNPs) and concentrated, when (GdCACNP1 nanoparticles), the interactions involve the negative
15 necessary, by tangential filtration. For dialyzed nanoparticles, one charges of the GdCAs and the positively charged groups of
should notice that, upon dialysis, NP size increased. This swelling chitosan. ** Upon NaOH addition (final pH~5.5), a partial

GdCA cross-linking abilities and ionic interactions in simple
and hybrid polymer networks

could be attributed to the hydrogel nature of these nano-objects.*’ deprotonation of chitosan ~NH;" groups and deprotonation of
Indeed, the nanoparticle water content is at least 90% for cach % GdCAs occurred. The ionic interaction between CH and GdCA
protocol. should then be a pH-dependent deprotonation accompanied by a
20 The final colloidal suspensions were stable for weeks at room partial ionic cross-linking with GdCA. Since the charge of each
temperature, owing to electrostatic repulsion ({-potential ~ 35 GdCA  should influence the nanoparticle size, the role of

mV after dialysis). DLS analysis (Table 1) showed that after GdDOTP as a cross-linking agent was analyzed by comparison to
dialysis the GACAcCNPs exhibited average hydrodynamic 5 GdDOTA by means of GACACNP1 sizes before dialysis (and
diameters between 180 and 620 nm, according to the protocol and then swelling). Whatever the initial Gd loading, GIDOTPcNP1s
»s the GACA. AFM images (Figures la and b) highlighted that were more than two times smaller than GADOTACNP1s (Table
GdCAcNPs were spherical and narrowly monodisperse. The 1, entries a, b/ g, h). At the beginning of the process, when
presence of Gd(IIl) inside the NPs was confirmed by energy- GdCAs were introduced in the acidic chitosan phase (pH~2.5),
dispersive X-ray spectroscopy on isolated nanoparticles (Figures ~ © they were fully protonated as indicated by acid-base equilibrium
1c and d — for size distribution see ESI-2). calculations (H4GdDOTP™ and HGADOTA see ESI-3).
30 GACA loadings were quantified after nanoparticle purification H,GdDOTP" was two times deprotonated in the pH range 2.5-5.5
(Table 1). They were lesser for nanoparticles recovered by while HGdDOTA became one time deprotonated. Accordingly,

dialysis. This indicated that dialysis provoked a partial leakage of the cross-linking ability of GADOTP evolved more favorably as
the nanoparticle content. However, high level of Gd chelates per 65 this GACA behaved as a multivalent counter-ion. This enhanced

NP were obtained in the range of 1.7 — 14.5 x 10* chelates per efficiency was therefore converted into the obtention of smaller

35 nanoparticle when GACA was GdDOTP or MS325 and in the NPs (Table 1, entries a, b/ g, h). In addition, GdCACNP1s
range of 4.3 — 52.8 x 10* chelates per nanoparticle when GdCA containing the higher GADOTP concentration have smaller sizes

was GdDOTA. These loadings were comparable to those of (Table 1, entries a/b).
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Fig.1 Fluid tapping mode AFM images of a- GdADOTPcNP2 and b-
MS325cNP2. For each image, the color scales represent the z-range and
are in nm. ¢, d- EDXS spectra performed in TEM-EDXS of c-
GdDOTPcNP2 and d- MS325cNP2, showing a characteristic Gd signal.

To evaluate the differences between simple and hybrid networks
the role of the polyanionic phase in the hydrogel structuration
was examined. For that, nanoparticles obtained by both protocols
have been compared. For a similar initial GdCA loading,
GdCACNP2 nanoparticles (Table 1, entries c, d; i, j) were
systematically smaller than GACAcCNP1 ones (Table 1, entries a,
b; g, h). For MS325, no comparison without HA was possible but
the NP sizes were similar to the ones obtained for GADOTP in
similar conditions. As previously said, HA is a polyanion and its
presence in the gel allowed the development of additional
electrostatic interactions between both polymers.*' The current
data suggested that in protocol 2, CH which is more protonated
than in protocol 1, was able to develop intermolecular linkages, at
a higher binding ratio than in protocol 1.

To summarize, the smallest NPs were obtained when the two
following conditions were satisfied: (i) use of a GACA able to
develop optimal interactions with positively charged CH and (if)
use of a second anionic phase which induces the formation of an
extended electrostatic network.

GdCAs release from NPs

To mimic the behaviour of Gd loaded nanoparticles under in vitro
conditions, the release of GADOTP and MS325 from nanocarriers
were evaluated at 37°C under sink conditions in phosphate buffer
and in simulated plasma. In phosphate buffer, GACA release was
found to occur much more slowly for Gdc=NP1 (43% for
GdDOTP for the three first hours, Figure 2a) than for GdcNP2
(65% for GADOTP (Figure 2¢) and 92% for MS325 for the same
period of time (ESI-4)). These data indicated that the nano-
structuration of protocol 1 and 2 hydrogels was different.
GdcNP1 nanogels, prepared by CH (and GdCA) deprotonation
may take a loop-shape conformation because of the decrease of
amino groups.” GdcNP2 nanogels may take a ladder-shape
structure because of a higher cross-linking degree. ** These
different structures led to increases of tortuosity and decrease of
the gel porosity for GdcNP1 * as compared to GdcNP2 prepared
by a fully ionic-crosslinking mechanism. ** Therefore, GAcNP1
structuration decreased the release rate of GACAs by limiting
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network rearrangement. To have a better insight of GdcNPs
under in vivo conditions, GdCA leakage from NPs was performed
in simulated serum (Figures 2b, 2d and ESI-4). For each
GdcNPs, Gd release profiles were dramatically different since no
significant release was detected for more than two days. The
main difference between phosphate buffer and simulated serum is
the presence of human serum albumin (HSA 4% (w/v)) in the
medium. The isoelectric point of HSA being 4.6, at physiological
pH this protein is negatively charged and able to adsorb at the
positive surface of the nanogels.** ** Therefore, this adsorbed
HSA layer could prevent NP disintegration by limiting ion-
exhange and then preserving encapsulated GdCAs from release.

Relaxometric studies and 3T imaging

The relaxivities 7; (i = 1, 2) of MS325cNPs and GADOTPcNPs
were determined at 20 MHz for nano-objects obtained with each
protocol (Table 2). For each sample, the contribution to overall
relaxivity from free GACA, determined from both its relaxation
rate and its concentration in supernatants, was subtracted (see
ESI-5 for calculations). On a per millimolar Gd basis and at
37°C, MS325cNPs presented an 7; value of 52.9 s mM™'. This
value was substantially higher than the one of free MS325 (9-fold
higher). GADOTPcNPs presented variable r; values according to
the protocol, between 40 and 100 s mM™', namely 10 to 23-fold
higher than for free GADOTP. The exaltation of relaxivities
indicated that in all cases, water access to GdCA was not
restricted by their encapsulation. Similar enhancements were
obtained for r, wvalues. Interestingly, for GdDOTPcNPs,
relaxivity values were substantially higher than the ones obtained
for GADOTP loaded nanoparticle-assembled-capsules (NACs).*
GdDOTP-based NACs are also nanoassemblies constituted of a
polymer salt aggregate (cationic polymers such as poly-L-lysine
or polyallylamine and multivalent cross-linking anions such as
citrate, EDTA and GdDOTPS‘) inside a silica shell. Except their
silica shell, these nanoparticles are comparable to GADOTPcNP1
obtained herein. The better results obtained here for
GdDOTPcNPI hydrogels spoke in favour not only for a better
water permeability relative to what was observed in NACs, but
also for a good water exchange between the core structure of the
hydrogel and the bulk. The temperature dependence of relaxivity
could provide insights into the exchange process that dominates

4 | Journal Name, [year], [vol], 00—00
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Table 2 Relaxivities of GADOTPcNPs and MS325cNPs at 20 MHz,
T = 5°C and 37°C 140 AGdDOTPCNP2
1 (sl.mM'l) m (s‘.mM") 120 ® GdDOTP cNP1
- i O Free GdDOTP
37°C 5°C 37°C 5°C —
= @ &
= A
GADOTPCNPI 41.5516 41216  47.6:33  485+3.8 woel ttreas, L *
Py L
GADOTPCONP2  98.0+49  103.9+4.1 109.5+7.6 122.849.8 “leesnns, " .
LE R Bd
20
MS325CNP2 52.9+2.6 592+2.4 60.9£4.3 63.9+£5.1 ,]0poooooooocagma o g
0.1 1 10 100 1000
GdDOTP 4.2+0.2 9.5+0.4 44803 11.7£0.9
MS325 5.9+0.3 10404 6.8£0.5 11.5£0.9 wisazeeNre
- A T T o 60 - O Free MS325
-
-
. .. . g W mmann, '
in hydrogels. The relaxivity of GACACNPs remained constant or E "aag" .
s increased slightly when temperature decreased (Table 2). This =
evolution was consistent with intermediate or fast water exchange 20 1
kinetics for all systems. *° i
. . . 000000000
The longitudinal relaxation rates were then recorded at 37°C as a ®eeceon o °
function of resonance frequency and according to hydrogel 001 1 0 100 1000

10 compositions (Figures 3a, b). Whatever the GdCA (GdDOTP or
MS325), all NMRD profiles exhibited a similar shape with a
maximum in relaxivity between 25 and 30 MHz. These results
indicated that inside hydrogels GdCA motions were restricted.
For GdADOTPcNPs, NMRD profiles were also dependent on the

15 hydrogel composition. Indeed, for hydrogels that corresponded to
hybrid polymer network (GdCAcNP2), composed of two highly
hydrophilic polymers CH and HA, the gain in relaxivity was
more important (23-fold higher than for free GADOTP at 20
MHz) than the one obtained for single polymer network NPs

20 (GACAcNP1, 10-fold higher than for GADOTP alone at 20
MHz). However, GADOTP has no inner sphere water molecule.”
The relaxivity enhancement determined for GdADOTPcNP2 could
be attributed to a high number of water molecules involved in a
network, of H-bonding interactions with the Gd chelates and

2s then, to a strong second sphere contribution. Therefore, in
protocol 2 nanohydrogels, not only Gd chelates were confined but
also water molecules. Their confinement led to the formation of a
highly hydrated environment for the entrapped GdCAs.
Moreover, relaxivity enhancements were more important for

30 GADOTP than for MS325. As previously said, GADOTP has no
inner sphere water molecule while MS325 has one inner sphere
molecule.®® The relaxivity differences observed for
GdDOTPcNP2 and for MS325cNP2 tend to indicate that first
sphere relaxation effects have a minor contribution in relaxivity

35 enhancement, that are mainly ruled by the second sphere
contribution.

Finally, relaxivity enhancement was dependent on the cross-
linking ability of GACA. To check this point, the comparison of
NMRD profiles of Gd-loaded single polymer network

40 nanoparticles (GACAcNP1), which only differ by the cross-
linking ability of the Gd chelate, in the absence of any other
influence (namely HA), could be done (see ESI - 6). The gain in
relaxivity ~was lesser for GdDOTPcNP1  than  for
GdDOTACNPI1. On a per millimolar Gd basis, GdDOTPcNP1

45 exhibited r; values 2-fold smaller than those of GADOTACNP1

Proton Larmor Frequency (MHz)

Fig. 3 NMRD relaxivity profiles at 37°C of a- GdDOTPcNP and b-
MS325cNP

over the entire frequency range. This effect was clearly
so counterbalanced in GACAcCNP2 by the presence of HA. Even if
HA contributed to the formation of highly crosslinked hydrogels
it also provided a supplemental source of hydration for Gd
chelates which impacted favourably on the relaxivity.
To demonstrate how relaxivity enhancements were translated into
ss contrast, 7;- and 7,-weighted images of phantoms containing
suspensions of GADOTPcNP2 and MS325cNP2 obtained by the
same protocol were acquired on a 3 T clinical imager, with
GdDOTP and MS325 as controls (Figure 4). For the T;-weighted
images, the bright signal enhancement progressively increased
o with  GdDOTPcNP2  or  MS325cNP2  concentrations.
Comparison with GADOTP or MS325 as controls showed that
signal enhancement is due to the incorporation of GdCAs within
hydrogels. For the T,-weighted images, under similar conditions a
signal darkening was observed. Similar contrasts were also
s obtained for GADOTPcNPI synthesized via protocol 1
(see ESI-7). Lastly, all these images were similar to those
previously obtained for nanohydrogels loaded with GADOTA as a
contrast agent. 2® They supported not only the relaxometric results
but also highlighted the dual T,/T, properties of the GdCAs
7 loaded hydrogels. **
Finally, nanoparticle cytotoxicity was tested since it constituted a
determinant factor for their in vivo use. Primary fibroblasts cell
viability was monitored using an MTT assay to measure their
mitochondrial enzyme activity (ESI-8).*’ The results of the assay
75 showed that GAcNPs were not toxic to these cells; they were
viable even after incubation with a nanoparticle loading of
23 pg.mL™" per 5 x10* fibroblasts for 48 hours.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5

Page 6 of 10



Page 7 of 10

4

o

=5

o

=5

b

S

Journal of Materials Chemistry B

100 50 100

50 10 (Gd]uM

20 (Gd]uM

Fig. 4 a) and b) 7)-weighted images of a) GADOTPcNP2 (line 1),
NasGdDOTP (line 2) and water (line 3) and b) MS325cNP2 (line 1),
MS325 (line 2) and water (line 3). C) and d) T>-weighted images for the
same solutions as in a) and b) respectively. Samples imaged at 3 T, 37°C,
and with a standard spin echo (SE) sequence.

Conclusions

In conclusion, we have shown that gadolinium loaded chitosan
nanohydrogels relaxivities can be tuned according to the
gadolinium contrast agent and the hydrogel matrix composition
In the context of ionic gelation, the use of multivalent anionic
contrast agent such as GdDOTP, contributes efficiently to
hydrogel cross-linking. Since high cross-linking degree could
limit water access and mobility inside the nanogels, this can be
counterbalanced by the association of a second hydrophilic
polymer (hyaluronan) and the constitution of high-water content
nanoparticles. As an example, GdDOTPcNP relaxivities can be
increased from 41.5 s mM™' (GADOTP=NP1) to 98 s mM™' per
Gd ion (GdADOTPcNP2) while maintaining nanoparticle sizes
below 200 nm (GdADOTPcNP2). Thus, by encapsulating GACAs
within nanohydrogels, it is both possible to entrap large quantities
of Gd centres and to boost the relaxivity of each Gd centre. This
could have very interesting implications in the field of targeted
MR imaging. Indeed, in this context superparamagnetic iron
oxide nanoparticles (SPIO) are often used to track cells or to
visualize targets at low concentrations. These nano-objects
generate negative contrast which can be a drawback.

Therefore, the high sensitive 7,/T, gadolinium probes described
herein could constitute an interesting alternative to SPIO. To
reach this goal, the functionalization of these nanohydrogels,
through the conjugation of active targeting ligands, is currently
being investigated.

Experimental
General procedures and materials

Chitosan (low molecular weight, 86% deacetylated) and sodium
hyaluronate (extracted from Streptococcus equi sp) were
purchased from Sigma (France). Sodium tripolyphosphate was
purchased from Acros Organics. Sterile water for injections
(Laboratoire Aguettant, Lyon, France) was systematically used
for nanoparticle preparation, purification and analysis. DOTP was
purchased from Macrocyclics (Dallas, USA) and MS325
(Vasovist, Gadofosveset trisodium) was generously provided by
Bayer Schering Pharma. All products were used as received
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without further purification.
GdDOTP synthesis

66 mg of Gd,0; (0.182 mmol) were added to 200 mg of HgDOTP
(0.365 mmol) dissolved in water (10 mL). After heating the
suspension at 95°C for 24h, the solution was cooled down and
100 mg of NaOH (2.5 mmol) were added. The solution was then
slowly added to 50 mL of acetone under vigorous stirring and the
precipitated NasGdDOTP was collected by filtration and dried
(m = 320 mg, 0.322 mmol, 88% yield). ESI-MS (positive mode,
water): m/z calculated for [C;,H,sGdN;NasO;,P4-Na]": 835.9,
found: 836.0.

Anal caled for C;,H,;GdN4NasO,P,.10H,O: C, 14.52%; H,
4.47%; N, 5.64%, found: C, 14.44%; H, 4.11%; N, 5.60%.

Nanogel preparation

Stock solutions of chitosan were prepared by dissolution of the
CH powder (2.5 m g.mL™) in a 10% citric acid aqueous solution
and stirred overnight. Insoluble residues were removed by
centrifugation at 3800 rpm for 4 min at room temperature. The
Gd nanoparticles were prepared according to the following
protocols.

Protocol 1 — Single polymer network: GdACAcNP1
Gadolinium complex was added to the CH solution (9 mL) and
magnetic stirring was maintained for one hour. NaOH 1M
solution was then added dropwise until pH ~ 5.5 over a 45-min
period to obtain a turbid nanosuspension (Tyndall effect).

Protocol 2 — Hybrid polymer network: GACAcNP2
Nanoparticles were obtained by an ionotropic gelation process.
The polyanion phase i.e. sodium hyaluronate (0.8 mg/mL) and
sodium tripolyphosphate (1.2 mg.mL™") in water (4.5 mL), was
added dropwise to the chitosan solution (9 mL) under magnetic
stirring. The gadolinium complex was previously dissolved in the
polyanion solution. For both protocols, at the end of the addition,
magnetic stirring was maintained for another 10 min. Unloaded
nanoparticles were obtained in the same way, omitting the
gadolinium complex.

Nanoparticle purification

Unloaded nanoparticles, GdDOTPcNP and GdDOTAcCNP
suspensions (5 mL) were dialyzed three times at room
temperature against 500 mL of water for injections, for 24 h
under magnetic stirring (Spectrum, Spectra/Por® 6.0, MWCO 25
kDa) in order to remove citric salts and the non-encapsulated
complex. The MS325cNP suspensions were purified by gel
permeation on a LH-60 Sephadex column equilibrated with water
for injections. Fractions corresponding to the particles,
macroscopically visible, were collected and pooled together.

The purified suspensions were then concentrated by tangential
flow filtration using MicroKros® hollow fiber modules
(Spectrum, MicroKros® ME, MWCO 0.1 um).

Determination of the water content in hydrogels

The water content inside the nanohydrogels was determined using
a gravimetric method. A known volume of nanosuspension was
centrifuged for 1h15 at 4 °C at 23,200 g (Beckman Avanti™ J-E
Centrifuge, France). The nanoparticle pellet was weighted in wet
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state and after lyophilisation (FreeZone6, Labconco). The water
content was expressed as:

wet dried
(mNP pellet — myp pellet) %

— 100
NP pellet

water content (%) =

Particle size analysis and zeta-potential measurements

Dynamic light scattering (DLS) was used for measurement of
average hydrodynamic diameters (Dy) and polydispersity indexes
(PdIs) (Malvern Zetasizer Nano-ZS, Malvern Instruments,
Worcestershire, UK). Each nanosuspension was analyzed at
20 °C at a scattering angle of 173°, in triplicate for each sample,
after 1/20 dilution in water. Pure water was used as a reference
dispersing medium. {-(zeta) potential data were collected through
electrophoretic light scattering at 20 °C, 150 V, 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.

AFM images and TEM-EDXS measurements

The shape and the surface morphology of the nanoparticles were
investigated by atomic force microscopy (AFM) (Catalyst,
BriikerNano) in tapping mode. Samples were prepared by placing
a drop of nanoparticle suspension on a freshly-cleaved mica sheet
and the experiments were performed in fluid tapping mode in
conditions similar to other experiments to keep the integrity of
the NPs. AFM images were generated with a scan rate of 1 Hz
and 512 lines per image. Experiments were performed at constant
room temperature. During the scans, proportional and integral
gains were increased to the value just below the feedback started
to oscillate. Images were processed only by flattening to remove
background slopes. 3D images of isolated NPs (ESI-2) confirm
the shape of the NPs. For each type of NPs, size distributions
(ESI-2) have been analyzed using tens of images taken at
different positions of the analyzed samples.

A scanning transmission electron microscope (CM30, Philips,
Limeil-Brevannes, France) equipped with an EDAX 30 mm?
Si(Li) R-SUTW detector was used for determining elemental
composition of nanoparticles (TEM-EDXS). In practice, a drop of
NP suspension was deposited on a 200-mesh copper grid covered
by a collodion/carbon film, air-dried and x-ray spectra were
acquired for 100 s at 100 keV by a 24-nm probe in the
nanoparticles. The emission spectrum corresponds to the counting
of x-rays emitted according to their energy.

Determination of the gadolinium loading by ICP-OES

Gadolinium nanoparticle loading was determined on raw, purified
and concentrated nanoparticle suspensions by ICP-OES. The non-
encapsulated complexes were separated from the nanoparticles by
high speed centrifugation for 1h15 at 4 °C at 23,200 g (Beckman
Avanti™ J-E Centrifuge, France). The nanoparticle pellet was
then incubated overnight in a 1:3 (v:v) mixture of HCI (37%) and
HNOj3 (69%). After the NP destruction, volumetric dilutions were
carried out to achieve an appropriate Gd concentration within the
working range of the method. Samples were analysed using
Thermo Scientific iCAP 6300 series Duo ICP spectrometer.
Counts of Gd were correlated to a Gd calibration curve generated
by mixing Gd(NO;); standard with unloaded nanoparticles
incubated under the same acidic conditions.

GdCA loading efficiencies (DLE %), nanoparticles were

ss calculated by equation :

10

10:

S

=3

&

3

b

mass of Gd complex in NPs
mass of recovered NPs
When necessary, Gd concentration was also determined on
nanoparticle supernatants (for relaxivity measurements vide infra)

GdCAs release from NPs

DLE% = X 100

Release studies were performed both in simulated serum and in
phosphate buffer on GADOTPcNP (Gd];penp(mM) = 0.6 mM)
and MS325cNP  ([Gd]ipgane(mM) = 0.2 mM), under sink
conditions (the volume of the external medium was at least
greater than three times that required to form a saturated solution
of each GACA)

For release studies in simulated plasma, GdcNPs
nanosuspensions (10 mL, n = 3 batches) were dispersed in
simulated serum (pH 7.4,-90 mL). The release medium was made
of KCI (16 mg.L™"), NaCl (640 mg.L™"), KH,PO, (16 mg.L") and
4% (w/v) HSA (Human Serum Albumin). All samples were kept
at 37°C under magnetic stirring. At various pre-determined
endpoints, aliquots of the release medium were centrifuged
(23,200 x g, 1h15, 4°C) and Gd contents determined on the
pellets.

For release studies in phosphate buffer, 5 mL of NP suspensions
were placed in a dialysis membrane (Spectrum, Spectrapor® 6.0,
MWCO 24 kDa) and placed at 37°C against 1.0 L phosphate
buffer (pH=7.4). At given time periods, 200 uL of nanoparticle
suspension aliquots were removed, centrifuged at 23,200 x g for
1h15, at 4°C.

The nanoparticle pellets were then incubated overnight in a 1/3
(v/v) mixture of HCI (37%) and HNO; (69%). Gd NP loadings
were determined by ICP-OES spectrometer as described above.
The percentage of released gadolinium chelates were plotted
against time. Experiments were performed in quadruplicate.

Relaxivity measurements

T; and T, measurements at 20 MHz (0.47 T)
T, and T, measurements were performed on a Bruker mq20
Minispec relaxometers (0.47 T) using an inversion recovery pulse
sequence. Each sample was analyzed by ICP-OES to take into
account the exact Gd(III) concentration. The measurements were
performed at two different temperatures. Each temperature was
equilibrated and maintained at 5 and 37 °C during the scans.
Diamagnetic contribution was measured by recording the
longitudinal and transversal times from unloaded nanoparticles at
the same NP concentrations than Gd-loaded samples. The inverse
of the paramagnetic longitudinal relaxation time (R,"*= 1/T} pars,
s) and paramagnetic transversal relaxation time (R,"**= 1/T, paras
s) of each sample were calculated according to:

Rlpara: (l/Tl para) = (l/Tl observed) - (l/Tl dia) with 1= 1,2
The relaxivities (s’ mM™, i = 1, 2) of the nanoparticles were as
follows:
T (GdCACNP) = (Ripara'([Gd]ﬁee*ri (GdCA free))/[Gd]NPs
where [Gd]e. is the concentration of GACA in the supernatant, r;
(GdCA 4..) is the relaxivity of the free CA, and [Gd]yps is the
concentration of Gd entrapped in the NPs.

NMRD profiles
'H NMRD profiles were measured on a Stelar Spinmaster FFC
fast field cycling NMR relaxometer (Stelar, Mede, Pavia, Italy)
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over a range of magnetic fields extending from 0.24 mT to
0.7 T and corresponding to 'H Larmor 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 and 300 MHz were obtained with Bruker Minispec
mqg60 spectrometer and Bruker Avance-300 MHz, respectively
(Bruker, Karlsruhe, Germany). The diamagnetic contribution of
unloaded particles was measured and substracted from the
observed relaxation rates of the Gd-loaded nanoparticles.

MR imaging

MR imaging of NP suspensions were performed using a 3.0 T
MRI device (Achieva, Philips Medical Systems, The
Netherlands) with a 8 channels head coil. 7;-weighted images
were obtained with an axial spin echo 7, sequence (TR = 160 ms,
TE = 8 ms, FOV = 170 x 170 mm, matrix = 192 x 192, slice
thickness = 2 mm, excitation number = 1). T»-weighted images
were obtained with an axial turbo spin echo 7, (TSE multishot)
sequence (TR = 5000 ms, TE = 80 ms, FOV = 100 x 100 mm,
matrix = 256 x 256, slice thickness = 2 mm, excitation number =
1). For GADOTPcNPs, two series of NP were tested: NPs issued
from protocol 2 were tested in the 10-210 uM range. MS325-
loaded NPs were tested in the 20-420 uM range; NPs synthesized
by protocol 1 were tested in the 10-420 uM range (ESI). Previous
published data showed that blank NP suspensions induced neither
a T; nor a T, signal enhancement.?®

In vitro cytotoxicity studies

Primary fibroblasts from rat skin were used as normal,
unmodified cells. They were seeded on 96-well plates at a cell
density of 1.10° cells/well in 100 uL RPMI 1640 supplemented
with 10% fetal bovine serum (FBS) and 0.5% streptomycin /
penicillin, and grown at 37 °C and 5% CO, overnight. The next
day, the medium was replaced by either unloaded NPs or
GdcNPs suspensions diluted in FBS-supplemented DMEN at
various concentrations (from 0 to 23.20 pg.mL™). Cells were
incubated for another 48 h. The cell viability was then assessed
by MTT ::1ssay.47 Untreated cells were taken as a control for
100% viability. The relative cell viability (%) compared to
control cells was calculated by (Agmpie/Aconror) * 100. All
experiments were repeated in quadruplicate.
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